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Abstract
The SNARE protein SNAP-25 is well documented as regulator of presynaptic vesicle exocytosis. Increasing evidence sug-
gests roles for SNARE proteins in postsynaptic trafficking of glutamate receptors as a basic mechanism in synaptic plasticity. 
Despite these indications, detailed quantitative subsynaptic localization studies of SNAP-25 have never been performed. 
Here, we provide novel electron microscopic data of SNAP-25 localization in postsynaptic spines. In addition to its expected 
presynaptic localization, we show that the protein is also present in the postsynaptic density (PSD), the postsynaptic lateral 
membrane and on small vesicles in the postsynaptic cytoplasm. We further investigated possible changes in synaptic SNAP-
25 protein expression after hippocampal long-term potentiation (LTP). Quantitative analysis of immunogold-labeled electron 
microscopy sections did not show statistically significant changes of SNAP-25 gold particle densities 1 h after LTP induction, 
indicating that local trafficking of SNAP-25 does not play a role in the early phases of LTP. However, the strong expression 
of SNAP-25 in postsynaptic plasma membranes suggests a function of the protein in postsynaptic vesicle exocytosis and a 
possible role in hippocampal synaptic plasticity.
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Introduction

Synaptic plasticity is crucial for the ability of the brain to 
change and adapt to new information. There are many indi-
cations that synaptic plasticity is the basis for learning and 
memory at the cellular and molecular levels (Stuchlik 2014). 
LTP is an activity-dependent, persistent enhancement of syn-
aptic strength and is a well-characterized form of synaptic 
plasticity (Bliss and Lomo 1973). Increasing concentrations 
of postsynaptic glutamate receptors are one of the underly-
ing mechanisms of LTP in the hippocampus (Malinow and 

Malenka 2002). How these glutamate receptors are inserted 
postsynaptically by exocytosis is poorly understood.

SNARE proteins mediate intracellular membrane fusion 
events (Chen and Scheller 2001). In nerve terminals, a 
SNARE core complex consisting of VAMP2, SNAP-25 and 
syntaxin-1 is known to be essential for vesicle exocytosis 
and thereby for synaptic transmission (Hussain and Davan-
ger 2011). SNAP-25 belongs to a family of evolutionarily 
conserved proteins essential for exocytosis (Risinger et al. 
1993). The protein exists in two isoforms that differ by only 
nine amino acids and are referred to as SNAP-25A and 
SNAP-25B (Bark and Wilson 1994). An additional member, 
SNAP-23, which is expressed in all tissues, is 59% iden-
tical to SNAP-25 and, similarly to neuronal SNAP-25, it 
interacts with multiple syntaxins and VAMPs (Ravichandran 
et al. 1996). SNAP- 29 and SNAP-47 are other isoforms 
of SNAREs that are ubiquitously expressed in mammals 
(Hohenstein and Roche 2001; Holt et al. 2006).

SNAP-25 is present in particular subsets of neurons and is 
located on the cytoplasmic face of the plasma membrane in 
presynaptic terminals and throughout the axon (Tao-Cheng 
et al. 2000). Outside the nervous system, SNAP-25 has 
been detected in pancreatic endocrine cells, secretory ante-
rior pituitary cells, and in other tissues (Sadoul et al. 1995). 
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SNAP-25 is well established as part of the fusion machinery 
in presynaptic exocytosis of neurotransmitters. Increasing 
evidence indicates a role of SNAP-25 also in postsynaptic 
trafficking of glutamate receptors and LTP (Gu and Huganir 
2016; Selak et al. 2009; Lau et al. 2010; Jurado et al. 2013). 
Despite indications pointing to postsynaptic functions of 
SNAP-25, a clear localization of the protein at ultrastruc-
tural level in dendritic spines is still lacking. The objective 
of the present study is to determine differences in SNAP-25 
densities in subregions of the synapse and to further analyze 
possible changes in hippocampal SNAP-25 expression in 
early phases of LTP.

Materials and methods

Antibodies

Anti-SNAP-25 was raised in rabbit immunized with recom-
binant SNAP-25 protein (nucleotide: 209-829) fixed in 
1.25% glutaraldehyde and mixed with Freund’s adjuvant. 
The SNAP-25 construct (pGEX-KG vector) was a generous 
gift from Richard Scheller. Crude antiserum was affinity-
purified with recombinant glutaraldehyde fixed SNAP-25 
protein (affi-gel column).

Primary antibodies

Anti-SNAP-25 (In-house) was used at 1:10,000 for Western 
blot (WB), 1:40-1:100 for postembedding electron micros-
copy (EM), 1:100 for light microscopy (LM) and 1:100 for 
immunofluorescence confocal microscopy (ICM). Anti-
TUJ 1 (Covance, CA, USA, Cat# MMS-435P) was used 
at 1:100, anti-synaptophysin (Abcam, Cambridge, UK, 
Cat#ab180008) at 1:100 and anti-PSD-95 (Novus Biolog-
ics, ON, Canada, Cat#NB300-556) at 1:100 for ICM.

Secondary antibodies

Donkey anti-rabbit Cy3 (Jackson Immuno, MD, USA, 
Cat#711-165-152) and donkey anti-mouse A488 (Invitro-
gen, CA, USA, Cat#A21202) were used at 1:1000 for ICM. 
Mouse anti-rabbit alkaline phosphatase (Sigma, MO, USA, 
Cat#A3687) was used at 1:10 000 for WB. IgG coupled to 
10 nm colloidal gold (British BioCell International, Cardiff, 
UK, Cat#R14007) was used at 1:20 for EM. Biotinylated 
goat anti-rabbit (Abcam, Cambridge, UK, Cat#Ab64256) 
was used at 1:100 for LM, together with streptavidin bioti-
nylated horseradish peroxidase complex (GE healthcare, 
Buckinghamshire, UK, Cat#RPN1051V) at 1:100.

Animals

Wistar male rats weighing 250–300 g were used for the 
EM experiments, 1–4 day old Wistar rats of either sex for 
the primary hippocampal cultures, PVG male rats weigh-
ing 200–250 g for WB and the LM study. Experimental 
protocols were approved by the Institutional Animal Care 
and Use Committee and conform to National Institutes 
of Health guidelines for the care and use of animals, as 
well as international laws on protection of laboratory ani-
mals, with the approval of a local bioethical committee 
and under the supervision of a veterinary commission for 
animal care and comfort of the University of Oslo. The 
animals were treated in accordance with the guidelines of 
the Norwegian Committees on Animal Experimentation 
(Norwegian Animal Welfare Act and European Commu-
nities Council, Directive of 24 November 1986-86/609/
EEC). Every effort was made to minimize the number of 
animals used and their sufferings.

Generation of SNAP-25 knockout embryos (Wash-
bourne et al. 2002): Since the knockout animals are not 
viable, the heterozygous animals were crossed to gen-
erate knockout mice. The mother was killed by cervical 
dislocation around embryonic day 18 (plus/minus 1 day), 
followed by Caesarian section to recover knockouts, het-
erozygotes and wildtype animals. Embryos were killed by 
decapitation. Left and right hippocampi were dissected 
from embryonic day 18 (E18) SNAP25-null mutant (–/–) 
mice and control littermates (+/+) of either sex in HBSS 
(Sigma), buffered with 7 mM HEPES, and collected in fix-
ative solution (0.1% glutaraldehyde, 4.0% formaldehyde in 
0.1 M sodium phosphate buffer). After genotyping, brains 
from SNAP-25 null mutant (–/–) and control littermates 
(+/+) were retained. The mice were kept in an Association 
for Assessment and Accreditation of Laboratory Animal 
Care (AAALAC)-accredited stable at the Panum Institute, 
University of Copenhagen and all required permissions 
were obtained from the Danish Animal Health Inspector-
ate. The Institutional Animal Care and Use Committee 
(IACUC) oversaw the procedures.

Immunoblotting

Brain regions of interest were dissected and homogenized. 
WB analysis was performed using Criterion Cell and Cri-
terion Blotter system (BioRad, CA, USA). Equal amounts 
of the protein were loaded on Criterion 4–20% pre-cast 
gel (BioRad), separated by electrophoresis at 200 V for 
50 min and electroblotted onto PVDF membrane (Hoefer 
Scientific Instruments, CA, USA) at 100 V for 60 min. 
The membranes were blocked with 5% non-fat dried 
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milk powder in tris-buffered saline with 0.05% Tween-20 
(TBST) for 60 min and incubated with primary antibod-
ies and 2.5% non-fat dried milk powder in TBST at room 
temperature (RT), overnight (ON). The membranes were 
washed three times for 10 min in TBST and then incubated 
for 1 h with alkaline–phosphatase linked secondary anti-
bodies and 1.25% non-fat dried milk powder in TBST. The 
membranes were washed three times for 10 min in TBST. 
Signals were detected using ECF substrate (Amersham 
Biosciences, UK) according to the manufacturer’s proto-
col. The membranes were scanned using a fluorescence 
digital camera detection system (Typhoon and Kodak 
scanner).

Bright field microscopic studies

Free floating vibratome sections from rat brain (50 µm) were 
treated with 1.0 M ethanolamine-HCL in 0.1 M sodium 
phosphate buffer (NaPi), pH 7.4 for 30 min. After wash-
ing 3 times × 1 min, the sections were incubated in blocking 
buffer solution (BB), 10% normal goat serum in NaPi for 
1 h and then incubated with primary antibody in BB ON/
RT. Next day, the sections were rinsed in NaPi, 3 times x 
5 min and BB for 20 min. The sections were then incubated 
in biotinylated secondary antibody diluted in BB for 1 h at 
RT and washed 3 times × 5 min with NaPi. The sections 
were further incubated with streptavidin-biotinylated horse-
radish peroxidase diluted in BB for 1 h and washed in NaPi 5 
times × 10 min. Finally, the sections were incubated in 0.05% 
diaminobenzidine (DAB) in NaPi for 5 min, before 0.01% 
H2O2 and 0.05% DAB diluted in NaPi for 6 min, before 
final washing in NaPi 3 times × 5 min. The sections were 
mounted on microscope slides with heated glycerol gelatin 
and covered with cover slides.

Preparation of hippocampal neuronal cultures

Primary hippocampal cultures containing both neurons and 
glial cells of 1–4 day old rats (Wistar) were prepared as pre-
viously described (Hasegawa et al. 2004). The cultures were 
maintained in cell medium Gibcos MEM with the addition 
of 30 mg/100 ml glutamine; 2,5 mg/100 ml insulin; 5–10% 
fetal calf serum; 2 ml/100 ml B-27 and 2–10 µl/100 ml 
ARA-C in 5% CO2, 95% air incubator at 37 °C. The cultures 
were used for experiments after 14–21 days. The cultures 
were labeled with primary antibody in 2% (v/v) normal goat 
serum, 1% (w/v) bovine serum albumin and 0.4% saponin in 
NaPi (ON/RT). The cultures were rinsed in NaPi, incubated 
for 30 min with secondary antibodies at RT and rinsed again 
in NaPi. Coverslips with cultures were mounted with fluor-
mont mounting media (Southern Biotech), and examined 
with an Axioplan 2 equipped with a LSM 5 Pascal scanner 
head (Carl Zeiss, Heidelberg, Germany).

Tetanic stimulation—induction of LTP

Two four-day-old rats were decapitated. Left and right 
hippocampi were dissected. Transverse slices of 400 µm 
were cut from the central region of the hippocampi. The 
slices were placed in a humidified interface chamber and 
perfused with artificial cerebrospinal fluid (ACSF, 4 °C, 
bubbled with 95% O2 – 5% CO2) containing (in mM): 
124 NaCl, 2 KCl, 1.25 KH2PO4, 2 MgSO4, 1 CaCl2, 26 
NaHCO3 and 12 glucose. Three slices were used as con-
trol. Three slices were tetanized in the stratum radiatum 
pathway. Electrical stimuli were delivered through two 
tungsten electrodes placed in the proximal and distal stra-
tum radiatum of the CA1 region. Synaptic responses were 
monitored by two ACSF-filled glass electrodes placed 
in the corresponding synaptic layers. A high-frequency 
stimulation protocol was used in the experiments. 100 Hz 
tetanizations of 1 s durations were delivered eight times 
with 10 s interval, alternating between the two stimula-
tion electrodes. The current used in these experiments 
was in the range of 180–800 µA. Synaptic field excitatory 
post-synaptic potential (fEPSP) responses were monitored 
before and after the tetanization procedure. The slices 
were fixed with 4.0% formaldehyde and 1.25% glutaral-
dehyde 1 h post tetani for the SNAP-25 experiments. The 
slices were embedded with freeze substitution (see below).

Immersion fixation of SNAP‑25 KO and wild‑type 
(WT) mice

Embryos were killed by decapitation. Left and right hip-
pocampi were dissected and immersed in fixative solution 
(0.1% glutaraldehyde and 4.0% formaldehyde in 0.1 M 
sodium phosphate buffer). We used immersion fixation of 
new-born SNAP-25 KO mice since these animals die imme-
diately after birth. Hippocampi from three KO and three WT 
mice were embedded with freeze substitution (see below).

Perfusion fixation of the rats

Three rats were deeply anesthetized with Equithesin 
(0.4 ml/100 g body weight) followed by intracardiac perfu-
sion initiated with a 10–15 s flush of 4% Dextran-T70 in 
NaPi followed by a mixture of 4.0% formaldehyde and 0.1% 
glutaraldehyde in the same buffer (0.5 l). Each rat was per-
fused with 500 ml fixative over 15–20 min. The rats were 
then left ON in a cold room. The next day, the brains were 
carefully dissected out and stored in NaPi with a mixture 
of 0.4% FA and 0.01% GA. From each animal, six small 
(0.5–1.0 mm) blocks from the CA1 region of the hippocam-
pus were dissected and freeze substituted (see below).
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Freeze substitution

The tissue blocks were cryoprotected in increasing concen-
trations of glycerol (30 min in 10%, 30 min in 20%, and 
overnight in 30% at 4 °C) in 0.1 M phosphate buffer and 
then frozen in a cryofixation unit (Reichert KF80, Vienna, 
Austria) filled with propane which was cooled down by 
liquid nitrogen. Afterwards, the tissue was transferred to 
1.5% uranyl acetate diluted in anhydrous methanol into the 
pre-cooled chamber (− 90 °C, ON). The tissue pieces were 
placed in Reichert capsules in a flow-through chamber filled 
with 1.5% uranyl acetate diluted in anhydrous methanol in 
a pre-cooled chamber (− 90 °C) in a Reichert Automatic 
Freeze-Substitution unit (AFS) (Leica, Germany). Following 
30 h in − 90 °C, the temperature was raised with 4 °C incre-
ments per hour from − 90 to − 45 °C. The tissue pieces were 
then rinsed with anhydrous methanol and infiltrated with 
Lowicryl HM20 resin (Polysciences, Inc., Warrington, PA 
18976, Cat#15924). Infiltration in 1:1 and 2:1 methanol to 
pure Lowicryl lasted for 2 h each, and 2 h in pure Lowicryl, 
before ON in pure Lowicryl. The Reichert capsules were 
moved to Lowicryl-filled gelatin capsules and then trans-
ferred to another container filled with ethanol. The resin/tis-
sue was polymerized with UV-light for 24 h, still at − 45 °C. 
The temperature was increased by 5 °C increments to a final 
0 °C where it was polymerized for further 35 h. Ultra-thin 
sections (90 nm) were cut with a diamond knife (Diatome 
ultra 45°, Diatome, US) on an ultramicrotome (Reichert 
Ultracut S-2.GA-E-12/92, Leica Microsystems, Germany) 
and placed on coated (Coat-Quick “G”) nickel grids (Elec-
tron Microscopy Sciences, G300-Ni).

Quantitative postembedding Immunocytochemistry

Quantitative analysis of SNAP-25 immunogold labeling 
in the subregions of the synapse: Semithin sections of the 
blocks were cut to identify the stratum radiatum region with 
the LM. From each animal, one block with the best ultra-
structure was selected. Three ultrathin sections from each 
animal/block were immunolabeled essentially as described 
previously (Mathiisen et al. 2006). 20 synaptic profiles from 
each section with clearly visible pre- and post-synaptic 
plasma membranes and vesicles membranes were selected 
from each section for quantitative analysis. Similar selec-
tions were made for dendritic profiles in separate images. A 
total of 180 images of synapses and 180 images of dendrites 
were used. From each image of a synapse, we examined six 
ROIs, and from each image of a dendrite we examined two 
ROIs, giving a total of 1440 ROIs quantified.

Hippocampal slices induced with LTP: three ultrathin 
sections from each slice in LTP and control group were 
immunolabeled. 20 synaptic profiles from each section 

were used for quantification. A total of 180 profiles were 
quantified in each group, 360 profiles in total.

SNAP-25 KO and WT mice: two blocks with the 
best ultrastructure from each group were selected. Two 
ultrathin sections from each animal/block were immuno-
labeled. Five synaptic profiles from each section were used 
for quantification. A total 20 profiles were quantified in 
each group.

Pre-incubation experiments: Rat brain with the best 
ultrastructure was selected for immunolabeling with anti-
SNAP-25 antibody after pre-incubation with the same anti-
gen used for immunization of the rabbits. Two sections from 
the pre-incubation group and two sections from the control 
group were immunolabeled. Ten synaptic profiles from each 
section were quantified. A total of 20 profiles were quanti-
fied in each group.

EM quantification and statistical analysis: The sections 
were examined with Philips Fei Tecnai 12 electron micro-
scope at 60 kV. Electron micrographs were obtained at ran-
dom from the middle layer of stratum radiatum of the CA1 
region of the hippocampus. SNAP-25 immunolabeling was 
quantified as number of gold particles/µm of membrane 
length in asymmetric synapses and as number of gold parti-
cles/µm2 for region of interests in the corresponding intracel-
lular compartments. Specific ROIs were defined and used for 
quantifications: The postsynaptic density (PSD); the active 
zone (AZ); the lateral synaptic membranes, i.e., on each side 
of the PSD (PoL) or the AZ (PreL); the postsynaptic cyto-
plasm (PoCy); the presynaptic cytoplasm (PreCy); the den-
dritic membrane (DM); the dendrite cytoplasm (DCy). The 
synaptic lateral membranes were defined for convenience of 
measurement as equal to the length of the PSD, on both sides 
of the PSD or the AZ, for all synapses. SNAP-25 immu-
nogold labeling in the sections from SNAP-25 KO mice 
and preincubation experiment was quantified over the AZ. 
An in-house extension to analySIS connected with SPSS 
(SPSS Inc, Chicago, IL, USA) was used to evaluate the gold 
particle labeling of the ROIs. The software calculated area 
particle density (number per unit area) over cytoplasmic 
compartments and linear particle density (number per unit 
length of curve) over membrane domains. In the latter case, 
it measured the distance from each particle-centre to the 
membrane and included only those particles, which were 
within an operator-defined distance from the curve segment. 
For general plasma membranes, the inclusion distance was 
symmetric between + 21 nm and − 21 nm (negative values 
signifying an intracellular location). Data for particles were 
collected in ASCII files as flat tables and exported to SPSS 
for further statistical and graphical analysis. ImageJ was 
used to calculate the diameter of SNAP-25 labeled postsyn-
aptic vesicles. Six sections from two blocks/animals were 
immunolabeled. Ten images from each section were used 
for the analysis. One postsynaptic vesicle was selected from 



525Brain Structure and Function (2019) 224:521–532	

1 3

each image. A total of 60 labeled postsynaptic vesicles were 
analysed.

Results

Specificity of in‑house antibody

In the present study, we used a SNAP-25 antibody that we 
raised against a peptide antigen pretreated with glutaralde-
hyde. To ensure specificity of our in-house antibody, we 
performed postembedding immunogold labeling of the 
hippocampus from newborn SNAP-25 KO mice. Quan-
titative analysis showed 82% reduction of gold particle 
density over the AZ in the KO (1.8 ± 0.75) compared to 
the WT (10.1 ± 1.9) animals (Fig. 1a). The difference in 
labeling intensity was significant (n = 20 in both groups; p 
value < 0.001, Mann–Whitney test). We further performed 
immunogold labeling of the hippocampus from adult rat 
with in-house SNAP-25 antibody after pre-incubation with 
the same antigen used for immunization of rabbits. Quantifi-
cation of gold particles over the AZ showed a 95% reduction 
in the pre-incubation group (0.8 ± 0.5) compared to the con-
trol group (18.2 ± 2.5) (Fig. 1b). The reduction of labeling 
intensity between the groups was significant (n = 20 in both 
groups; p value < 0.001, Mann–Whitney test).

Expression of SNAP‑25 in the brain

Quantitative WB analysis of whole brain homogenate 
revealed the highest concentrations of SNAP-25 in the hip-
pocampus and thalamus (Fig. 2a, b). The lowest levels of 
SNAP-25 among the analyzed brain regions were observed 
in the cerebellum and spinal cord. The brain stem and cortex 
showed 89% and 80%, respectively, of SNAP-25 concentra-
tion in the hippocampus. We further performed light micro-
scopic investigations of vibratome brain sections to deter-
mine the cellular localization of SNAP-25 in different brain 
regions (Fig. 2c). Immunolabeling of SNAP-25 displayed 
strong staining of the cortex, hippocampus, thalamus and 
cerebellum (Fig. 2C1–C3). White matter such as the cor-
pus callosum was only weakly labeled. At the cellular level, 
somata and proximal dendrites in the CA1 and CA3 regions 
of the hippocampus showed strong expression of SNAP-25 
(Fig. 2C4, C5). The same pattern was observed in thalamic 
neurons and cortical pyramidal neurons (Fig. 2C6, C7).

SNAP‑25 is localized in postsynaptic spines

We conducted ultra-resolution immunogold electron micros-
copy of SNAP-25 in the CA1 region of the hippocampus 
to determine the localization of the protein within syn-
apses. SNAP-25 labeling was clearly membrane associated 

Fig. 1   Specificity controls of 
in-house SNAP-25 antibody. a 
Electron micrographs and quan-
titative analysis of SNAP-25 
immunogold labeling over the 
AZ of hippocampal synapses 
from SNAP-25 KO (95% CI: 
1 ± 1.3) and WT mice (95% CI: 
10 ± 3.5). b Electron micro-
graphs and quantitative analysis 
of immunogold labeling with 
SNAP-25 antibody pre-incu-
bated with antigen (95% CI: 
0 ± 0.88) or control labeling 
(95% CI: 18 ± 4.8), over the AZ 
of hippocampal synapses. Error 
bars denote SEM. Scale bars 
a, WT, 50 nm; KO, 50 nm. b 
Control, 100 nm; peptide pre-
incubation, 50 nm
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(Fig. 3c). Most of the presynaptic labeling was found over 
the AZ (Fig. 3f), as expected. However, some gold particles 
were also present over presynaptic vesicles. Strikingly, gold 
particles representing SNAP-25 were also found on post-
synaptic spines, exhibiting a similar pattern as in presyn-
aptic terminals, i.e., the PSD showed the highest labeling 
intensity (Fig. 3g). Gold particles were also located over 
the spine cytoplasm, often in relation to small postsynap-
tic vesicles close to the PSD (Fig. 3d). These postsynaptic 
vesicles had a mean diameter of 23.4 ± 0.4 nm (n = 60). Peri-
synaptic labeling (lateral synaptic) could be seen both pre- 
and postsynaptically. In dendrites, SNAP-25 was localized 
over the plasma membrane and associated with cytoplasmic 
vesicles (Fig. 3e). Double immunofluorescence labeling of 
SNAP-25 and the presynaptic marker PSD-95 in dissociated 
hippocampal cultures produced punctate colocalization of 
the proteins in spines (Fig. 3a), confirming a postsynaptic 

expression of SNAP-25. The protein was also co-expressed 
with the presynaptic vesicle protein synaptophysin (Fig. 3b).

SNAP‑25 densities in subregions of the synapse

To compare densities of SNAP-25 in different compartments 
of the synapse, and also to evaluate the degree of postsyn-
aptic SNAP-25 expression relative to presynaptic expres-
sion, we quantified the mean number of immunogold parti-
cles over the different cytoplasmic and membrane regions 
shown in Fig. 4a (Haglerød et al. 2009). This enabled us to 
estimate whether SNAP-25 is present in the dendritic spine 
in sufficient numbers necessary to play a role in postsyn-
aptic vesicle docking and fusion. Our quantitative analysis 
showed that SNAP-25 is significantly expressed in postsyn-
aptic spines, though at somewhat lower levels than in the 
presynaptic terminal. Specifically, the postsynaptic plasma 

Fig. 2   Quantitative Western blot 
and immunohistochemistry of 
different brain regions. a WB 
of homogenates from differ-
ent brain regions labeled with 
SNAP-25 antibody, i.e., cortex 
(Cx), thalamus (Th), hippocam-
pus (Hc), brain stem (Bs), cer-
ebellum (Cb), and spinal cord 
(SpC). b Quantitative analysis 
of band intensities seen above. 
Error bars show SEM. c DAB 
immunoperoxidase staining of 
brain sections with SNAP-25 
antibody. (C1–C3) Staining of 
neurons in the hippocampus, 
cerebellum, cerebral cortex and 
thalamus; (C4) CA1; (C5) CA3; 
(C6) Cortex; (C7) Thalamus. 
Scale bars: (C1) 1000 µm. (C2) 
2000 µm. (C3) 500 µm. (C4, 
C5) 10 µm. (C6, C7) 25 µm
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membrane corresponding to the PSD had a SNAP-25 labe-
ling density of around 50% of the presynaptic AZ, though 
it was over three times as high as over the dendritic plasma 
membrane (Fig. 4d). Furthermore, the SNAP-25 membrane 
expression over the PSD was around 50% more than the 
immediately adjacent postsynaptic lateral membrane. In the 
cytoplasmic compartments, the SNAP-25 levels in the post-
synaptic spine was around 80% of the presynaptic terminal, 
but still double the levels in dendritic cytoplasm (Fig. 4c). 

We also calculated the mean number of immunogold par-
ticles in the cytoplasmic compartments as a function of the 
distance from a line drawn along the middle of the synap-
tic cleft. This analysis showed that in spite of clearly being 
present also in the synaptic cytoplasm, the highest densities 
of SNAP-25 are clearly localized in the immediate vicin-
ity (within 30 nm) to the two synaptic plasma membranes 
(Fig. 4b), as would be expected of a primarily plasma mem-
brane-associated t-SNARE.

Fig. 3   Electron microscopy of 
SNAP-25 immunogold labeling 
in hippocampal asymmetric 
synapses and double immuno-
fluorescence labeling of SNAP-
25 and postsynaptic markers 
in dissociated hippocampal 
cultures. a Double immunofluo-
rescence staining of dissociated 
hippocampal cultures with anti-
SNAP-25 (red) and anti-PSD-95 
(green) showing colocalization 
of the proteins in synaptic 
boutons (yellow). b Double 
immunofluorescence staining 
of dissociated hippocampal cul-
tures with anti-SNAP-25 (red) 
and anti-synaptophysin (green) 
showing colocalization of the 
proteins in synaptic boutons 
(yellow). c Electron micro-
graphs of SNAP-25 immunore-
activity in excitatory synapses 
from the CA1 region of the rat 
hippocampus. Selected postsyn-
aptic vesicles are marked with 
squares. d Selected postsyn-
aptic vesicles (arrowheads) at 
higher magnification. e Electron 
micrograph displaying SNAP-
25 immunogold labeling in 
dendrite. f SNAP-25 labeling 
of AZ at higher magnification. 
g SNAP-25 labeling of PSD at 
higher magnification. For abbre-
viations, see legend for Fig. 4. 
Scale bars: a, b 5 µm. c 100 nm. 
e–g 50 nm
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Slightly reduced synaptic expression of SNAP‑25 
in hippocampal slices after LTP

We performed quantitative immunogold analysis of ultrathin 
sections from hippocampal slices to detect possible changes 
in the synaptic densities of SNAP-25 after induction of hip-
pocampal LTP (Fig. 5a, b). All synaptic membrane regions 
analyzed, except the postsynaptic lateral membrane, showed 
reduced levels of SNAP-25 in the LTP group. Presynaptic 
SNAP-25 immunogold densities at the AZ (Ctrl: 12.9 ± 0.8, 
LTP: 11.9 ± 0.7) and the PreL (Ctrl: 8.1 ± 0.5, LTP 7.8 ± 0.4) 

were reduced by 8% and 4%, respectively, in the LTP group 
compared to the control group (Fig. 5d). In the postsyn-
aptic compartment, analysis revealed a 7% reduction of 
SNAP-25 density at the PSD (Ctrl: 9.0 ± 0.6, LTP 8.4 ± 0.6) 
in the LTP group, while the PoL (Ctrl: 4.3 ± 0.4, LTP: 
4.5 ± 0.3) showed almost equal levels of SNAP-25 in both 
groups (Fig. 5e). However, comparing means of linear par-
ticle densities between the LTP and the control group by 
Mann–Whitney test showed no significant differences for 
any of the regions (n = 182 in the control group and n = 181 
in the experiment group; p values: 0.86 for the AZ; 0.75 
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Fig. 4   Quantitative analysis of SNAP-25 immunogold labeling in 
the subregions of the synapse. a Schematic illustration of synap-
tic regions used for quantitative analysis. The postsynaptic density 
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ling over cytoplasmic regions of interest. d Mean SNAP-25 immuno-
gold labeling over plasma membrane regions of interest. Error bars 
denote SEM
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for the PreL; 0.89 for the PSD; 0.07 for the PoL). Unlike 
plasma membrane labeling, analyses of cytoplasmic staining 
showed a slight increase in SNAP-25 in both the pre- and 
postsynaptic cytoplasm in the LTP group. SNAP-25 labe-
ling in the PreCy (Ctrl: 15.6 ± 0.8, LTP: 16.9 ± 0.9) and the 
PoCy (Ctrl: 7.0 ± 0.4, LTP: 7.3 ± 0.6) were respectively 8% 
and 4% higher in the LTP group than in the control group 
(Fig. 5c). However, these differences did not reach statisti-
cal significance (n = 166 in the control group and n = 121 in 
the experiment group; p-values: 0.56 for PreCy and 0.31 for 
PoCy). Thus, in our material, SNAP-25 membrane expres-
sion is not significantly changed during the first hour after 
LTP induction.

Discussion

WB and immunohistochemistry results demonstrated 
regional variations in SNAP-25 concentrations among 
the different brain regions. The highest concentration was 
detected in the hippocampus and the lowest in the spinal 
cord. This is in line with our previous studies of cognate 
SNARE proteins VAMP-2 (Hussain and Davanger 2015), 
syntaxin-1 (Hussain et al. 2016) and SNARE interacting pro-
tein synaptotagmin 1 (Hussain et al. 2017). These proteins, 
together with SNAP-25, constitute the SNARE core complex 

(Hussain and Davanger 2011), which facilitates vesicle exo-
cytosis. As expected, all these proteins showed a similar 
distribution pattern in the rat brain.

The present study, to our knowledge, is the first to provide 
a detailed, quantitative account of SNAP-25 localization in 
the synapse. Based upon our WB and immunohistochem-
istry results, we selected the hippocampus for quantitative 
postembedding immunogold electron microscopy. Our 
results show that the SNAP-25 plasma membrane expres-
sion along the AZ is 70% higher than along the immediately 
bordering presynaptic lateral membrane. This is consistent 
with the function of the AZ as specialized zone for vesicle 
exocytosis. Another study (Hagiwara et al. 2005) did not 
show significant differences in SNAP-25 density between 
the AZ and extrasynaptic plasma membrane surrounding 
the AZ in the synapses. They used dodecyl sulfate-digested 
freeze-fracture replica labeling and defined AZ by labe-
ling of cytomatrix (CAZ) proteins at the AZ. Extrasynaptic 
plasma membrane was collected in the same face labeled for 
CAZ proteins excluding the annulus surrounding the labeled 
area in a 100-nm width, which may include the AZ. In our 
work, the synaptic lateral membranes were defined as equal 
to the length of the PSD, on both sides of the PSD or AZ, 
for all synapses. Different methods to define the PreL may 
possibly partly explain the discrepancies in the SNAP-25 
levels between AZ and PreL in these two studies. However, 
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the presence of SNAP-25 along the presynaptic lateral mem-
brane indicates that vesicle fusion occurs also in lateral ter-
minal areas.

In the presynaptic cytoplasm, SNAP-25 was clearly asso-
ciated with synaptic vesicles. This observation is in agree-
ment with previous studies (Duc and Catsicas 1995; Tao-
Cheng et al. 2000; Garbelli et al. 2008; Walch-Solimena 
et al. 1995). SNAP-25 containing vesicles may either ema-
nate from endocytic recycling, or transport newly synthe-
sized SNAP-25 to the plasma membrane, but there is also 
evidence that SNAP-25 is a bona fide constituent of synaptic 
vesicles (Walch-Solimena et al. 1995; Takamori et al. 2006) 
Mandolesi and coworkers (Mandolesi et al. 2009) did not 
find SNAP-25 staining in dendrites, while Tao-Cheng (Tao-
Cheng et al. 2000) reported that SNAP-25 labeling was seen 
in the cytoplasm of the large dendrites and excluded from 
the dendritic membrane. We detected low levels of SNAP-25 
in both dendritic cytoplasm and plasma membranes. In the 
present study, we used in-house SNAP-25 antibodies raised 
against antigen pretreated with glutaraldehyde to improve 
immunolabeling at the electron microscopical level. We 
believe that these antibodies have uncovered localization 
of SNAP-25 in the brain that has not been demonstrated 
previously.

There is indirect evidence in the literature for a post-
synaptic role of SNAP-25. The protein has been shown to 
control trafficking of kainate receptors (Selak et al. 2009). 
In this report, SNAP-25 was associated with GluK5 in bio-
chemically isolated complexes and colocalized in transfected 
HEK293 cells. In hippocampal slices, SNAP-25 antibodies 
caused a significant increase in KAR-mediated EPSC.

Another study, (Lau et al. 2010) showed that SNAP-25 
is functionally relevant to PKC dependent NMDAR inser-
tion. The authors demonstrated that a SNAP-25 C-terminal 
blocking peptide suppressed PKC potentiation NMDAR 
EPSC at CA3 synapses. In the absence of SNAP-25, post-
synaptic ‘mini’ EPSC responses are depressed in amplitude 
(Tafoya et al. 2006; Bronk et al. 2007; Delgado-Martinez 
et al. 2007) consistent with an effect on postsynaptic gluta-
mate receptor density. The protein has also been shown to 
control PSD-95 clustering and spine morphogenesis (Fossati 
et al. 2015). Despite the evidence indicating a postsynap-
tic role of SNAP-25, a clear localization of the protein in 
dendritic spines is still missing. Some studies claim pres-
ence of SNAP-25 in postsynaptic terminals using immuno-
fluorescence or ground state depletion microscopy (Selak 
et al. 2009; Tomasoni et al. 2013). However, the majority of 
studies have localized SNAP-25 exclusively in the presyn-
aptic compartment through immunogold labeling (Duc and 
Catsicas 1995; Hagiwara et al. 2005; Mandolesi et al. 2009; 
Garbelli et al. 2008; Holderith et al. 2012; Kerti et al. 2012). 
Expression of SNAP-25 in dendritic spines is still a disputed 
topic.

The mechanisms underlying vesicle exocytosis in the 
presynaptic terminals of neurons, including neurotransmitter 
release, have been extensively studied. However, the mecha-
nisms responsible for postsynaptic vesicle trafficking is far 
less understood. Here, we provide, for the first time, novel 
electron microscopic data revealing postsynaptic localiza-
tion of SNAP-25 at hippocampal Schaffer collateral-CA1 
synapses. The protein was strongly expressed in dendritic 
spines at densities lower than in the presynaptic terminal, 
but still more than in the corresponding dendritic compart-
ment. The densities of SNAP-25 were 50% stronger at the 
PSD compared to the adjacent lateral membranes. This may 
indicate more exocytotic activity directly at the PSD com-
pared to other areas of postsynaptic plasma membrane. This 
is very much in accordance with our previously published 
data on VAMP2 (Hussain and Davanger 2015), syntaxin 1 
(Hussain et al. 2016) and synaptotagmin 1 (Hussain et al. 
2017), which are also enriched in the PSD compared to the 
lateral postsynaptic membranes. Though the prevailing view 
is that plasma membrane insertion of receptors occurs in 
perisynaptic regions, our data clearly show that the molecu-
lar exocytosis machinery is enriched specifically in the PSD. 
More functional experiments and colocalization studies with 
glutamate receptors are necessary to investigate this topic 
further.

SNAP-25 has been shown to bind the adaptor protein 
p140Cap in addition to the plasma membrane (Toma-
soni et al. 2013). p140Cap plays a role in regulating actin 
cytoskeleton and spine formation. Our results may thus also 
provide a basis for a role for SNAP-25 in synaptic plastic-
ity through structural formation and regulation of spines. 
SNAP-25 was detected in the spine cytoplasm, associated 
with small postsynaptic vesicles as we have shown previ-
ously for VAMP2 (Hussain and Davanger 2015), synataxin-1 
(Hussain et al. 2016) and synaptotagmin 1 (Hussain et al. 
2017). In our material SNAP-25 labeled postsynaptic vesi-
cles had a mean diameter of 23.4 nm which is about the 
same as VAMP2 containing postsynaptic vesicles with a 
mean diameter of 25 nm (Hussain and Davanger 2015).The 
small postsynaptic vesicles were located close to the PSD 
and the postsynaptic lateral membrane. Some gold particles 
were also present deeply within the postsynaptic cytoplasm. 
SNAP-25 in the spine cytoplasm may be a reserve pool of 
protein ready to be inserted to the cell membrane in response 
to increased demand of vesicle exocytosis. These vesicles 
may also originate from endocytosis or transport newly syn-
thesized SNAP-25 to the plasma membrane. Our findings 
suggest that SNAP-25 plays a role in the molecular fusion 
machinery also at the postsynaptic part of the synapse, and 
may possibly be involved in insertion of glutamate receptors, 
which is relevant for synaptic plasticity.

Some recent studies indicate a role of SNAP-25 in LTP. 
Jurado et  al. (2013) showed that knockdown of either 



531Brain Structure and Function (2019) 224:521–532	

1 3

SNAP-25 or SNAP-47, but not SNAP-23, impairs LTP in 
both slices and cultured neurons. The SNAP-25 knock-
down decreased NMDAR concentrations at the synapse to 
a degree that was sufficient to impair LTP induction. These 
results are in accordance with the work cited above (Lau 
et al. 2010), which demonstrated that SNAP-25 is function-
ally relevant to PKC-dependent NMDAR insertion to the 
cell surface. As far as we know, no studies have examined 
change of synaptic SNAP-25 concentration during LTP. 
Having established the presence of SNAP-25 in postsynaptic 
terminals, we did quantitative analyses of SNAP-25 expres-
sion in glutamatergic Schaffer collateral CA1 synapses in 
the stratum radiatum region one hour after LTP was induced 
by a high-frequency stimulation protocol. Our hypothesis 
was that SNAP-25 synaptic expression may differ during 
the early phases of synaptic plasticity due to its possible 
role in postsynaptic receptor amplification (Lau et al. 2010). 
However, our results revealed no significant changes in local 
SNAP-25 levels in selected regions of interest in the Schaf-
fer collateral-CA1 synapses in this time frame. This may 
indicate that no distributional changes take place in these 
regions 1 h post tetanization.

It is, however, also possible that differences in SNAP-
25 expression would appear using different time frames. 
Increased transcription or de novo synthesis would not 
be detected in our experiments, as this occurs during later 
phases of LTP (so-called L-LTP). Interestingly, it has pre-
viously been reported that mRNA levels of SNAP-25 are 
increased in granule cells of the dentate gyrus 2 h following 
LTP induction (250 Hz high-frequency stimulation) of the 
perforant path (Roberts et al. 1998). There are a vast number 
of synapses in the stratum radiatum region of CA1, which 
could make it difficult to detect differences in protein densi-
ties after stimulation with the two electrodes used to induce 
LTP. In fact, each pyramidal cell in CA1 receives 30,000 
excitatory inputs (Megias et al. 2001). It is impossible to tell 
which ones of these were stimulated and potentiated during 
the electrophysiology experiments. It is also possible that an 
even larger number of synapses would need to be analyzed 
to obtain significant results. In spite of our present results, 
a role of SNAP-25 during synaptic plasticity may very well 
be possible.

In conclusion, we propose that SNAP-25 is part of the 
fusion machinery at the postsynaptic membrane, where 
we for the first time have shown it to be localized, using 
immunogold electron microscopy. The possible regula-
tion of SNAP-25 during synaptic plasticity needs further 
investigations.
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