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In the central nervous system, NMDA receptors mediate excitatory
neurotransmissions and play important roles in synaptic plasticity.
The regulation of NMDA receptor trafficking is critical for neural
functions in the brain. Here, we directly visualized individual exocytic
events of NMDA receptors in rat hippocampal neurons by total
internal reflection fluorescence microscopy (TIRFM). We found that
the constitutive exocytosis of NMDA receptors included both de novo
exocytic and recycling events, which were regulated by different Rab
proteins. We also identified the SNAP25–VAMP1–syntaxin4 complex
mediating the constitutive exocytosis of NMDA receptors. Transient
knockdown of each component of the SNARE complex interfered with
surface delivery of NMDA receptors to both extrasynaptic and synap-
tic membranes. Our study uncovers the postsynaptic function of the
SNAP25–VAMP1–syntaxin4 complex in mediating the constitutive exo-
cytosis of NMDA receptors, suggesting that this SNARE complex is
involved in excitatory synaptic transmission.
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NMDA (N-methyl-D-aspartate) receptors are ionotropic glu-
tamate receptors, mediating excitatory neurotransmission in

the brain and playing crucial roles in synaptogenesis, synaptic plasticity,
and excitotoxicity. NMDA receptors consist of tetrameric combina-
tions of the homologs subunits NR1, NR2A-D, and NR3A-B. In
hippocampal neurons during synaptogenesis, most NMDA receptors
are NR1-NR2B heteromers. As the neurons mature, the abundance
of NR1-NR2A and NR1-NR2A-NR2B heteromers increased (1).
Electrophysiological and immunocytochemical evidences showed that
in mature neurons, NMDA receptors primarily clustered at excitatory
synapses, which were localized on dendritic spines (2–8). To achieve
this specific distribution, NMDA receptors undergo regulations in
various trafficking steps, including de novo exocytosis, endocytosis,
recycling, lateral movement between synaptic and extrasynaptic
membranes, and stabilization by synaptic scaffolding proteins (1, 9).
Recent evidences suggest that SNARE (soluble N-ethylmaleimide–

sensitive factor attachment receptor) proteins are involved in NMDA
receptor trafficking (10–16). SNARE proteins are a large family of
proteins mediating fusion events between target membranes and
vesicles. SNARE family members are categorized as three subfamilies
based on their localizations. tSNAREs (target SNAREs) are localized
on target membranes and consist of SNAPs (synaptosome-associated
proteins) and syntaxins. vSNAREs (vesicle SNAREs) are VAMPs
(vesicle associated membrane proteins or synaptobrevin) and localized
on the vesicles. The four-helix SNARE complex, formed by SNAP,
syntaxin and VAMP, brings the target membrane and the vesicle to
close proximity and allows their fusion (17). This process can be
inhibited by clostridial neurotoxins that specifically cleave different
SNARE proteins (18). In the central nervous system, the presynaptic
function of SNARE complexes in mediating neurotransmitter release
is extensively studied (19); however, the postsynaptic function of these
complexes remain to be investigated.
In the current study, we specifically visualized the constitutive

exocytic events of NMDA receptors using total internal reflec-
tion florescence microscopy (TIRFM), which was previously
used to image individual exocytic events of AMPA and GABAA
receptors in hippocampal neurons (20–23). This imaging tech-
nique in combination with other molecular and cellular methods

enabled us to characterize the constitutive exocytosis of NMDA
receptors and further identify the SNAP25–VAMP1–syntaxin4
complex mediating the NMDA receptor exocytosis. Our study
reveals the postsynaptic function of the SNAP25–VAMP1–
syntaxin4 complex in regulating NMDA receptor trafficking.

Results
Dynamic TIRF Events of NMDA Receptors.To study the exocytosis of
NMDA receptors, we chose NR1 subunit because it is common
in most NMDA receptor complexes (1). Two approaches were
combined to ensure the direct observation of the exocytic
events of NR1. First, we took advantage of TIRFM (24),
which allows selective visualization of the trafficking of fluo-
rescently tagged proteins near the plasma membrane (within
100 nm) of cells attaching to the glass coverslip. Second, we
tagged the extracellular N terminus of NR1 with superecliptic
pHluorin (pH), which is a variant of EGFP with bright fluo-
rescence at pH 7.4 and quenched in endocytic organelles with
a pH < 6 (25). Following the exocytosis of pH-NR1, the
pHluorin tag will be exposed to the extracellular solution with
pH 7.4 and its fluorescence will dramatically increase. Pre-
vious studies showed that neither pHluorin nor EGFP fluo-
rescent tag at the N terminus of NR1 affected its trafficking
in neurons (26–28).
To visualize the exocytosis of NR1, dissociated hippocampal

neurons grown on glass coverslips were cotransfected with pH-
NR1 and untagged NR2A subunit to form NMDA receptor com-
plexes, and imaged 24–48 h after transfection. Following the pho-
tobleaching of preexisting fluorescence on the plasma membrane
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(21, 23), new fluorescent events of pH-NR1 were directly visualized
under the TIRFM (500-ms exposure and 1.4-Hz frequency).
We observed robust dynamic events of pH-NR1 as 25 ± 2 events per
s per 100 μm2 throughout the plasma membrane, primarily on
extrasynaptic surface of soma and dendrites. Synaptic events of pH-
NR1 were rarely observed (Movie S1 and Fig. 1A). These dynamic
events were transient: 87.5% events lasted less than 4 s and the
average event duration was approximately 2.1 s (Fig. 1B). To further
confirm that the dynamic events are pH-NR1 insertions to the
plasma membrane, rather than fluorescent signals in intracellular
organelles with neutral pH (29), we tested the pH sensitivity of the
events by rapidly switching the extracellular imaging solutions with
different pH values (23, 30) (Fig. 1C). The dynamic pH-NR1 events,
which were clearly detected in the imaging solution with pH 7.4,
were rapidly quenched after the perfusion of the pH 5.5 so-
lution and soon recovered following the perfusion with the pH
7.4 solution. This phenomenon indicates that the dynamic
events of pH-NR1 are on the plasma membrane.
We further characterized the TIRF events of pH-NR1 by de-

termining the number of fluorescently tagged NR1 subunits in
each vesicle (21, 23). Based on the fact that the fluorescent in-
tensity of the EGFP monomer is close to the intensity of pHluorin
under the environment of pH 7.4 (25, 30, 31), we compared the
fluorescent intensity of EGFP monomers to the intensity of single
events of pH-NR1 under TIRFM. EGFP monomers were con-
firmed by their single-step photobleaching property and blinking
dynamics (21, 23, 32, 33) (Fig. S1A). The distributions of fluo-
rescent intensity of EGFP monomers and pH-NR1 followed the
Gaussian distribution (Fig. S1 B and C). According to the peak
intensities of fitted Gaussian curves for EGFP monomers and pH-
NR1 events, we estimated that each event contained an average of
three pH-NR1 subunits (2.8 ± 0.1 subunits per event).

Dynamic TIRF Events of NR1 Are Constitutive Exocytic Events. To in-
vestigate whether the dynamic TIRF events of NR1 are exocytic
events, we examined their three properties. First, it has been

shown that receptors disperse away from the insertion spot to
the surrounding regions after exocytosis (20, 23). Indeed, we
observed that pH-NR1 events exhibited increased fluorescence
in the surrounding region following the insertion (Fig. 1D).
The fluorescence in the surrounding region showed a signifi-
cantly delayed increase in comparison to that in the insertion
center (Fig. 1 E–G). Moreover, many events split into two to
three small events during this dispersion process (Fig. 1 B, D,
and H). These results together suggest that the dynamic events
are exocytic events carrying a small number of receptor sub-
units, which independently disperse to the surrounding region
after the exocytosis.
Second, as we demonstrated previously, the exocytic events

exhibit stereotypic dynamics under TIRFM (23). A coinsertion
event, which contains two subunits of the same receptor differ-
entially tagged with pHluorin and a pH-insensitive red fluorescent
protein, exhibits immediate increase of red fluorescence when it
enters the TIRF field. However, its pHluorin signal is only ele-
vated when the pHluorin is exposed to the extracellular space with
pH 7.4 (Fig. S2). To investigate whether the pH-NR1 events show
this stereotypic dynamics, a pH-insensitive red fluorescent pro-
tein, tdTomato, was used to tag an NR1 subunit at its N-terminal
(tdt-NR1) (34). We observed that tdt-NR1 was highly colocalized
with EGFP-NR1 throughout the cell body, dendrites, and spines
(Fig. S3), indicating that in hippocampal neurons, tdt-NR1 was
trafficked as well as EGFP-NR1.
pH-NR1 and tdt-NR1 were coexpressed in hippocampal neurons,

and their dynamic events were simultaneously visualized under
dual-color TIRFM with 488-nm and 568-nm lasers, which excited
pHluorin and tdTomato, respectively. We analyzed the dynamics of
the coinsertion events of pH-NR1 and tdt-NR1 and found that the
fluorescence of pH-NR1 exhibited delayed increase comparing to
that of tdt-NR1 (Fig. 1 H and I). This observation strongly suggests
that the dynamic events of NR1 are exocytic events.

Fig. 1. Exocytic events of pH-NR1 under TIRFM.
(A) TIRF events of pH-NR1 are highlighted based on
their intensity (magenta arrowheads). (B) Dynamics of
pH-NR1 events. (B, Upper) Time series of an event
(green arrow). (B, Lower) The distribution of event
durations with the main duration of 2.1 s (magenta
dotted line). n = 168. (C) Acidification-neutralization
test of the pH-NR1 events. Cells in the extracellular
solutions at pH 7.4 (Top), 5.5 (Middle), and 7.4 (Bot-
tom). (D) Lateral diffusion (magenta arrows) of pH-
NR1 following the exocytosis (green arrows). (E) Dia-
gram showing the event location and its surrounding
region. (F ) Averaged fluorescence time courses of
pH-NR1 events on the event location (green) and
surrounding region (magenta). n = 16. (G) The peak
fluorescence of pH-NR1 on the exocytic location
appeared earlier than that in the surrounding region.
n = 16. (H) Dynamics of a coinsertion event containing
tdt- and pH-NR1. (I) Averaged fluorescence time courses
of tdt- (magenta) and pH-NR1 (green). Each time course
was normalized so that the maximal intensity (1 at .4 s
for both curves) was 1. The fluorescence of tdt-NR1 at
0.7 s was higher than that of pH-NR1. n = 18. (J) BotoxA
inhibited the TIRF events of pH-NR1. Each data point is
one cell. The line shows mean frequency of the dataset.
Event frequencies were normalized by the mean of the
control (BotoxA −). (Scale bars:A and C, 5 μm; B,D, andH,
1 μm.) * indicates statistical significances: *P < 0.05; **P <
0.01; ***P < 0.001. n.s., no statistical significance.
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The last evidence of exocytosis is the effect of botulinum toxin
(Botox) on the frequency of the pH-NR1 events. Botoxs specifi-
cally cleave different components of the SNARE complex, which
mediates the fusion of exocytic vesicles to the plasma membrane
(18). The treatment of BotoxA, which cleaves SNAP25, sig-
nificantly reduced the frequency of the pH-NR1 events (Fig. 1J).
This result supports the fact that the dynamic TIRF events of
pH-NR1 are exocytic events mediated by the SNARE complex.
We further asked whether these exocytic events of pH-NR1

are regulated by neuronal activity. Acute application of tetro-
dotoxin (TTX) or bicuculline (Bic), which suppresses or elevates
neuronal activity, respectively, did not alter the exocytic fre-
quency of pH-NR1 (Fig. S1D), suggesting that these exocytic
events mostly contribute to constitutive delivery of NMDA re-
ceptors to the plasma membrane.
In conclusion, the dynamic TIRF events of pH-NR1 are con-

stitutive exocytic events.

Constitutive Exocytosis of NR1 Is Regulated by Rabs. To investigate
the source of the pH-NR1–containing exocytic events, we visu-
alized them while coexpressing dominant negative mutants of
different Rab proteins, which regulate various steps of intra-
cellular vesicle trafficking (35). Dominant negative mutant of
Rab8 [Rab8(T22N)] specifically interferes with de novo exo-
cytosis from the Golgi apparatus to the plasma membrane.
Rab5(S34N), Rab4(S22N), and Rab11(S25N) block different
steps of recycling, including endocytosis, recycling from the early
endosomes to the plasma membrane, and recycling from the
recycling endosomes to the plasma membrane, respectively (36).
As a result, we observed significant reductions of pH-NR1 exo-
cytic frequencies with the coexpressions of all of the Rab dom-
inant-negative mutants mentioned above (Fig. S4). These results
indicate that the exocytic vesicles of pH-NR1 originate from both
de novo exocytic and recycling pathways.

Constitutive Exocytosis of NR1 Is Mediated by SNAREs.As we showed
previously, BotoxA treatment significantly reduced exocytic fre-
quency of pH-NR1 (Fig. 1J), suggesting that SNAP25 is involved
in the exocytosis of NMDA receptors. To investigate the role of
other SNARE components in regulating exocytosis of NMDA
receptors, we examined the effects of two other types of Botoxs:
Botoxs B and C (Fig. 2A). As expected, the treatment of BotoxC,
which cleaves SNAP25 and syntaxin 1, 2, and 3, reduced the exo-
cytic frequency of pH-NR1. However, the treatment of BotoxB,
which cleaves most VAMPs, had no effect on pH-NR1 exocytosis,
suggesting that the fusion of pH-NR1–containing vesicles to the
plasma membrane requires a BotoxB-insensitive VAMP.
To further confirm the results of the Botox treatments and

identify SNARE proteins mediating the exocytosis of NMDA
receptors, we next used a shRNA-based approach to specifically
knock down individual SNARE proteins and examined the effect
of the knockdown on the exocytic frequency of NR1 (Fig. S5A)
(23). Consistently, the knockdown of SNAP25 significantly re-
duced the exocytic frequency of pH-NR1. This effect was rescued
by a shRNA-resistant SNAP25 (Fig. 2B). However, SNAP23,
which is a homolog of SNAP25 and insensitive to the cleavages of
Botoxs A and C, is also expressed in hippocampal neurons (37).
SNAP23 was previously reported to regulate the trafficking of
NMDA receptors (10, 11). However, we found that the knock-
down of SNAP23 did not affect the exocytic frequency of pH-NR1
(Fig. S5B). Overall, these results confirmed the result of BotoxA
treatment that SNAP25, rather than SNAP23, mediates the exo-
cytosis of NMDA receptors.
The results of BotoxB treatment suggest that a BotoxB-

insensitive VAMP is involved in exocytosis of NMDA receptors.
Among seven mammalian VAMPs (VAMP1, 2, 3, 4, 5, 7, and 8),
VAMP1 and VAMP7 are the only two isoforms insensitive to
BotoxB. In addition, VAMP1 and VAMP2 are specifically

expressed in the brain and mediate presynaptic vesicle fusion
events (38–40). Consistent with the result of BotoxB treatment,
the knockdowns of VAMP2 by two shRNAs, which specifically
targeted different regions of VAMP2, did not alter the exocytic
frequency of pH-NR1 (Fig. S5 C and D). However, knockdown
of VAMP1 by two independent shRNAs significantly reduced
the exocytic frequency of pH-NR1, and these effects were
rescued by shRNA-resistant VAMP1s (Fig. 2C and Fig. S5E).
These results suggest that VAMP1 is involved in the exocytosis
of NMDA receptors.
We then asked which syntaxin is important for the exocytosis

of NR1. In rat hippocampal neurons, there are five syntaxins
expressed on the plasma membrane: syntaxin1A, 1B, 2, 3, and 4
(41). Most syntaxins, except syntaxin4, are sensitive to the pro-
teolytic activity of BotoxC (42). We specifically investigated roles
of syntaxin1A, 1B, and 4, which have higher affinity to SNAP25
than other syntaxins (43, 44). The knockdown of syntaxin4 re-
duced the exocytic frequency of pH-NR1, and this effect was
rescued by the overexpression of shRNA-resistant syntaxin4 (Fig.
2D). However, the knockdown of syntaxin1A and 1B individually
or together did not affect the exocytic frequency of NR1 (Fig. S5
F and G). These results indicate that the exocytosis of NR1 is
mediated by syntaxin4.
In conclusion, these results show that the SNAP25–VAMP1–

syntaxin4 complex potentially mediates the exocytosis of NMDA
receptors.

SNAREs Regulates Surface Expression of NMDA Receptors.Given the
role of the SNAP25–VAMP1–syntaxin4 SNARE complex in
mediating the exocytosis of NMDA receptors, we investigated
whether the disruption of the SNARE complex affects surface
expression of NMDA receptors. We found that individual
knockdown of SNAP25, VAMP1, or syntaxin4 reduced the sur-
face expression of pH-NR1, and these effects were rescued

Fig. 2. Exocytosis of NR1 is mediated by SNARE complexes. (A) Exocytosis of
pH-NR1 was inhibited by the treatment of Botox C, but not BotoxB. (B–D)
SNARE proteins mediate the exocytosis of pH-NR1. Scramble shRNA (Scr), the
shRNA of each SNARE protein [SNAP25 (B), VAMP1 (C), syntaxin4 (STX4) (D)],
or the shRNA-resistant SNARE protein was coexpressed with pH-NR1 in dis-
sociated hippocampal neurons. *P < 0.05; **P < 0.01. n.s., no statistical
significance.
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by shRNA-resistant mutant of each SNARE protein (Fig. 3).
These data further indicate that the SNAP25–VAMP1–syntaxin4
complex is important for maintaining the surface level of NMDA
receptors.
We next examined whether the SNAP25–VAMP1–syntaxin4

complex specifically regulates surface expression of NMDA re-
ceptors at excitatory synapses. We found that the knockdown of
SNAP25, VAMP1, or syntaxin4 significantly reduced synaptic
surface expressions of endogenous NR2A, which was colocalized
with the excitatory presynaptic marker VGluT (vesicular gluta-
mate transporter), and these effects were rescued by the over-
expression of shRNA-resistant mutants of individual SNARE
proteins (Fig. 4).
Overall, these results suggest that the SNAP25–VAMP1–

syntaxin4 SNARE complex regulates surface expression of NMDA
receptors at both extrasynaptic and synaptic membranes. Since
most NR1-containing vesicles insert into the extrasynaptic mem-
branes, the effects of SNARE proteins on synaptic surface NMDA
receptors could result from the depletion of the extrasynaptic pool
that replenishes synaptic surface receptors.

Discussion
In the present study, we characterized the constitutive exocytic
events of NMDA receptors and identified the SNARE complex
required for the exocytosis by combining the TIRFM and immu-
nocytochemical methods. The constitutive exocytosis of NMDA

receptors were transient and predominantly occurred on extra-
synaptic surface of the soma and dendrites. The frequency of
these exocytic events, which originated from both de novo
exocytic and recycling pathways, was mediated by the SNAP25–
VAMP1–syntaxin4 SNARE complex, and the interruption of
this SNARE complex reduced the expression of NMDA re-
ceptors on both extrasynaptic and synaptic membranes. These
results indicate that the SNAP25–VAMP1–syntaxin4 complex
mediates the fusion of NMDA receptor-containing vesicles to the
plasma membrane and, therefore, is important for the excitatory
synaptic transmission.
The constitutive NMDA receptor exocytic events had fast ki-

netics and occurred at high frequency on the plasma membrane
(Table S1). These features are reminiscent to those of the con-
stitutive exocytic events of AMPA and GABAA receptors (23).
In contrast, the activity-dependent exocytic events of GluA1
and GluA2 had slower kinetics and lower frequencies (20–22).
Moreover, the constitutive exocytic vesicles contained a small
number of receptors compared with the activity-dependent exo-
cytic vesicles (21, 23). These observations suggest two types of
exocytic events of neurotransmitter receptors: (i) the constitutive
exocytosis occurs through the vesicles with low numbers of the
receptors and quickly delivers them to the plasma membrane at
high frequency, maintaining the surface receptor level at basal
state. (ii ) The activity-dependent exocytosis occurs slowly
and less frequently through vesicles with a large number of the

Fig. 3. SNARE proteins are important for surface expression of NR1. (A, C, and E) Knockdowns of SNARE proteins reduced surface expression of pH-NR1.
Scramble shRNA, shRNA of each SNARE protein [SNAP25 (A), VAMP1 (C), syntaxin4 (STX4) (E)], or shRNA-resistant SNARE protein (rescue) were coexpressed
with pH-NR1, as indicated in the figure. Lower show higher-magnification images of the processes boxed at Top. (Scale bars: 20 μm.) (B, D, and F) Quanti-
fication of surface pH-NR1 in A, C, and E, respectively. The knockdown of SNAP25 (B), VAMP1 (D), or syntaxin4 (F) reduced the surface level of pH-NR1, which
was the ratio of surface and total pH-NR1 in dendrites. The surface pH-NR1 of each cell was further normalized by the average of the control group
transfected with the scramble shRNA. Scr, scramble shRNA. Five dendrites were used from each neuron. n = 12, 29, and 26 neurons for B, D, and F, re-
spectively. *P < 0.05; **P < 0.01. n.s., no statistical significance.
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receptors, supplying receptors in response to the fast and robust
changes of neuronal activity. Furthermore, we and others ob-
served that the exocytosis primarily occurred at extrasynaptic
sites (Table S1) (20–23, 45). The interruptions of specific
SNARE complexes, which mediate the exocytosis, led to the
reduction of surface receptors on both extrasynaptic and synaptic
membranes (23). These results suggest that neurotransmitter
receptors are generally delivered to the extrasynaptic plasma
membrane. The synaptic distribution of these receptors is mostly
achieved by lateral diffusion of the receptors from extrasynaptic
zones to synaptic zones and further stabilization of receptors on
the synaptic membrane by scaffold proteins.
The roles of SNARE proteins, especially SNAP23 and SNAP25,

on NMDA receptor exocytosis were shown in many studies.
The results of BotoxA treatment, lentiviral-mediated shRNA,
or dominant-negative peptide applications showed that SNAP25
was required for activity-dependent NMDA receptor exocytosis
including PKC-dependent exocytosis and mGluR1α-induced
delivery to the plasma membrane (12–14). SNAP25 RNAi only
induced little change of NMDA current at basal state (12).
However, the knockdown of SNAP25 expression with lentiviral-
mediated shRNA revealed no postsynaptic role of SNAP25 in
NMDA receptors trafficking (10). Similarly, no postsynaptic de-
fects were detected after the application of glutamate agonists in
SNAP25-deficient neurons (46). On the other hand, SNAP23
regulated the constitutive recycling of NMDA receptors at CA1
synapses, and surface levels of NMDA receptor were reduced in
SNAP23+/− mice (10). SNAP23 was also required for exocytosis of
NMDA receptor in an early developmental stage (11). All of the
studies above, including our current study, show significant in-
consistencies, which could be caused by several factors. First, in-
stead of specifically detecting exocytic events, some biochemical
and immunocytochemical approaches examine surface receptor
levels, which could be the summation of many trafficking steps.
Second, the disruption of SNARE complex using genetic ablation
and lentiviral approaches could induce compensatory over-
expression of other related proteins and the alteration of global
neuronal activity as some SNARE proteins are required for
neurotransmitter release (39). All of these effects could affect
the trafficking of NMDA receptors. To avoid these caveats and
specifically study the role of postsynaptic SNARE complex on
NMDA receptor excytosis, we took the advantage of the unique
features of pHluorin tag and TIRM to isolate exocytic events,
as well as combined the acute Botox treatments and shRNA-
mediated gene silencing at single cell level.
The function of VAMPs on NMDA receptor exocytosis was

indirectly shown in several studies based on the results of neu-
rotoxin treatments. BotoxB had no effect on PKC-induced po-
tentiation of NMDA-elicited currents (13). However, BotoxB
blocked the potentiation of NMDA currents induced by PKM,
the constitutive active form of PKC (12). In addition, early studies
showed that BotoxB treatment did not alter the NMDA receptor-
mediated EPSCs (47) and NMDA receptor functions during LTP
(48). Tetanus toxin (TeTx), which also cleaves BotoxB-sensitive
VAMPs (18), did not prevent the enhancement of NMDA
receptor-mEPSCs during glycine-induced LTP (49). Overall, most
studies indicate that the exocytosis of NMDA receptor could be
mediated by a BotoxB-insensitive VAMP, which is consistent with
our current results that the BotoxB-insensitive VAMP1 mediates
the exocytosis of NMDA receptor. Additionally, it was shown that
syntaxin1 was colocalized with NR2B in spines (16). However, this
correlated protein distributions did not provide direct evidence

Fig. 4. SNARE proteins are important for synaptic surface expression of
NR2A. (A) The knockdown of SNAP25, VAMP1, or syntaxin4 reduced the
expression of endogenous NR2A at the excitatory postsynaptic membrane.
In dissociated hippocampal neurons, scramble shRNA, shRNA of each SNARE
protein, or shRNA-resistant SNARE protein (rescue) were coexpressed with
EGFP to label transfected cells. For each dataset: Top, surface NR2A; Middle,
VGluT; Bottom, overlay of Top and Middle. White puncta show the coloc-
alization of surface NR2A (magenta) and VGluT (green). The synaptic surface
NR2A in shRNA-transfected cells (shRNA) was compared with that of non-
transfected cells (-) on the same coverslip. Yellow arrows at corresponding
locations indicate the synaptic surface NR2A, VGlut, and overlaid signal at
the same synapse. (Scale bar: 10 μm.) (B) Quantification of the synaptic surface
NR2A in A. The knockdown of SNAP25, VAMP1, or syntaxin4 reduced the
synaptic surface level of NR2A, which was determined by the surface NR2A
colocalized with VGluT. The synaptic surface NR2A level in each shRNA-
transfected cell was compared with nontransfected cells by taking a ratio of

the synaptic surface NR2A of the two populations. The ratio in each sample
was further normalized by the average of the control transfected with the
scramble shRNA. n = 10–15 neurons in each group. Ten synapses were used
from each neuron. *P < 0.05; **P < 0.01. n.s., no statistical significance.

12284 | www.pnas.org/cgi/doi/10.1073/pnas.1614042113 Gu and Huganir

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614042113/-/DCSupplemental/pnas.201614042SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1614042113


for the role of synatxin1 in the exocytosis of NMDA receptor.
The inhibition of syntaxin4 led to the elimination of the APDC-
dependent enhancement of NMDAR currents (15). This result is
consistent with our conclusion that syntaxin4 mediates the exo-
cytosis of NMDA receptor.
In conclusion, we directly visualized the constitutive exocytic

events of NMDA receptors and identified the SNARE complex
required for NMDA receptor exocytosis. Our study suggests the
function of the SNAP25–VAMP1–syntaxin4 complex in NMDA
receptor trafficking and the role of this SNARE complex in
NMDA receptor-mediated neuronal functions, especially syn-
aptic transmission and plasticity.

Materials and Methods
Animal Use. The use and care of animals followed the guideline of the In-
stitutional Animal Care and Use Committee at the Johns Hopkins University.

Fusion Constructs. pHluorin-NR1 and tdTomato-NR1 were made by replacing
GFP in pCI-GFP-NR1 with pHluorin or tdTomato so that they were inserted
after amino acid 21 in rat NR1 (28).

shRNAs. pSuper was used as a vector to generate shRNAs targeting indi-
vidual rat VAMPs, SNAPs, and syntaxins. The oligos were annealed for direct
subcloning into pSuper between BglII and HindIII sites or between BglII
and XhoI sites. The sequences of shRNAs are described in SI Materials
and Methods.

TIRFM Imaging. An Olympus IX71 microscope with a plan-Apo objective
(100×, N.A. 1.45, oil; Olympus) was used for TIRFM imaging with a 488-nm
excitation laser.

Detailed materials and methods are described in SI Materials and Methods.
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