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SUMMARY

Membrane fusion during exocytosis is mediated by
assemblies of SNARE (soluble NSF-attachment
protein receptor) and SM (Sec1/Munc18-like)
proteins. The SNARE/SM proteins involved in vesicle
fusion during neurotransmitter release are well
understood, whereas little is known about the protein
machinery that mediates activity-dependent AMPA
receptor (AMPAR) exocytosis during long-term
potentiation (LTP). Using direct measurements of
LTP in acute hippocampal slices and an in vitro LTP
model of stimulated AMPAR exocytosis, we demon-
strate that the Q-SNARE proteins syntaxin-3 and
SNAP-47 are required for regulated AMPAR exocy-
tosis during LTP but not for constitutive basal
AMPAR exocytosis. In contrast, the R-SNARE
protein synaptobrevin-2/VAMP2 contributes to both
regulated and constitutive AMPAR exocytosis. Both
the central complexin-binding and the N-terminal
Munc18-binding sites of syntaxin-3 are essential for
its postsynaptic role in LTP. Thus, postsynaptic
exocytosis of AMPARs during LTP is mediated by
a unique fusion machinery that is distinct from that
used during presynaptic neurotransmitter release.

INTRODUCTION

Experience-dependent modification of neural circuits is trig-

gered by changes in neural activity patterns that initiate and ulti-

mately produce long-term modifications of synapses. These

functional adaptations, called synaptic plasticity, often rely on

rapid changes in the composition of postsynaptic membranes,

most notably changes in the number and in some cases the stoi-

chiometry, of postsynaptic neurotransmitter receptors. At many

excitatory synapses in the mammalian brain, synaptic plasticity

requires the regulated trafficking of AMPA receptors (AMPARs),
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such that long-term depression (LTD) of synaptic transmission

involves endocytosis of AMPARs and a consequent decrease

in synaptic AMPAR number whereas NMDA receptor

(NMDAR)-triggered long-term potentiation (LTP) involves exo-

cytosis of AMPARs and a net increase in synaptic AMPARs

(Bredt and Nicoll, 2003; Collingridge et al., 2004; Malinow and

Malenka, 2002; Newpher and Ehlers, 2008; Shepherd and Huga-

nir, 2007). Specific perisynaptic sites for endocytosis of synaptic

AMPARs have been identified (Lu et al., 2007; Petrini et al., 2009)

from where AMPARs may laterally diffuse into the postsynaptic

density (PSD) at which they are stabilized by synaptic scaffolds

(Henley et al., 2011; Kennedy and Ehlers, 2011; Opazo and Cho-

quet, 2011). Although previous work suggests that SNARE

proteins are required for the activity-dependent delivery of post-

synaptic membranes and presumably AMPARs during LTP

(Kennedy et al., 2010; Lledo et al., 1998; Lu et al., 2001), the

specific SNARE proteins involved in regulated AMPAR exocy-

tosis during LTP have not been identified. It is also not clear

whether this same SNARE protein machinery mediates the

constitutive AMPAR exocytosis that is required for maintaining

basal synaptic strength. The distinction between the molecular

mechanisms underlying constitutive versus regulated AMPAR

exocytosis is particularly important given the critical involvement

of LTP in many forms of experience-dependent plasticity (Mal-

enka and Bear, 2004; Neves et al., 2008) and its use as a probe

in defining pathological brain function in neuropsychiatric disor-

ders (Clapp et al., 2012; Ehlers, 2012).

Much of our mechanistic understanding of SNARE-mediated

fusion is derived from the study of neurotransmitter release at

presynaptic nerve terminals. The vesicular R-SNARE protein

synaptobrevin/VAMP interacts with two target Q-SNARE

proteins, SNAP-25 and syntaxin-1, to form a transient complex

that fuels membrane fusion by bringing the vesicle and plasma

membranes into close apposition (Jahn et al., 2003; Jahn and

Scheller, 2006; Rizo and Rosenmund, 2008; Südhof, 2004; Süd-

hof and Rothman, 2009). SNARE proteins provide the energy for

fusion, which also requires the SM (for Sec1/Munc18-like)

protein Munc18-1 (Verhage et al., 2000). The actual exocytic

fusion event is triggered when an action potential evoked

increase in calcium activates a synaptotagmin, most commonly
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synaptotagmin-1 (Fernández-Chacón et al., 2001; Südhof and

Rothman, 2009). SNARE complex assembly is mediated by

the SNARE motif, a conserved sequence that is present in one

(syntaxin and synaptobrevin) or two copies (SNAP-25) in all

SNARE proteins and forms tight four-helical bundles resistant

to SDS denaturation (Hayashi et al., 1994; Sutton et al., 1998).

SNARE-dependent interactions are promiscuous in vitro (Fas-

shauer et al., 1999; Yang et al., 1999) but exhibit a high degree

of specificity in vivo (Südhof and Rothman, 2009).

An important cofactor for synaptotagmin-triggered presyn-

aptic vesicle fusion is complexin (McMahon et al., 1995),

a protein that both activates and clamps the SNARE complex

in preparation for Ca2+-triggered fusion during exocytosis (Gir-

audo et al., 2006; Huntwork and Littleton, 2007; Maximov

et al., 2009; Reim et al., 2001; Tang et al., 2006; Xue et al.,

2008, 2009; Yang et al., 2010). Recently, using a molecular

replacement strategy in which complexin was manipulated

in vivo as well as in cultured neurons, we demonstrated that

postsynaptic complexin is required for the regulated delivery of

AMPARs to synapses during LTP (Ahmad et al., 2012). This

was a surprising result because previous work in cell culture

had suggested that the NMDAR-triggered delivery of transferrin

receptors to perisynaptic membranes required syntaxin-4 and

that AMPARs are delivered to synapses by the same pathway

during LTP (Park et al., 2004; Kennedy et al., 2010), yet syn-

taxin-4 does not bind to complexin (Pabst et al., 2000). Thus,

the specific postsynaptic syntaxin required for AMPAR exocy-

tosis during LTP has not been unequivocally identified. Similarly,

the specific SNAP-25 homolog participating in the regulated

exocytosis of AMPARs via SNARE-mediated fusion is also

unknown. Both SNAP-23 and SNAP-25 have been suggested

to play specific roles in the trafficking of NMDARs to synapses

(Lau et al., 2010; Suh et al., 2010), while a neuronal role for the

recently identified SNAP-47 (Holt et al., 2006) has not been

explored.

Here, using shRNA-mediated knockdown (KD) of target

proteins combined with a molecular replacement strategy

(Schlüter et al., 2006; Xu et al., 2008) that allows molecular

manipulations with high spatial and temporal resolution, we

have performed a comprehensive analysis to decipher the

specific molecular constituents of postsynaptic SNARE

complexes that drive AMPAR exocytosis during LTP. This

required generating effective and specific shRNAs to

syntaxin-1, -3, and -4 and to SNAP-23, -25, and -47, and intro-

ducing these shRNAs into neurons in culture and in vivo. For all

KD and rescue manipulations, we measured LTP in acute hippo-

campal slices, the preparation that has served as the gold stan-

dard for elucidating the properties andmechanisms of LTP (Mal-

enka and Nicoll, 1999). Specifically, we knocked down syntaxin

and SNAP-25 isoforms in vivo in CA1 pyramidal cells and

prepared acute slices from these animals so that LTP could be

directly assayed electrophysiologically under experimental

conditions in which only postsynaptically located versions of

the targeted proteins were affected (Ahmad et al., 2012). In

parallel, the identical molecular manipulations were performed

in dissociated hippocampal cell cultures to directly quantify

effects on NMDAR-triggered increases in endogenous AMPAR

surface expression, a cell culture model of LTP (Kennedy et al.,
2010; Lu et al., 2001; Park et al., 2004; Passafaro et al., 2001).

By performing experiments in two different preparations using

two different measurements and focusing on the trafficking of

endogenousAMPARs,weminimized thepossibility of generating

spurious results.

Our results demonstrate that syntaxin-3, but not syntaxin-1

or -4, is required for regulated AMPAR delivery to synapses

during LTP. Mutagenesis of syntaxin-3 and syntaxin-4 provided

evidence that syntaxin-3’s interaction with complexin is essen-

tial for its function in LTP, consistent with previous results

(Ahmad et al., 2012). KDs of SNAP-25 and SNAP-47, but not

of SNAP-23, impaired LTP. However, the SNAP-25 KD also

decreased NMDARs at synapses to a degree that was suffi-

cient to impair LTP induction. In contrast, KD of SNAP-47

altered neither basal AMPAR- nor NMDAR-mediated synaptic

responses, but specifically impaired regulated AMPAR exocy-

tosis during LTP. Partial truncation of the SNAP-47 C terminus

revealed that a SNARE-dependent interaction is critical for

its role in LTP. Finally, using synaptobrevin-2 knockout mice,

we present evidence for a postsynaptic role for this vesicle

SNARE in NMDAR-triggered AMPAR exocytosis. Together,

these results identify critical roles for syntaxin-3, SNAP-47,

and synaptobrevin-2 as components of a unique postsynaptic

SNARE-mediated vesicle fusion machinery that is required

for the regulated delivery of AMPARs to the plasma membrane

during LTP.

RESULTS

Postsynaptic Syntaxin-3 Is Required for AMPARDelivery
during LTP
To identify the essential components of postsynaptic SNARE-

complexes that mediate activity-dependent delivery of AMPARs

to the plasma membrane during LTP, we generated effective

short-hairpin RNAs (shRNAs) targeting SNARE proteins (see Fig-

ure S1 available online). These were cloned into a multipromoter

lentivirus that allows efficient knockdown and simultaneous

expression of shRNA-resistant versions of the targeted proteins

(Figure 1A; Pang et al., 2010). These lentiviruses were used in two

preparations that allowed complementary measures of AMPAR

trafficking during LTP. In a neuronal culturemodel of LTP (Ahmad

et al., 2012; Kennedy et al., 2010; Lu et al., 2001; Park et al.,

2004; Passafaro et al., 2001), activation of NMDARs by bath

application of the coagonist glycine causes an increase in the

surface expression of endogenous GluA1-containing AMPARs

compared to untreated control cells (Figure 1B: control

100.0% ± 2.9%, n = 26; glycine 217.0% ± 9.9%, n = 26). This

change was associated with an increase in the amplitude and

frequency of miniature EPSCs (Figure S2A), and was prevented

by coapplication of either D-APV (25 mM), an NMDAR antagonist,

or KN62 (1 mM), an inhibitor of calcium/calmodulin-dependent

protein kinase 2 (CaMKII) (Figure S2B). Thus, this model of LTP

mimics key features of NMDAR-dependent LTP in hippocampal

CA1 pyramidal cells (Malenka and Nicoll, 1999). However,

because dissociated neurons in culture are prepared from the

brains of embryonic or newborn mice and do not faithfully form

normal brain circuits (Soler-Llavina et al., 2011), excitatory

synapses in these cultures are likely different from mature
Neuron 77, 542–558, February 6, 2013 ª2013 Elsevier Inc. 543
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Figure 1. Postsynaptic Syntaxin-3 Is Required for Surface AMPAR Delivery during LTP

(A) Schematics of lentivirus vectors.

(B) Images of cultured hippocampal neurons (left panels) and summary graph (right panel) showing surface GluA1 staining following glycine treatment.

(C) Schematic showing in vivo injection of lentiviruses. DIC (left panels) and fluorescence (right panels) images from acute hippocampal slice showing GFP-

expressing CA1 pyramidal cells (upper/lower panel scale bar: 50 mm/10 mm).

(legend continued on next page)
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synapses in situ. Therefore, it was important to determine

whether results from the culture model of LTP could be repli-

cated when mature synapses that had undergone the identical

molecular manipulations in vivo were studied. To accomplish

this task, we stereotactically injected the same lentiviruses into

the hippocampal CA1 region of 3-week-old mice (Figure 1C) in

a manner that only CA1 pyramidal cells were infected (Ahmad

et al., 2012). Animals were sacrificed 10–14 days later and

whole-cell voltage-clamp recordings were made from visually

identified CA1 pyramidal cells in standard acute hippocampal

slices. This approach allowed us to directly test the effects of

purely postsynaptic manipulations of SNARE proteins on LTP

in mature synapses.

We initially focused on syntaxins, which are plasmamembrane

SNAREs containing a conserved N-terminal sequence that

mediates binding to proteins of the Sec1/Munc18 family (SM

proteins), followed by an Habc domain, a SNARE motif, and

a transmembrane region at its C terminus (Figure 1D). Because

syntaxin-4 (Stx-4) was proposed to be the key syntaxin defining

a site at which activity-dependent exocytosis occurs in dendritic

spines during LTP (Kennedy et al., 2010), we first examined the

consequences of a Stx-4 knockdown (Stx-4 KD). Surprisingly,

the Stx-4 KD had no effect on glycine-induced increases in

GluA1 surface expression in cell culture (Figure 1E: control,

102.0% ± 4.2%, n = 35; control/glycine, 190.0% ± 12.5%, n =

35; Stx-4 KD, 100.0% ± 4.9%, n = 35; Stx-4 KD/glycine,

212.0%± 15.7%, n = 35), nor did it impair LTPmeasured in acute

slices (Figure 1F: control, 247.0% ± 23.0%, n = 10; Stx-4 KD,

245.0% ± 21.0%, n = 11).

We next examined the consequences of knocking down syn-

taxin-1 (Stx-1) or -3 (Stx-3), which, in contrast to Stx-4, exhibit

robust binding to complexin mediated by a 12 amino acid stretch

in themiddle of the SNAREmotif (Figures 1G and 1J; Pabst et al.,

2000). The Stx-1 KD had no effect on glycine-induced LTP in

culture (Figure 1H: control, 100.0% ± 5.6%, n = 24; control/

glycine, 190.0% ± 14.7%, n = 24; Stx-1 KD, 82.0% ± 5.3%,

n = 31; Stx-1 KD/glycine, 223.0% ± 21.9%, n = 32) or on LTP

examined in acute slices following in vivo Stx-1 KD (Figure 1I:
(D) Schematic of Stx-4 showing its functional domains; (Habc, Habc domain; S

region; red indicates non-complexin-binding sequence).

(E) Sample images and summary graph (mean ± SEM) of glycine-induced chang

(F) Sample experiments (top) and summary graphs (bottom) of LTP in control and S

injected with Stx-4 shRNA lentiviruses. In this and all subsequent figures: arrow in

35min post-LTP induction (2) are shown next to the LTP graphs. Right panel show

with different color.

(G) Schematic of Stx-1 structure (complexin binding sequence is indicated in gre

(H) Sample images and summary graph of glycine-induced changes in surface G

(I) Sample experiments (top) and summary graphs (bottom) of LTP in control an

experiments with mean ± SEM.

(J) Schematic of Stx-3 (complexin binding sequence in green).

(K) Sample images and summary graph of glycine-induced changes in surface G

(L) Sample experiments (top) and summary graphs (bottom) of LTP in control an

experiments with mean ± SEM.

(M) Schematic illustrating the replacement strategy.

(N) Sample images and summary graph showing rescue of glycine-induced incre

(O) Sample experiments (top) and summary graphs (bottom) of LTP in control and

individual experiments with mean ± SEM.

Scale bar in all panels represents 20 mm unless otherwise indicated. Calibration b

represents mean ± SEM (*p < 0.05). See also Figures S1 and S2.
control, 255.0% ± 22.0%, n = 6; Stx-1 KD, 264.0% ± 20.0%,

n = 6). In contrast, the Stx-3 KD significantly impaired both

glycine-induced increases in GluA1 surface expression in culture

(Figure 1K: control, 102.0% ± 4.2%, n = 35; control/glycine,

253.0% ± 5.0%, n = 35; Stx-3 KD, 104.0% ± 6.3%, n = 35;

Stx-3 KD/glycine 102.0% ± 5.7%, n = 35) and LTP recorded in

acute slices (Figure 1L: control, 230.0% ± 23.0%, n = 12; Stx-3

KD, 140.0% ± 21.0%, n = 9). Importantly, the block of glycine-

induced ‘‘LTP’’ in culture as well as the impairment in LTP

following in vivo postsynaptic Stx-3 KD were fully rescued by

simultaneous expression of shRNA-resistant full length Stx-3

(Stx-3 Rep; Figure 1M) (Figure 1N: control, 100.0% ± 5.0%,

n = 32; control/glycine, 218.0% ± 11.4%, n = 34; Stx-3 Rep,

115.0% ± 4.1%, n = 36; Stx-3 Rep/glycine, 237.0% ± 12.3%,

n = 33; Figure 1O; control 240.0% ± 23.0%, n = 6; Stx-3

Rep 245.0% ± 22.0%, n = 8). These results suggest that off-

target effects of the Stx-3 shRNA are unlikely to account for its

effects on LTP, and that Stx-3, but not Stx-1 or Stx-4, is critical

for AMPAR delivery to the postsynaptic plasma membrane

during LTP.

Postsynaptic Syntaxin-3 Is Not Required for Basal
Synaptic Transmission or Constitutive Transferrin
Receptor Recycling
To further define the role of postsynaptic Stx-3 in LTP, we as-

sessed its subcellular localization in dendrites using structured

illumination microscopy (Gustafsson et al., 2008). Costaining

of permeabilized cultured neurons with antibodies against

endogenous Stx-3 and PSD-95, amajor constituent of excitatory

synapses, revealed punctate Stx-3 staining throughout the soma

and dendrites (Figure 2A; Movie S1). Stx-3 was often found adja-

cent to PSD-95 puncta, consistent with recent studies using in-

munogold labeling of syntaxins in hippocampal slices and

cultured neurons (J.H. Tao-Cheng et al., 2012, Soc. Neurosci.,

abstract). The relatively ubiquitous distribution of Stx-3 in

dendrites is similar to the ubiquitous distribution of presynaptic

SNARE proteins, which are not specifically enriched in presyn-

aptic boutons or active zones (Südhof, 2012).
NARE, soluble NSF-attachment protein receptor motif; TMR, transmembrane

es in surface GluA1 in control and Stx-4 KD cultured neurons.

tx-4 KDCA1 pyramidal cells, both recorded from slices prepared from animals

dicates tetanic stimulation; sample averaged EPSCs during the baseline (1) and

s scatter plots of individual experiments with mean ± SEM indicated by symbol

en).

luA1 in control and Stx-1 KD cultured neurons.

d Stx-1 KD CA1 pyramidal cells. Right panel shows scatter plots of individual

luA1 in control and Stx-3 KD cultured neurons.

d Stx-3 KD CA1 pyramidal cells. Right panel shows scatter plots of individual

ases in surface GluA1 by Stx-3 in Stx-3 KD cultured neurons.

interleaved Stx-3 Rep CA1 pyramidal cells. Right panel shows scatter plots of

ars for sample EPSC traces represent 30 ms and 50 pA. In all panels, each bar
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(B and C) Mean amplitude (B) and frequency (C) of

mEPSCs are unchanged by the Stx-3 KD. Cumu-

lative probability graphs of mEPSC amplitudes

and frequencies are shown on left and summary

graphs (means ± SEM) on the right.

(D) The ratio of AMPAR- to NMDAR-mediated

EPSCs is unchanged by the Stx-3 KD. Represen-

tative EPSCs recorded at�60 mV and +40 mV are

shown with scatter plots of individual recordings.

Different colored points indicated mean ± SEM.

Scale bar represents 50 ms/25 pA.

(E) Voltage dependence of NMDAR EPSCs is not

affected by Stx-3 KD.

(F) Representative images and summary graphs

showing endosome recycling. Alexa 488-trans-

ferrin (Alx-Tf) uptake at time = 0 and after 20 min

recycling was measured in control and Stx-3 KD
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Bar graphs represent means ± SEM. See also

Figure S3.
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A critical question about the postsynaptic role of Stx-3 is

whether it is exclusively required for LTP or also plays a role

in maintaining basal excitatory synaptic transmission. To

address this issue, we examined the effect of Stx-3 KD on

miniature AMPAR-mediated EPSCs. Neither mEPSC amplitude

nor its frequency were affected by the Stx-3 KD (Figure 2B;

control amplitude, 11.5 ± 0.7 pA, n = 9; Stx-3 KD 12.0 ±

0.7 pA, n = 8; Figure 2C; control frequency, 0.27 ± 0.02 Hz,

Stx-3 KD, 0.22 ± 0.02 Hz). These results suggest that basal

AMPAR-mediated synaptic transmission and therefore basal

AMPAR trafficking is not affected by postsynaptic Stx-3 KD.

To determine whether the postsynaptic Stx-3 KD influenced

basal NMDAR-mediated synaptic transmission, we calculated

the ratio of AMPAR- to NMDAR-mediated EPSCs (Kauer and

Malenka, 2007). This ratio was also not affected by the Stx-3

KD (Figure 2D: control, 2.20 ± 0.18, n = 6; Stx-3 KD, 2.0 ±

0.2, n = 7). Furthermore, the voltage dependence of NMDAR

EPSCs (Figure 2E: control, n = 5; Stx-3 KD, n = 5) and

their decay time course, which is influenced by the subunit

stoichiometry of NMDARs, were not altered by the Stx-3 KD

(Figure S3A). Consistent with the Stx-3 KD occurring only post-

synaptically at the synapses being studied, Stx-3 KD had no

effect on paired-pulse ratios, a measure of changes in presyn-

aptic function (Figure S3B).
546 Neuron 77, 542–558, February 6, 2013 ª2013 Elsevier Inc.
The intracellular pool of AMPARs that

undergo exocytosis during LTP has

been proposed to reside in recycling en-

dosomes (REs) that also contain trans-

ferrin receptors (TfRs) (Park et al., 2004;

Petrini et al., 2009). REs, however, can

give rise to multiple types of exocytic
vesicles that are trafficked by distinct pathways (Puthenveedu

et al., 2010; Temkin et al., 2011). To determine whether postsyn-

aptic Stx-3 is specifically required for AMPARs exocytosis

during LTP or rather globally involved in constitutive trafficking

of REs, we examined the endocytic recycling of TfRs in hippo-

campal neurons. Hippocampal neurons exhibited robust

uptake of fluorescent Alexa-Tf into recycling endosomes at

steady state (Figure 2F: control, 100.0 ± 5.4 A.U., n = 20; Stx-3

KD, 107.2 ± 8.5 A.U., n = 20). A subsequent 20 min period of

incubation in excess unlabeled Tf revealed a loss of intracellular

Alexa-Tf, reflecting ongoing basal recycling. This recycling was

unaffected by the Stx-3 KD (Figure 2F: control/20 min, 30.7 ±

4.0 A.U., n = 20; Stx-3 KD/20 min, 24.5 ± 2.4 A.U., n = 20). Taken

together, these results suggest that postsynaptic Stx-3 is

not required for the maintenance of constitutive RE and TfR

trafficking or basal AMPAR- or NMDAR-mediated synaptic

responses.

Complexin Binding Sequence of Syntaxin-3 Is Required
for LTP
The molecular replacement strategy allowed us to perform

a detailed structure/function analysis to identify the key molec-

ular sequences of Stx-3 that are required for LTP. We first exam-

ined the importance of the Stx-3 complexin binding sequence in
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the SNARE motif (aa 213–224) by replacing it with the homolo-

gous stretch of amino acids in Stx-4 that do not interact with

complexin (Stx-3/4) (Figure 3A). In contrast to wild-type Stx-3

(Figures 1N and 1O), the Stx-3/4 chimera was unable to rescue

the increases in GluA1 surface expression triggered by glycine

in cultured Stx-3 KD neurons (Figure 3B: control, 100.0% ±

8.0%, n = 24; control/glycine, 230.0% ± 11.4%, n = 24; Stx-3/4,

152.0% ± 5.7%, n = 24; Stx-3/4/glycine, 146.5% ± 11.4%,

n = 25) or LTPmeasured in acute slices after in vivo postsynaptic

Stx-3 KD (Figure 3C: control 264.0% ± 18.0%, n = 5; Stx-3/4

127.0% ± 20.0%, n = 6). To further test the importance of the

Stx-3 complexin binding sequence, we placed this sequence

into Stx-4 by replacing the homologous Stx-4 sequence that

does not bind complexin (Stx-4/3) (Pabst et al., 2000). When ex-

pressed with the Stx-3 KD, the Stx-4/3 chimera rescued the

glycine-induced ‘‘LTP’’ in culture (Figure 3E: control, 100.0% ±

12.0%, n = 24; control/glycine, 230.0% ± 11.4%, n = 24; Stx-

4/3, 105.0% ± 12.1%, n = 24; Stx-4/3/glycine, 208.0% ±

15.6%, n = 24) as well as LTP in acute slices (Figure 3F: control,

237.0% ± 25.0%, n = 6; Stx-4/3, 235.0% ± 25.0%, n = 6).

Importantly, the replacement of Stx-3 with wild-type Stx-4

(Stx-4 Rep) was unable to rescue the block of glycine-induced

increases in GluA1 surface expression in Stx-3 KD cultured

neurons (Figures 3G and 3H: control, 100.0% ± 12.0%, n = 24;

control/glycine, 230.0% ± 11.4%, n = 24; Stx-4 Rep, 105.0% ±

14.1%, n = 24; Stx-4 Rep/glycine, 100.0% ± 14.3%, n = 24).

Similarly, Stx-4 Rep did not rescue LTP induced in CA1 pyra-

midal cells in acute slices (Figure 3I: control, 250.0% ± 17.0%,

n = 6; Stx-4 Rep, 135.0% ± 28.0%, n = 6). These findings are

consistent with the requirement for complexin in LTP (Ahmad

et al., 2012) and provide strong evidence that complexin binding

to Stx-3 is critical for AMPAR delivery during LTP. Notably,

cultured neurons expressing the Stx-3/4 chimera exhibited an

increase in surface GluA1 levels. Analysis of the mEPSC

amplitude and frequency in these neurons revealed that the

observed change of surface levels of GluA1 did not correspond

to increased excitatory synaptic transmission (Figure S4A).

Furthermore, replacement of Stx-3 with the Stx-3/4 chimera

in vivo also did not affect mEPSCs recorded fromCA1 pyramidal

cells in acute slices (Figure S4B). These results suggest the

possibility that when freed from complexin regulation, Stx-3

may participate in constitutive AMPARs exocytosis to extrasy-

naptic sites.

In a final set of experiments on Stx-3, we deleted its ami-

no terminal 8 amino acids (Stx-310-287) that mediate the

binding of syntaxins to Munc18-like proteins (Figure 3J), an

interaction that is thought to be critical for catalyzing fusion

(Khvotchev et al., 2007; Shen et al., 2007; Südhof and Roth-

man, 2009). Consistent with this hypothesis, deletion of the

N-terminal Munc18-binding peptide (‘‘N-peptide’’) from Stx-3

abolished the ability of Stx-3 to rescue glycine-induced

‘‘LTP’’ in Stx-3 KD cultured neurons (Figure 3K: control,

100.0% ± 6.0%, n = 22; control/glycine, 217.0% ± 11.4%,

n = 22; Stx-310-287, 91.0% ± 11.9%, n = 22; Stx-310-287/

glycine, 123.0% ± 19.3%, n = 22) and LTP measured in acute

slices (Figure 3L: control, 250.0% ± 17.0%, n = 6; Stx-310-287,

145.0% ± 29.0%, n = 5). Thus, similar to presynaptic exocy-

tosis, a postsynaptic Munc18-like protein is likely required to
catalyze the fusion that mediates regulated AMPAR exocy-

tosis during LTP.

Postsynaptic SNAP-25 Regulates Surface NMDAR
Levels
In addition to requiring syntaxins, membrane fusion during

exocytosis requires the participation of SNARE proteins related

to SNAP-25. Four isoforms of this family exist and are expressed

in brain (SNAP-23, SNAP-25, SNAP-29, and SNAP-47). To deter-

minewhich of these isoforms is critical for the activity-dependent

trafficking of AMPARs during LTP, we again generated effective

and specific shRNAs to each of these proteins, althoughwewere

unable to generate an effective shRNA for SNAP-29 (Figure S1).

The SNAP-23 KD (Figure 4A) did not alter the glycine-induced

increase in GluA1 surface levels (Figure 4B: control, 102.0% ±

4.2%, n = 35; control/glycine 253.0% ± 16.0%, n = 35; SNAP-

23 KD, 109.0% ± 5.6%, n = 35; SNAP-23 KD/glycine

247.0% ± 12.3%, n = 35) or LTP generated in acute slices (Fig-

ure 4C: control 270.0% ± 15.0%, n = 8; SNAP-23 KD

250.0%± 15.0%, n = 8). In contrast, the SNAP-25 KD (Figure 4D)

prevented the glycine-induced ‘‘LTP’’ in cultured neurons (Fig-

ure 4E: control, 102.0% ± 4.2%, n = 35; control/glycine,

253.0% ± 16.0%, n = 35; SNAP-25 KD, 130.0% ± 7.4%, n = 35;

SNAP-25 KD/glycine, 131.0% ± 7.5%, n = 35) and strongly

impaired the generation of LTP in CA1 pyramidal cells in acute

slices (Figure 4F: control, 248.0% ± 14.0%, n = 7; SNAP-25

KD 130.0% ± 16.0%, n = 9). Note that the same SNAP-25 KD,

although highly efficient, does not detectably impair presynaptic

neurotransmitter release, probably because the presynaptic

SNAP-25 concentrations far exceed the needs of the presyn-

aptic release machinery (Sharma et al., 2011). Because postsyn-

aptic SNAP-25 may be critical for NMDAR trafficking (Lau et al.,

2010), we explored the possibility that the SNAP-25 KD impaired

LTP by reducing the surface levels of NMDARs. Consistent with

this hypothesis (Lau et al., 2010), immunostaining for GluN1,

a subunit essential for NMDAR function, revealed greatly

reduced levels of NMDARs in the dendrites of SNAP-25 KD cells

(Figure 4G: control, 100.0% ± 5.7%, n = 46; SNAP-25 KD

55.6% ± 2.2%, n = 46). Furthermore, AMPAR/NMDAR ratios in

SNAP-25 KD CA1 pyramidal cells in acute slices were signifi-

cantly higher than in control cells (Figure 4H: control, 2.3 ± 0.2,

n = 6; SNAP-25, KD 3.8 ± 0.2, n = 6).

To determine whether the decrease of synaptic NMDARs due

to the SNAP-25 KD could account for the observed impairment

in LTP, we elicited LTP in slices preincubated with a concentra-

tion of D-APV (10 mM) that reduced NMDAR EPSCs to an extent

(�55%; Figure S5A) that is approximately the same as that

caused by SNAP-25 KD, as determined by its effects on the

AMPAR/NMDAR ratio. LTP was significantly impaired, and

almost completely blocked, by this modest concentration of

D-APV (Figures S5B and S5C). This result suggests that the

impairment of LTP due to the postsynaptic SNAP-25 KD is the

result of a deficit in LTP induction caused by a decrease in

NMDAR-mediated synaptic currents. Finally, as expected

from the purely postsynaptic manipulation of SNAP-25, the

SNAP-25 KD in CA1 pyramidal cells had no effect on the

paired-pulse ratios of EPSCs (Figure 4I: control, n = 7; SNAP-

25 KD, n = 6).
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Figure 3. Binding of Complexin to Stx-3 Is Required for LTP

(A) Schematic showing swap of non-complexin binding sequence of Stx-4 into Stx-3.

(B) Sample images and summary graph of glycine-induced changes in surface GluA1 in control neurons and neurons inwhich the Stx-3/4 chimera replaced Stx-3.

(C) Sample experiments (top) and summary graphs (bottom) of LTP in control and Stx-3/4 CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

(D) Schematic showing swap of complexin binding sequence of Stx-3 into Stx-4.

(E) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and Stx-4/3 cultured neurons.

(F) Sample experiments (top) and summary graphs (bottom) of LTP in control and Stx-4/3 CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

(G) Schematic showing Stx-4 replacement.

(legend continued on next page)
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Postsynaptic SNAP-47 Is Required for AMPAR Delivery
during LTP
Wenext examined the role of SNAP-47, which is detected at high

levels in brain (see Allen Brain Atlas and Figure S1B; Holt et al.,

2006) and shows a localization distinct from that of typical

synaptic vesicle markers such as synapsin or synaptophysin

(Holt et al., 2006). SNAP-47 contains a longer N terminus

than SNAP-23 or SNAP-25 and includes an extended linker

between the two SNAREmotifs that lacks palmitoylated cysteine

residues (Figure 5A). The SNAP-47 KD prevented the glycine-

induced increase in surface GluA1 levels in cultured neurons

(Figure 5B: control, 102.0% ± 4.2%, n = 35; control/glycine,

253.0% ± 16.0%, n = 35; SNAP-47 KD, 134.0% ± 7.2%, n =

35; SNAP-47 KD/glycine, 124.0% ± 6.4%, n = 35) and impaired

LTP in acute hippocampal slices (Figure 5C: control, 260.0% ±

18.0%, n = 7; SNAP-47 KD, 147.0% ± 19.0%, n = 8). These defi-

cits were fully rescued by simultaneous expression of shRNA-

resistant wild-type SNAP-47 (SNAP-47 Rep) (Figure 5D) both in

cultured neurons (Figure 5E: control, 100.0% ± 5.0%, n = 32;

control/glycine, 218.0% ± 11.4%, n = 34; SNAP-47 Rep,

107.0% ± 7.4%, n = 31; SNAP-47 Rep/glycine, 209.0% ±

8.6%, n = 37) and in vivo in CA1 pyramidal cells (Figure 5F:

250.0%± 19.0%, n = 11; SNAP-47 Rep, 245.0% ± 20.0%,

n = 9). Similar to the distribution of Stx-3, structured illumination

microscopy revealed that endogenous SNAP-47 was distributed

throughout the soma and dendrites and was often found adja-

cent to PSD-95 puncta (Figure 5G; Movie S2).

To test whether SNAP-47 is required for maintaining basal

AMPAR- or NMDAR-mediated synaptic transmission in addition

to its role in LTP, we analyzed the effects of the SNAP-47 KD on

mEPSCs recorded from CA1 pyramidal cells in acute slices. The

SNAP-47 KD had no effect on either the mEPSC amplitude (Fig-

ure 5H: control, 10.9 ± 0.4 pA, n = 5; SNAP-47 KD, 11.8 ± 0.6 pA,

n = 7) or frequency (Figure 5I: control, 0.26 ± 0.02 Hz; SNAP-47

KD, 0.27 ± 0.02 Hz). Assays of AMPAR/NMDAR ratios (Figure 5J:

control, 2.1 ± 0.2, n = 7; SNAP-47 KD, 2.2 ± 0.1, n = 7), the

current-voltage relationships of NMDAR EPSCs (Figure 5K:

control, n = 5; SNAP-47 KD, n = 6) and the decay time constants

of NMDAR EPSCs (Figure S6A) revealed that unlike the SNAP-25

KD, the postsynaptic SNAP-47 KD had no effect on basal

NMDAR-mediated synaptic transmission. Furthermore, presyn-

aptic function as assessed by paired-pulse ratios was unaf-

fected (Figure S6B). Similar to the Stx-3 KD, the SNAP-47 KD

also did not affect constitutive TfR recycling in cultured neurons

(Figure 5L: control, 100.0 ± 5.4 A.U., n = 20; control/20 min,

30.7 ± 4.0 A.U., n = 20; SNAP-47 KD, 92.5 ± 8.8 A.U., n = 20;

SNAP-47 KD/20 min, 23.4 ± 2.3 A.U., n = 20). These findings

suggest that SNAP-47 specifically participates in the fusion

machinery that is responsible for AMPAR exocytosis during LTP.
(H) Sample images and summary graph of glycine-induced changes in surface G

(I) Sample experiments (top) and summary graphs (bottom) of LTP in control and

experiments with mean ± SEM.

(J) Schematic showing mutant form of Stx-310-287, in which the first 10 amino ac

(K) Sample images and summary graph of glycine-induced changes in surfaceGlu

(L) Sample experiments (top) and summary graphs (bottom) of LTP in control and

experiments with mean ± SEM.

Scale bars in all images represent 20 mm. Calibration bars represent 30 ms and
To determine whether SNAP-47’s role in LTP does in fact

require its interaction with other SNARE proteins in the formation

of SNARE complexes, we deleted the C-terminal 20 amino acids

of SNAP-47, a mutation that mimics the effect of botulinum toxin

E on SNAP-25 (SNAP-47DCt) (Figure 6A). In SNAP-25, this trun-

cation impairs SNARE complex stability and blocks exocytosis

(Blasi et al., 1993). SNAP-47DCt was unable to rescue the effects

of the SNAP-47 KD on the glycine-induced increase in GluA1

surface expression (Figure 6B: control, 100.0% ± 6.0%, n =

22; control/glycine, 217.0% ± 11.4%, n = 22; SNAP-47DCt,

106.0% ± 17.1%, n = 22; SNAP-47DCt/glycine, 114.0% ±

11.2%, n = 22). Similarly, SNAP-47DCt did not rescue LTP

induced in SNAP-47 deficient CA1 pyramidal cells in acute slices

(Figure 6C: control, 255.0% ± 20.0%, n = 6; SNAP-47DCt,

130.0% ± 30.0%, n = 7). In contrast, replacing the extended

amino-terminus of SNAP-47 with the shorter sequence of

SNAP-25 (SNAP-4725Nt) (Figure 6D), did not affect the rescue

of the impairment of glycine-induced increases in GluA1 surface

expression caused by the SNAP-47 KD (Figure 6E: control,

100.0% ± 6.0%, n = 22; control/glycine, 217.0% ± 11.4%, n =

22; SNAP-4725Nt, 109.0% ± 7.1%, n = 22; SNAP-4725Nt/glycine,

190.0% ± 13.2%, n = 22) or the rescue of LTP examined in acute

slices (Figure 6F: control, 230.0% ± 25.0%, n = 6; SNAP-4725Nt,

210.0% ± 28.0%, n = 6). These findings suggest that the interac-

tion of SNAP-47 with other SNARE proteins to form SNARE

complexes is critical for its role in LTP but that its extended

N terminus is not.

Synaptobrevin-2 Is Required for Delivery of AMPARs
to the Plasma Membrane
Previous studies using intracellular loading of botulinum toxin B,

which cleaves synaptobrevin-2 (Schiavo et al., 1992), into CA1

pyramidal cells suggested that this protein is the critical

R-SNARE for the delivery of AMPARs to the plasma membrane

during LTP (Lledo et al., 1998). Consistent with this hypothesis,

the glycine-induced increase in GluA1 surface expression was

absent in cultured neurons prepared from synaptobrevin-2

knockout mice (Schoch et al., 2001) (Figure 7A: control,

100.0% ± 8.4%, n = 26; control/glycine, 260.0% ± 12.4%, n =

26; Syb-2 KO, 47.9% ± 6.7%, n = 26; Syb-2 KO/glycine,

54.0%±5.7%, n=26).Given thatmEPSCamplitudeswereprevi-

ously found to be unaffected in cultured neurons from thesemice

(Schoch et al., 2001), it was surprising to find that basal surface

GluA1 levels in cultured neurons lacking synaptobrevin-2 were

significantly decreased. Because homozygous synaptobrevin-2

knockout mice die at birth (Schoch et al., 2001), we were unable

to perform electrophysiological recordings in acute hippocampal

slices. Instead, we recordedmEPSCs fromwild-type and synap-

tobrevin-2 knockout cultured neurons and confirmed the
luA1 in control neurons and neurons in which Stx-4 replaced Stx-3.

Stx-4 Rep CA1 pyramidal cells. Right panel shows scatter plots of individual

ids of Stx-3 are deleted, as the replacement construct in Stx-3 KD cells.

A1 in control cultured neurons and neurons in which Stx-310-287 replaced Stx-3.

Stx-310-287 CA1 pyramidal cells. Right panel shows scatter plots of individual

50 pA. Bar graphs represent means ± SEM. *p < 0.05. See also Figure S4.
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Figure 4. Postsynaptic SNAP-25 KD Impairs LTP and NMDAR-Mediated Transmission

(A) Schematic of SNAP-23 showing its functional domains. C indicates palmitoylated cysteine residues. The colored C terminus represents amino acids cleaved

by botulinum toxin E.

(B) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and SNAP-23 KD neurons.

(C) Sample experiments (top) and summary graphs (bottom) of LTP in control and SNAP-23 KD CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

(D) Schematic of SNAP-25. Sequence of amino acids cleaved by botulinum toxin E differs from that in SNAP-23 (in green).

(E) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and SNAP-25 KD neurons.

(F) Sample experiments (top) and summary graphs (bottom) of LTP in control and SNAP-25 KD CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

(G) Sample images of dendritic GluN1 staining. Bar graph shows total GluN1 staining normalized to control cells. Scale bar represents 10 mm.

(H) Ratio of AMPAR- to NMDAR-mediated EPSCs is increased in SNAP-25 KD cells. Representative EPSCs recorded at�60mV and + 40mV are shown (mean ±

SEM is indicated by symbol with different color). Calibration bars represent 50 ms and 25 pA.

(I) Paired-pulse ratios of AMPAR EPSCs are unchanged by postsynaptic SNAP-25 KD. Representative EPSCs are shown above summary graph. Calibration bars

represent 100 ms/100 pA.

Scale bars in (B)–(E) represent 20 mm. Calibration bars in (C) and (F) represent 30 ms/50 pA. Bar graphs represent means ± SEM. *p < 0.05. See also Figure S5.
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immunocytochemical results as well as previous results (Schoch

et al., 2001). Glycine treatment increased the mEPSC amplitude

in control cultured neurons but not in cultured neurons lacking

synaptobrevin-2, while having no effect on basal mEPSC ampli-

tude (Figure 7B: control, 16.8 ± 0.7 pA, n = 17; control/glycine,

24.1 ± 0.6 pA, n = 16; Syb-2 KO, 17.1 ± 0.7 pA, n = 8; Syb-2

KO/glycine, 16.7 ± 0.7 pA, n = 8). As expected from the presyn-
550 Neuron 77, 542–558, February 6, 2013 ª2013 Elsevier Inc.
aptic functions of synpatobrevin-2, the mEPSC frequency was

dramatically reduced in the synaptobrevin-2 knockout cultures

and was not increased by glycine treatment (Figure 7C: control,

6.8 ± 0.3 Hz; control/glycine, 12.7 ± 0.3 Hz; Syb-2 KO, 1.70 ±

0.2 Hz, Syb-2 KO/glycine,1.8 ± 0.2 Hz).

To directly test that the postsynaptic deficits in the synapto-

brevin-2 knockout cultures were in fact due to the loss of
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synaptobrevin-2, we performed rescue experiments in which we

expressed wild-type synaptobrevin-2 in cultured synaptobrevin-

2 knockout neurons using lentiviruses. Expression of synapto-

brevin-2 rescued both the reduction in basal surface GluA1

levels in cultured synaptobrevin-2 knockout neurons as well as

the loss of glycine-induced ‘‘LTP’’ (Figure 7D: control,

100.0% ± 4.8%, n = 20; Syb-2 Res, 98.7% ± 7.9%, n = 16;

control/glycine, 176.4% ± 9.5%, n = 20; Syb-2 Res/glycine,

189.2%± 10.7%, n = 20). Furthermore, synaptobrevin-2 rescued

neurons showed a mEPSC frequency comparable to control

cells and a substantial increase in both the mEPSC amplitude

and frequency in response to glycine (Figure 7E: amplitude—

control, 16.8 ± 0.7 pA, n = 17; control/glycine, 24.1 ± 0.6 pA,

n = 16; Syb-2 Res, 17.3 ± 1.2 pA, n = 12; Syb-2 Res/glycine,

22.5 ± 0.9 pA, n = 10; Figure 7F: frequency—control, 6.8 ±

0.3 Hz; control/glycine, 12.7 ± 0.3 Hz; Syb-2 Res, 5.7 ± 0.8 Hz,

Syb-2 Res/glycine,10.4 ± 0.7 Hz). Notably, synaptobrevin-2

knockout neurons exhibited an impairment in constitutive TfR re-

cycling (Figure 7G: control, 100.0 ± 4.7 A.U., n = 20; control/

20 min, 50.0 ± 3.4 A.U., n = 20; Syb-2 KO, 100.0 ± 6.55 A.U.,

n = 20; Syb-2 KO/20 min, 80.0 ± 4.9 A.U., n = 20), which was

rescued by expression of wild-type synaptobrevin-2 (Figure 7H:

control bars are the same as Figure 7G; Syb-2 Res, 100.0 ± 5.6

A.U., n = 20; Syb-2 Res/20 min, 40.3 ± 6.7 A.U., n = 20). These

findings suggest that synpatobrevin-2 is involved in both the

constitutive delivery of AMPARs to the plasma membrane as

well as the enhanced regulated delivery of AMPARs during

LTP, but is absolutely required only for the latter.

DISCUSSION

The molecular mechanisms underlying the SNARE-dependent

fusion of neurotransmitter-containing vesicles with the presyn-

aptic plasma membrane at the active zone have been studied

for decades and are well understood (Rizo and Rosenmund,

2008; Südhof, 2004; Südhof and Rothman, 2009). In contrast,

although postsynaptic exocytosis in dendrites may mediate

important neuronal functions including the regulated membrane

insertion of AMPARs during LTP (Kennedy et al., 2010; Kennedy

and Ehlers, 2011; Lledo et al., 1998; Lüscher et al., 1999;

Makino and Malinow, 2009), the composition of postsynaptic

SNARE complexes mediating AMPAR exocytosis in dendrites

remains unknown. Using a molecular replacement strategy

that allows the postsynaptic targeting of molecular manipula-

tions in vivo as well as identical molecular manipulations

in vitro, we have identified the composition of the SNARE

complex that mediates the regulated delivery of AMPARs to

the plasma membrane during LTP. Specifically, we provide

evidence that the Q-SNARE proteins Stx-3 and SNAP-47 and

the R-SNARE protein synaptobrevin-2 are essential compo-

nents of the postsynaptic vesicle fusion machinery that is

required for LTP; the same SNARE proteins are not absolutely

required for the constitutive delivery of AMPARs and NMDARs

to synapses (Figure 8). Moreover, our data indicate that synap-

tobrevin-2 contributes to constitutive postsynaptic AMPAR

trafficking, and support the notion that SNAP-25 plays a role

in the constitutive postsynaptic trafficking of NMDARs (Lau

et al., 2010).
Consistent with the requirement of complexin binding to post-

synaptic SNARE complexes during LTP (Ahmad et al., 2012), we

show that the role of postsynaptic Stx-3 in LTP depends on its

ability to bind to complexin. Although previous work suggested

that Stx-4 is critical for AMPAR exocytosis during LTP (Kennedy

et al., 2010), we present several lines of evidence suggesting that

this is not the case. First, KD of Stx-4 had no effect on glycine-

induced GluA1 trafficking in cultured neurons or on LTP

measured in acute slices after Stx-4 KD in vivo. Second, while

the effects of the Stx-3 KD could be rescued by expression of

wild-type Stx-3, expression of wild-type Stx-4 was ineffective

unless its sequence that does not bind complexin was replaced

by the homologous Stx-3 sequence that confers complexin

binding. Furthermore, immunogold labeling of Stx-3 and- 4

reveals that Stx-3 is prominently found in dendritic membranes

whereas Stx-4 is more abundant in astroglial plasma

membranes (J.H. Tao-Cheng et al., 2012, Soc. Neurosci.,

abstract).

The difference in conclusions regarding Stx-4may in large part

be due to differences in the assays used. Here, we intentionally

measured NMDAR-triggered changes in the levels of surface

expression of endogenous AMPARs in cultured neurons and

monitored standard LTP in slices from mice subjected to in vivo

manipulations. The previousworkmonitored the role of syntaxins

in cultured neurons using the trafficking of recombinant TfRs

fused to superecliptic pHluorin (TfR-SEP) as a surrogate marker

of the AMPAR trafficking pathways (Kennedy et al., 2010).

Measurements of the trafficking of overexpressed TfR-SEP

may not accurately reflect the trafficking of endogenous

AMPARs since AMPARs may traffic independently of TfRs and

overexpressed proteins may traffic aberrantly. Given that indi-

vidual endosomes can sort different cargos via independent mi-

crodomains (Puthenveedu et al., 2010; Temkin et al., 2011),

different syntaxin isoformsmay coexist in postsynaptic compart-

ments and participate in distinct trafficking pathways. Consistent

with this notion, the Stx-3 KD in cultured neurons did not affect

constitutive recycling of TfRs or constitutive exocytosis of

AMPARs (Figure 2).

Previous work also used acute infusion of a Stx-4 ‘‘inhibitory’’

peptide into CA1 pyramidal cells to disrupt Stx-4 function and re-

ported an impairment of LTP measured electrophysiologically

(Kennedy et al., 2010). Although useful, such manipulations

may have off-target effects. For example, the promiscuous

engagement of SNARE motifs in SNARE complexes once they

are freed from their normal cell-biological constraints may have

influenced the activity of these peptides (Fasshauer et al.,

1999; Yang et al., 1999). It is also plausible that compensatory

effects due to long-term knockdown of Stx-3 may account for

the impairment in LTP that we observed. However, given that

protein levels of Stx-4 were unaltered in Stx-3 KD cells (Fig-

ure S1B) and that the expression of recombinant Stx-4 was

unable to rescue glycine-induced AMPAR exocytosis or LTP in

neurons lacking endogenous Stx-3 (Figures 3H–3I), it appears

that Stx-4 cannot compensate for the loss of Stx-3 function in

regulated AMPAR trafficking.

The effects of mutations of Stx-3 suggest that it functions post-

synaptically in regulatingAMPARdelivery to theplasmamembrane

in a manner analogous to the function of Stx-1 in presynaptic
Neuron 77, 542–558, February 6, 2013 ª2013 Elsevier Inc. 551
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Figure 5. Postsynaptic SNAP-47 KD Impairs LTP without Altering Basal Synaptic Transmission or Constitutive Recycling

(A) Schematic of SNAP-47 showing its main functional domains. Note the elongated N terminus and linker without palmitoylated cysteine residues. Lack of

botulinum toxin E cleavage site is indicated in red.

(B) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and SNAP-47 KD neurons.

(C) Sample experiments (top) and summary graphs (bottom) of LTP in control and SNAP-47 KD CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

(D) Schematic showing molecular replacement strategy for SNAP-47.

(E) Sample images and summary graph showing rescue of glycine-induced increases in surface GluA1 by SNAP-47.

(F) Sample experiments (top) and summary graphs (bottom) of LTP in control and interleaved SNAP-47 Rep CA1 pyramidal cells. Right panel shows scatter plots

of individual experiments with mean ± SEM.

(G) Merged images of dendrites stained for endogenous SNAP-47 and PSD-95. Right panel shows enlargement of single dendrite (box in left panel). See also

Movie S2.

(H and I) Mean amplitude (H) and frequency (I) of mEPSCs are unchanged by postsynaptic SNAP-47 KD. Cumulative probability graphs ofmEPSC amplitudes and

frequencies are shown on left and summary graphs (means ± SEM) on right.

(legend continued on next page)
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Figure 6. SNARE-Dependent Interaction Is Required for SNAP-47’s Role in LTP

(A) Schematic illustrating SNAP-47DCt.

(B) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and SNAP-47DCt cultured neurons.

(C) Sample experiments (top) and summary graphs (bottom) of LTP in control and SNAP-47DCt CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

(D) Schematic showing the SNAP-47 N terminus (Nt) swap mutant SNAP-4725Nt in which the Nt of SNAP-47 is replaced by the Nt of SNAP-25.

(E) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and SNAP-4725Nt neurons.

(F) Sample experiments (top) and summary graphs (bottom) of LTP in control and SNAP-4725Nt CA1 pyramidal cells. Right panel shows scatter plots of individual

experiments with mean ± SEM.

In (B) and (E), scale bars represent 20 mm. Calibration bars represent 30 ms/50 pA. Bar graphs represent means ± SEM. *p < 0.05.
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vesicle fusion. Expression of the Stx-3 mutant unable to bind to

complexin (Stx-3/4) increased surface expression of GluA1-con-

taining AMPARs but not mEPSC amplitudes, suggesting that ex-

trasynaptic AMPARs were increased. These results imply that

postsynaptic complexin binding to syntaxins may constitutively

restrict membrane fusion of AMPAR-containing endosomes in a

fashionanalogous to the role of complexin inclampingpresynaptic

vesicle fusion (Giraudo et al., 2006; Huntwork and Littleton, 2007;

Maximov et al., 2009; Tang et al., 2006: Xue et al., 2009; Yang

et al., 2010). Inhibition of the binding of SM proteins to Stx-3 also

impaired LTP, a finding consistent with the hypothesis that binding

of syntaxins to SM proteins is required to execute fusion in

conjunction with the SNARE protein complexes (Khvotchev

et al., 2007; Shen et al., 2007; Südhof and Rothman, 2009).

SNARE-mediated membrane fusion during exocytosis

requires participation of a SNAP-25 homolog in addition to a syn-
(J) Ratio of AMPAR- to NMDAR-mediated EPSCs is unchanged by postsynaptic

Scatter plots of individual experiments with mean ± SEM (right). Scale bar repre

(K) Voltage-dependence of NMDAR EPSCs is not affected by postsynaptic SNA

(L) Representative images and summary graphs showing endosome recycling. Up

of Alx-Tf reflects recycling.

Calibration bars in (C) and (F) represent 30 ms and 50 pA. Bar graphs represent
taxin (Jahn and Scheller, 2006; Rizo and Rosenmund, 2008;

Südhof and Rothman, 2009). Consistent with this principle, we

found that KD of either SNAP-25 or SNAP-47, but not SNAP-

23, impairs LTP in both slices and cultured neurons. The

SNAP-25 KD impaired NMDAR-mediated transmission in slices

and, in agreement with previous work (Lau et al., 2010),

decreased synaptic NMDAR levels in cultured neurons. Since

additional experiments strongly suggested that the observed

effects on LTP are due to inadequate activation of NMDARs

during LTP induction, we did not further pursue the possible

postsynaptic role of SNAP-25 in LTP. The KD of SNAP-23,

a SNAP-25 homolog also reported to regulate surface levels of

NMDARs (Suh et al., 2010) did not have detectable effects in

our LTP assays. Because we used strong induction protocols

to elicit LTP, it is possible that via effects on NMDAR trafficking,

a function of SNAP-23 in setting the threshold for LTP induction
SNAP-47 KD. Representative EPSCs recorded at �60 mV and + 40 mV (left).

sents 50 ms/25 pA.

P-47 KD.

take and 20min recycling wasmeasured in control and SNAP-47 KD cells. Loss

means ± SEM. *p < 0.05. See also Figure S6.
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Figure 7. Synaptobrevin-2 Is Required for AMPAR Surface Delivery

(A) Sample images and summary graph of glycine-induced changes in surface GluA1 in control and cultured neurons prepared from Syb-2 KO mice. Scale bars

represent 20 mm.

(B and C) Summary graphs of mean mEPSC amplitude and frequency in control and Syb-2 KO cultured neurons before and after glycine application.

(D) Sample images and summary graph of glycine-induced changes in surface GluA1 in control cultured neurons and Syb-2 KO cultured neurons infected with

lentivirus expressing Syb-2 (Syb-2 Res). Scale bars represent 20 mm.

(E and F) Summary graphs of mean mEPSC amplitude and frequency in control and Syb-2 Res cultured neurons before and after glycine application.

(G) Images and summary graphs showing endosome recycling. Alx-Tf uptake and 20 min recycling was measured in cultured hippocampal neurons under basal

conditions in control and Syb-2 KO cells.

(H) The same as G with Syb-2 rescue (Syb-2 Res). Bar graphs represent means ± SEM. *p < 0.05.
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went undetected. Arguably the most surprising conclusion from

the present study is that postsynaptic SNAP-47, a SNAP-25

homolog that has not been functionally characterized, is critical

for LTP. SNAP-47 is found at high levels in the brain and assem-

bles into stable SNARE complexes with Stx-1A and synaptobre-

vin-2 (Holt et al., 2006). Importantly, the SNAP-47 KD did not

alter basal AMPAR- or NMDAR-mediated synaptic responses

or basal AMPAR surface expression, providing evidence of

a specific role for SNAP-47 in regulated AMPAR exocytosis

but not in AMPAR or TfR constitutive trafficking. Moreover,

mutagenesis of SNAP-47 confirmed that a SNARE-dependent

interaction is critical for its role in LTP.
554 Neuron 77, 542–558, February 6, 2013 ª2013 Elsevier Inc.
To complete the characterization of the postsynaptic SNARE

complex responsible for regulated AMPAR delivery during LTP,

we examined cultures prepared from synaptobrevin-2 KO

mice. Our findings confirmed previous work suggesting a role

of synaptobrevin-2 in LTP (Lledo et al., 1998) and further demon-

strated that synaptobrevin-2 contributes to maintaining extrasy-

naptic AMPARs. This latter observation raises the question of

which SNARE proteins control the constitutive delivery of gluta-

mate receptors to the plasma membrane. The results presented

here as well as previous results demonstrating a role for postsyn-

aptic complexin in LTP (Ahmad et al., 2012) suggest that there

are two independent pathways for AMPAR delivery; a highly



Figure 8. Model of the SNARE Proteins

Involved in the Activity-Dependent Exocy-

tosis of AMPARs during LTP

Top panel illustrates different components of the

critical SNARE complexes including Stx-3, SNAP-

47, and Syb-2. SNAP-25 is shown anchored to the

plasma membrane where it influences NMDAR

trafficking whereas anchored Stx-3 regulates

AMPAR trafficking. * indicates a TARP bound to

synaptic AMPARs; ** indicates PSD-95 or another

MAGUK family member. Bottom panel: Upon

NMDAR activation, calcium influx promotes

SNARE-dependent membrane fusion of AMPAR-

containing endosomes. Inset panel: the AMPAR

exocytosis is mediated by a SNARE complex

containing Stx-3, SNAP-47, Syb-2, complexin, as

well as a Munc18-like protein.
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regulated pathway that is engaged during LTP induction and

requires some, as yet unidentified, calcium-regulated protein

or step (Figure 8) and a constitutive pathway that delivers these

receptors to the plasmamembrane (Adesnik et al., 2005). Synap-

tobrevin-2 may be a component of the AMPAR-containing

organelles involved in both pathways, although other R-SNAREs

must contribute as well since surface levels of AMPARs were

only partly reduced in cells lacking synaptobrevin-2. In contrast,

syntaxin-3 and SNAP-47 appear to be exclusively involved in

regulated AMPAR exocytosis during LTP.

Our results do not allow any conclusions about the specific

dendritic nanodomains at which AMPAR exocytosis occurs

during LTP or about the specific timing of these events. These

topics have been extensively explored using live cell imaging

of overexpressed recombinant proteins fused to fluorophores

(i.e., AMPAR subunits or TfR) (Kennedy et al., 2010; Kopec

et al., 2006, 2007; Lin et al., 2009; Makino and Malinow, 2009;

Opazo et al., 2010; Patterson et al., 2010; Petrini et al., 2009; Ta-

naka and Hirano, 2012; Yang et al., 2008; Yudowski et al., 2007)

with some inconsistency in results, possibly because all of these

studies use overexpressed proteins. Most but not all studies find

that following NMDAR activation, recombinant AMPAR subunits

are inserted into perisynaptic membranes, either adjacent to the
Neuron 77, 542–558
PSD or adjacent to the base of dendritic

spines, from which they can laterally

diffuse into the PSD to increase synaptic

strength (Petrini et al., 2009; Opazo

et al., 2010). The source of the intracel-

lular AMPARs that are exocytosed during

LTP have been suggested to be recycling

endosomes containing TfRs (Park et al.,

2004). However, our findings, as well as

recent work on the complexity of endo-

some to plasma membrane trafficking

(Temkin et al., 2011; Puthenveedu et al.,

2010), suggest that more work on this

topic is warranted.

Although in this and previous work

(Ahmad et al., 2012) we have pointed

out several mechanistic similarities
between the presynaptic SNARE-mediated exocytosis medi-

ating transmitter release and the postsynaptic SNARE-medi-

ated exocytosis of AMPARs during LTP, there are important

differences that may account for the distinct roles of specific

SNARE proteins. Presynaptic vesicle exocytosis occurs rapidly

(in <1 ms) following a rise in calcium at specialized active zones

that provide the critical structural scaffolds mediating this

process. In contrast, the intracellular organelles containing

dendritic AMPARs are not docked at the plasma membrane

but instead may require myosin-dependent trafficking into

dendritic spines (Correia et al., 2008; Wang et al., 2008).

Indeed, the timing of AMPAR exocytosis following LTP induc-

tion may be several orders of magnitude slower than presyn-

aptic vesicle exocytosis (Makino and Malinow, 2009; Patterson

et al., 2010; Petrini et al., 2009; Yang et al., 2008; Yudowski

et al., 2007), even if myosin-dependent trafficking is not

required (Tanaka and Hirano, 2012). However, no direct

measurements of endogenous AMPAR exocytosis exist, and

its time course is unknown. The differences in the SNARE

proteins mediating the two distinct types of pre- and postsyn-

aptic exocytosis at or near synapses likely contribute to their

different properties. Furthermore, in contrast to SNAP-23 and

SNAP-25, which are predominantly localized to the plasma
, February 6, 2013 ª2013 Elsevier Inc. 555
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membrane, SNAP-47 lacks an immediately identifiable

membrane anchor sequence and may be partly soluble (Holt

et al., 2006). This biophysical modification might be useful

in regulating fusion between membranes where exocytotic

domains are not permanent but rather transiently defined (Pat-

terson et al., 2010; Petrini et al., 2009; Yang et al., 2008; Yu-

dowski et al., 2007). By identifying the unique SNARE proteins

involved in AMPAR delivery to the plasma membrane during

LTP, we have provided information that is critical for a molec-

ular understanding of LTP. More broadly, the findings pre-

sented here provide tools and approaches that can be used

to further explore the role of LTP in the circuit modifications

underlying experience-dependent plasticity.

EXPERIMENTAL PROCEDURES

CD1 (Charles River) mice (8–12 g) were prepared for stereotactic injection of

lentiviruses using standard procedures approved by the Stanford University

Administrative Panel on Laboratory Animal Care. LTP experiments were per-

formed using whole-cell voltage-clamp recordings from CA1 pyramidal

neurons in acute slices as previously described (Ahmad et al., 2012). Dissoci-

ated hippocampal cultures were prepared from newborn C57BL/6 mice in-

fected with lentiviruses at DIV 8–9 and processed for experiments 10–

11 days later as previously described (Ahmad et al., 2012).

Full Experimental Procedures and any associated references are available in

the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, two movies, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.neuron.2012.11.029.
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Südhof, T.C. (2012). The presynaptic active zone. Neuron 75, 11–25.
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