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Long-term potentiation (LTP) of excitatory synapses is a major form of plasticity for

learning and memory in the central nervous system. While the molecular mechanisms

of LTP have been debated for decades, there is consensus that LTP induction activates

membrane trafficking pathways within dendrites that are essential for synapse growth

and strengthening. Current models suggest that key molecules for synaptic potentiation

are sequestered within intracellular organelles, which are mobilized by synaptic activity

to fuse with the plasma membrane following LTP induction. While the identity of the

factors mobilized to the plasma membrane during LTP remain obscure, the field has

narrowly focused on AMPA-type glutamate receptors. Here, we review recent literature

and present new experimental data from our lab investigating whether AMPA receptors

trafficked from intracellular organelles directly contribute to synaptic strengthening during

LTP. We propose a modified model where membrane trafficking delivers distinct factors

that are required to maintain synapse growth and AMPA receptor incorporation following

LTP. Finally, we pose several fundamental questions that may guide further inquiry into

the role of membrane trafficking for synaptic plasticity.

Keywords: long term potentiation, AMPA receptor, exocytosis, dendrite, membrane trafficking, recycling

endosomes, dendritic spines, plasticity and learning

INTRODUCTION

Information storage, learning, and adaptive behavior are thought to occur through use-dependent
changes in the strength of synaptic connections. For example, long-term potentiation (LTP) of
excitatory synapses is widely accepted as a critical form of plasticity for learning and memory
throughout the brain (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Nicoll, 2017).
While numerous pre- and postsynaptic LTP mechanisms have been described in diverse circuits,
LTP has been most intensely investigated in pyramidal neurons of hippocampal region CA1.
Here, multiple lines of evidence agree that LTP is predominantly mediated by increased function
of postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate
receptors. Increased channel conductance, open probability, and receptor number have all been
reported to be responsible for synaptic potentiation (Isaac et al., 1995; Liao et al., 1995; Roche
et al., 1996; Barria et al., 1997; Benke et al., 1998; Derkach et al., 1999; Shi et al., 1999; Banke et al.,
2000). Support for increased number of synaptic AMPA receptors during LTP primarily comes
from biochemical measurements demonstrating the level of surface receptors increases following
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LTP and from microscopy experiments directly visualizing
tagged AMPA receptors as they cluster at postsynaptic sites
following LTP induction (Shi et al., 1999; Heynen et al., 2000;
Broutman and Baudry, 2001; Lu et al., 2001). Functional
studies using peak-scaled non-stationary fluctuation analysis to
estimate changes in receptor number and conductance following
LTP are also consistent with insertion of AMPA receptors
into the postsynaptic density (PSD) during LTP (Benke and
Traynelis, 2018). While there is general agreement that AMPA
receptors are recruited to the postsynaptic plasma membrane
(PM) following LTP, the source of these receptors remains
controversial. Two major pools of “extrasynaptic” receptors
are available: those that are already laterally diffusing within
the dendritic PM, and those that are housed in internal
membrane-bound organelles. Thus, AMPA receptors could be
added to the postsynaptic membrane by trapping diffusing
surface receptors and/or through mobilizing receptors from
internal stores. The latter mechanism requires that intracellular
organelles housing AMPA receptors fuse near the postsynaptic
membrane to deliver receptors to synapses undergoing plasticity.
The early observation that LTP depends on membrane fusion
provides tantalizing support for mobilization of receptors from
intracellular pools. While there is strong evidence that AMPA
receptors are mobilized to the PM during LTP, no study
has definitively demonstrated this pool of receptors directly
contributes to synapse potentiation. On the contrary, recent
experiments support a major role for trapping laterally diffusing
receptors at synaptic sites during LTP. Here we discuss literature
supporting both sides of this issue and provide experimental data
from our lab consistent with a model where membrane fusion
delivers as-yet unidentified factors that stabilize AMPA receptors
at synaptic sites following their initial incorporation by lateral
diffusion.

Membrane Trafficking Is Essential for LTP
While the molecular mechanisms that govern LTP have been
debated for decades, there is general consensus that membrane
trafficking in the postsynaptic cell is essential. This was first
reported by Lledo et al. (1998) who demonstrated that infusing
postsynaptic neurons with factors that inhibit membrane
fusion mediated by soluble N-ethylmaleimide sensitive factor
attachment protein receptor (SNARE) family proteins, including
a peptide that disrupts SNAP interactions, N-ethylmaleimide and
botulinumneurotoxin B, blocked LTP. Intriguingly, none of these
reagents affected the initial magnitude of synaptic potentiation
that occurred following LTP induction, which likely arises
from post-tetanic potentiation of neurotransmitter release and
enhanced postsynaptic AMPA receptor function and/or number.
However, synaptic responses gradually declined to baseline levels
∼20–30min following LTP induction when membrane fusion
was disrupted. These experiments provided the first evidence
that membrane fusion in the postsynaptic cell is required for
sustained synaptic potentiation during LTP. Given that the initial
phase of LTP appeared normal when membrane fusion was
blocked, these experiments also demonstrate that the trafficking
requirement does not manifest until several minutes following
LTP induction. Numerous subsequent studies using diverse LTP

induction protocols and recording techniques have established
postsynaptic membrane trafficking as a hallmark of LTP (Lu et al.,
2001; Park et al., 2004, 2006; Kopec et al., 2007; Yang et al., 2008b).

Given the central importance of postsynaptic membrane
fusion for LTP, a critical question is the identity of the organelle(s)
undergoing fusion. There is a vast network of intracellular
organelles present within neuronal dendrites and spines (Parton
et al., 1992; Spacek and Harris, 1997; Cooney et al., 2002; Park
et al., 2004, 2006; Rácz et al., 2004; Kennedy et al., 2010; Hanus
et al., 2014; Esteves da Silva et al., 2015; Bowen et al., 2017; Hiester
et al., 2017; Wu et al., 2017b). Among the organelles that could
participate in rapid membrane remodeling at synapses, recycling
endosomes (REs) stand out. REs are intracellular vesicles that
regulate trafficking of protein cargoes to and from the PM
(Maxfield and McGraw, 2004). In neurons, REs are distributed
throughout the dendritic arbor and within a substantial fraction
of dendritic spines. Importantly, REs are mobilized to fuse with
the PM following LTP stimuli, resulting in the rapid delivery
of resident RE cargo proteins to the dendritic surface (Park
et al., 2006; Wang et al., 2008c; Kennedy et al., 2010; Keith
et al., 2012; Roman-Vendrell et al., 2014; Woolfrey et al., 2015;
Hiester et al., 2017). Importantly, disruption of postsynaptic
RE function also disrupts functional LTP and accompanying
morphological plasticity (Park et al., 2004, 2006; Brown et al.,
2007; Wang et al., 2008c; Kennedy et al., 2010; Keith et al.,
2012; Woolfrey et al., 2015). Activity triggered RE fusion occurs
throughout neuronal dendrites, including within dendritic spine
heads suggesting that the excitatory postsynaptic membrane
could be rapidly remodeled via nearby RE fusion, although
the precise location (i.e., spine head vs. dendritic shaft) of the
RE fusion events relevant for LTP remains a controversial and
open question (Spacek and Harris, 1997; Cooney et al., 2002;
Rácz et al., 2004; Yudowski et al., 2007; Lin et al., 2009; Makino
and Malinow, 2009; Kennedy et al., 2010; Patterson et al., 2010;
Hiester et al., 2017; Wu et al., 2017b). Regardless of whether the
LTP-relevant RE fusion events occur within or near activated
spines, REs must be able to sense local activity in order to
fuse near synapses undergoing LTP. While few studies have
investigated the spatial relationship between activated synapses
and RE fusion, Patterson et al., demonstrated that glutamate
uncaging over individual dendritic spines triggers fusion of
GluA1-containing vesicles both within the activated spine and
in the nearby dendritic shaft (Patterson et al., 2010). This
finding was supported by a subsequent study demonstrating that
glutamate uncaging triggers RE fusion within activated spines,
consistent with a role for RE fusion in synapse-specific GluA1
delivery events observed by Patterson et al. (Hiester et al., 2017).
Whether spine RE fusion plays a direct role in LTP remains an
open question, but at steady state, not all dendritic spines house
REs raising the issue of whether spines lacking a resident RE are
impaired for LTP. Intriguingly, LTP measured by long-lasting
morphological spine growth following single spine glutamate
uncaging was originally reported to occur in 55% of spines (and
less frequently at larger spines) and functional LTP at presumed
single synapses occurred at 65% of synapses tested, similar to
the fraction of RE-containing spines, which has been reported at
25–50% depending on age and endosome classification criteria
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(Petersen et al., 1998; Cooney et al., 2002; Matsuzaki et al., 2004;
Park et al., 2006; Kennedy et al., 2010; Hiester et al., 2017).
More refined local RE inactivation techniques will be required to
begin addressing the spatial relationship between RE fusion and
synapses undergoing LTP.

AMPA Receptors Localize to Dendritic REs
and Are Mobilized to the Cell Surface by
Synaptic Activity
Given that membrane fusion and RE function is essential for
LTP, a central issue is the identity of the cargo delivered
to synapses via RE fusion events. Because synaptic AMPA
receptor content increases following LTP, many studies focused
on determining whether RE fusion could be the major delivery
route to the synapse. Indeed, an immunoelectron microscopy-
based investigation of the ultrastructural localization of internal
AMPA receptors identified a population of GluA2 that localizes
to dendritic, but not spine endosomes, although peri-synaptic
endocytic pits could be observed to contain GluA2 following
NMDA receptor activation (Tao-Cheng et al., 2011). Using a
sensitive antibody feeding assay to selectively label internalized
pools of AMPA receptors, multiple studies have demonstrated
localization of AMPA receptor subunits GluA1 and GluA2 to a
large fraction of REs within dendritic shafts and spines (Ehlers,
2000; Park et al., 2004; Kennedy et al., 2010; Hiester et al.,
2017). In these studies, the majority of internalized GluA1 co-
localizes with RE marker proteins, supporting a major role for
these organelles in AMPA receptor surface trafficking, though
it is possible that constitutive trafficking of AMPA receptors
occurs through a subset of REs, positive for the small GTPases
Arf6 and TC10 (Zheng et al., 2015). Indeed, the molecular
and functional heterogeneity of endosomes labeled with classical
markers such as transferrin receptor or rab proteins deserves
further investigation. For example, it remains unknown what
mechanisms allow a subset of endosomes to be mobilized by
synaptic activity to fuse with the PM. More direct support for
regulated AMPA receptor surface delivery via REs came from
experiments using an NMDA receptor-dependent chemical LTP
(cLTP) stimulation. Because this form of stimulation globally
activates many synaptic inputs, potentiation can be monitored
by measuring the amplitude and frequency of spontaneous
miniature excitatory postsynaptic currents (mEPSCs) mediated
by AMPA receptors and correlated with surface GluA1 levels
measured by immunolabeling (Lu et al., 2001; Park et al.,
2004). Following cLTP, surface GluA1 was elevated and mEPSC
amplitude increased, providing a positive correlation between
synapse potentiation and GluA1 delivery to the PM (Lu et al.,
2001). Importantly, both potentiated mEPSC amplitude and
increased surface GluA1 were blocked by tetanus neurotoxin
(TeNT), which cleaves the vesicle associated membrane proteins
(VAMPs) required for activity-dependent membrane fusion in
axons and dendrites (Maletic-Savatic and Malinow, 1998; Lu
et al., 2001). Subsequent studies utilizing similar cLTP stimuli also
demonstrated that surface levels of endogenous (Ahmad et al.,
2012; Jaafari et al., 2012, 2013; Jurado et al., 2013; Hiester et al.,
2017; Wu et al., 2017a) and exogenously expressed (Passafaro

et al., 2001; Park et al., 2004; Patterson et al., 2010) GluA1-
containing AMPA receptors increase following stimulation.
Many of these studies additionally demonstrated that the same
SNARE machinery that is required for expression of LTP is
also required for AMPA receptor surface delivery (Ahmad et al.,
2012; Jurado et al., 2013; Wu et al., 2017a; Bin et al., 2018).
Importantly, disrupting RE function also blocks regulated AMPA
receptor surface delivery, synapse potentiation, and spine growth
following LTP stimuli, supporting a model where REs are the
primary organelles undergoing fusion for excitatory synaptic
plasticity (Park et al., 2004, 2006; Brown et al., 2007; Wang et al.,
2008c; Kennedy et al., 2010).

A complementary line of inquiry utilized longitudinal live-
cell microscopy to directly visualize AMPA receptor trafficking
during LTP. One of the most widely used techniques relies
upon the pH sensitive green fluorescent protein superecliptic
pHluorin (SEP), which is brightly fluorescent at neutral
pH, but quenched within the acidic lumen of intracellular
endosomes (Miesenbock et al., 1998). Numerous studies
have used SEP-GluA1 to monitor activity-triggered AMPA
receptor membrane insertion (Kopec et al., 2007; Yudowski
et al., 2007; Makino and Malinow, 2009; Petrini et al.,
2009; Kennedy et al., 2010; Patterson et al., 2010). Following
global cLTP stimulation, the frequency of SEP-GluA1 insertion
events increases, indicating that internal stores of GluA1
are mobilized to the dendritic PM in an NMDA receptor-
dependent manner (Yudowski et al., 2007). Further, activity-
triggered SEP-GluA1 insertion events are inhibited by botulinum
neurotoxins A and TeNT which cleave SNAP25 and VAMP
family proteins respectively, providing another correlative link
between functional LTP and AMPA receptor delivery to the PM
(Makino and Malinow, 2009; Patterson et al., 2010). Similar
global stimulation approaches and more refined single synapse
glutamate uncaging techniques induce SEP-GluA1 insertion
directly within dendritic spines (Kennedy et al., 2010; Patterson
et al., 2010). Direct spine SEP-GluA1 delivery is the result
of RE fusion, as demonstrated by dual color imaging of a
RE marker protein along with SEP-GluA1 (Kennedy et al.,
2010) (Figures 1A,B). Intriguingly, the timing of spine RE
fusion is highly variable following the onset of stimulation.
Figure 1C shows the timing of spine RE fusion before, during
and following cLTP stimulation. While RE fusion can occur
immediately following stimulation, many events in spines (and
dendritic shafts) occur several minutes following stimulation
(Kennedy et al., 2010). The broad timing of the events relative
to the onset of stimulation raises the intriguing possibility
that different subtypes of endosomes can differentially respond
to activity to deliver distinct cargoes during different phases
of plasticity. Alternatively, global stimulation paradigms where
many synapses are simultaneously activated could deplete
resources required for membrane fusion and therefore influence
when and where the events occur. Indeed, the timing of spine
RE fusion events was more tightly correlated with the onset
of stimulation when individual synapses were activated using
glutamate uncaging, but could still occur tens of seconds to
minutes following stimulation (Patterson et al., 2010; Hiester
et al., 2017).
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FIGURE 1 | AMPA receptors can be directly inserted into the spine plasma membrane adjacent to the PSD by RE fusion. (A) Time-lapse imaging of a hippocampal

neuron coexpressing SEP-GluA1 (top row) and the RE marker protein TfR-mCh (middle row) following cLTP stimulation. Note the abrupt appearance of SEP- GluA1

fluorescence at the precise location of a spine RE (arrows). Scale bar, 1µm. Below is a kymograph showing a single spine exocytic event of SEP-GluA1 (top) and

TfR-mCh (bottom). Note that SEP-GluA1 is inserted and retained in the spine head, even as TfR-mCh from the same fusion event quickly diffuses away. Scale bar,

0.5µm. (B) SEP-GluA1 exocytic events fall into two classes. Following RE fusion, SEP-GluA1 was either retained in spines (62% of total events, top panel) or quickly

diffused away (38% of total events, bottom panel). In all cases, colocalized TfR-mCh signal (red traces) declined rapidly following the appearance of SEP-GluA1 (green

traces). To average traces from multiple events, individual traces were aligned at the time of fusion, which was arbitrarily labeled t = 0 s. (C) The timing of RE fusion

events within dendritic spines before, during and following cLTP stimulus (black bar) is plotted. Data in panels (A–C) were modified from Kennedy et al. (2010) and

reprinted with permission from Cell Press. (D) AMPA receptors are inserted adjacent to the PSD. Time lapse imaging of hippocampal neurons coexpressing

SEP-GluA1 and dsred-homer1c (top) or PSD95-mCh (bottom) following cLTP stimulation. Discrete SEP-GluA1 insertion events (arrowheads) occurred adjacent to, but

not directly overlapping, the PSD. Scale bar, 1µm. A kymograph measured along the line from the final time point is shown below each time series, and an intensity

profile of the signal from each channel at the time of exocytosis (t = 0 s, arrowhead) is shown on the right demonstrating the two signals are optically resolvable.

Collectively, these studies point toward a mechanism whereby
NMDA receptor activation during LTP drives Ca2+-dependent
fusion of intracellular REs, thus delivering GluA1-containing
AMPA receptors to the cell surface. However, none of these
studies demonstrate that newly delivered receptors play a direct
role in potentiating synaptic responses. For example, the extent
to which AMPA receptors recently trafficked to the cell surface
stably incorporate into dendritic spines remains controversial
with some studies demonstrating that SEP-GluA1 inserted into
the dendritic shaft transiently enters spines but is not trapped
(Yudowski et al., 2007; Makino and Malinow, 2009) and others
demonstrating some degree of receptor trapping following direct

insertion into spines (Kennedy et al., 2010; Patterson et al.,
2010) (Figures 1A,B). In many of these studies SEP-GluA1
insertion events were relatively rare. For example, Patterson et al.
demonstrate that newly inserted receptors contribute only 10–
30% of the total accumulated spine SEP-GluA1 fluorescence
following LTP induced by glutamate uncaging (Patterson et al.,
2010). However, it should be noted that SEP-GluA1 experiments
should be interpreted with caution. Data from our lab has shown
that SEP-GluA1 localization to REs is substantially lower than
that observed using more sensitive antibody feeding techniques
to selectively quantify internal pools of endogenous GluA1 and
GluA2 (Kennedy et al., 2010; Hiester et al., 2017). The reason
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for this is unclear, but multiple studies have demonstrated that
under basal conditions, N-terminally tagged GluA1 receptors
do not efficiently integrate into synaptic sites (Díaz-Alonso
et al., 2017; Watson et al., 2017). Thus, decreased recycling
pools of SEP-GluA1 could arise from lack of agonist-induced
internalization since they may not be activated under basal
conditions. In any case, given the sparseness of endosomal SEP-
GluA1, this approach likely underestimates the fraction of newly
inserted endogenous receptors during LTP, making it difficult to
determine when, where and whether newly inserted receptors
could directly contribute to the LTP response. Furthermore,
spine localization observed with traditional confocal microscopy
does not necessarily prove that receptors contribute to synaptic
function. For example, recent work from our lab and others
have demonstrated that receptors in and adjacent to the PSD
may not be functionally activated unless they are precisely
positioned within sub-PSD nanodomains directly opposite sites
of neurotransmitter release (MacGillavry et al., 2013; Tang et al.,
2016; Biederer et al., 2017; Sinnen et al., 2017; Hruska et al., 2018).
Indeed, we present new imaging experiments simultaneously
visualizing PSD markers along with SEP-GluA1 spine insertion
events. These events were rare due to the sparseness of detectable
endosomal SEP-GluA1, but when they occured SEP-GluA1
remained optically resolvable from the PSD for at least several
minutes following insertion (Figure 1D). While this observation
demonstrates perisynaptic fusion of SEP-GluA1-containing
endosomes, the fact that newly inserted receptors remain
resolvable from the PSD should be interpreted with caution since
movement into the PSD could be hindered by theN-terminal SEP
tag through steric interference and/or disruption of N-terminal
binding interactions (Díaz-Alonso et al., 2017; Watson et al.,
2017). While SEP-GluA1 can be retained in perisynaptic regions
within spines following membrane insertion, co-trafficking TfR-
mCh reaching the surface in the same fusion event rapidly
diffuses from the site of insertion, demonstrating a selective
trapping mechanism for AMPA receptors (Figures 1A,B,D)
(Kennedy et al., 2010). The molecular mechanisms responsible
for spine trapping and the extent to which native receptors
integrate into the PSD following surface delivery will require
new approaches for labeling and tracking endogenous receptors
(Wakayama et al., 2017).

Assessing the Role of Lateral Diffusion vs.
Membrane Trafficking for AMPA Receptor
Delivery During LTP
While it is generally agreed that diverse LTP stimuli trigger
AMPA receptor delivery to the cell surface, whether newly
delivered receptors directly contribute to the LTP response
remains a fundamental question. Alternatively, fast lateral
diffusion and trapping of receptors already present at the surface
may be the primary driver of increased synaptic AMPA receptor
number during LTP. Indeed, a pool of AMPA receptors laterally
diffuses in the PM, where they frequently encounter synaptic
sites (Borgdorff and Choquet, 2002; Bats et al., 2007; Ehlers
et al., 2007; Petrini et al., 2009; Opazo et al., 2010). Given their
fast activation and desensitization kinetics, a rapidly exchanging

pool of receptors is thought to be required to sustain high-
frequency neurotransmission (Heine et al., 2008a). Intriguingly,
AMPA receptor surface diffusion is regulated by synaptic activity,
which generally increases mobility (Tardin et al., 2003; Groc
et al., 2004). For example Groc et al. (2004) demonstrate that
neural stimulation increases mobility of extrasynaptic receptors,
largely through liberating a pool of immobile receptors. This
could result in an expanded pool of diffusing receptors for
synaptic integration and potentiation. Diffusing AMPA receptors
can be trapped at synaptic sites through interactions between
transmembrane AMPA receptor regulatory proteins (TARPs)
and synaptic scaffolding proteins (Borgdorff and Choquet, 2002;
Ashby et al., 2006; Makino and Malinow, 2009). Accumulation
of laterally diffusing AMPA receptors is regulated by synaptic
activity (Ehlers et al., 2007; Makino and Malinow, 2009; Petrini
et al., 2009) in a manner that requires CaMKII phosphorylation
of TARPs to promote anchoring of receptors to the postsynaptic
scaffold protein PSD-95 (Hayashi et al., 2000; Schnell et al., 2002;
Bats et al., 2007; Opazo et al., 2010). Activity-triggered trapping
of laterally diffusing AMPA receptors occurs on rapid time scales
(<1min) (Petrini et al., 2009; Opazo et al., 2010), consistent
with early synaptic potentiation that occurs within seconds to
minutes following LTP induction. Thus, at least one mechanism
has been described that could account for the rapid incorporation
of extrasynaptic surface AMPA receptors into the postsynaptic
membrane without a requirement for membrane trafficking.

To more directly assess the role of lateral diffusion vs.
membrane trafficking for synaptic delivery of AMPA receptors,
a recent study employed an acute crosslinking approach to
prevent lateral diffusion of surface AMPA receptors prior
to LTP induction (Penn et al., 2017). In this study, either
neutravidin crosslinking of expressed, biotinylated GluA2-
containing AMPA receptors, or antibody crosslinking of
endogenous GluA2 subunits blocked the earliest phase of LTP
that occurs within seconds to minutes following induction.
This observation supports a model where the rapid, initial
phase of synapse potentiation is driven by lateral diffusion of
GluA2-containing receptors into the postsynaptic membrane.
Interestingly, when receptors were crosslinked prior to LTP
induction, postsynaptic responses slowly increased for tens of
minutes following LTP induction. This gradual potentiation was
blocked by TeNT, consistent with slow synaptic accumulation
of newly inserted receptors that were not subject to pre-
induction crosslinking. Importantly, the magnitude of the slow
increase in synaptic responses was significantly smaller than the
control LTP response, suggesting that receptors newly trafficked
to the cell surface play a relatively minor role in the LTP
response. Finally, inclusion of neutravidin to crosslink GluA2-
containing AMPA receptors during the entire timeframe of
the experiments blocked both the rapid and gradual phases of
synaptic potentiation indicating that receptors newly trafficked
to the PM also must laterally diffuse into the postsynaptic
membrane. This observation is consistent with dendritic and
peri-synaptic fusion of REs, whose AMPA receptor cargo would
need to laterally diffuse into the PSD to contribute to synaptic
function (Figures 1C,D). It should be noted that it is also
possible that newly inserted AMPA receptors (or GluA2-lacking

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 October 2018 | Volume 12 | Article 391

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Hiester et al. Membrane Trafficking for Synaptic Plasticity

receptors already present on the cell surface prior to LTP
induction) could be blocked from entering functional domains
within the PSD by pre-existing, crosslinked and immobilized
GluA2-containing receptors. This interpretation could explain
an apparent discrepancy between Penn et al. (2017), where
GluA2-containing receptors were immobilized, and previous
work demonstrating that GluA2-lacking receptors are initially
responsible for synapse potentiation during initial stages (first
∼25min) of LTP (Plant et al., 2006). Nevertheless, the results
from Penn et al. (2017) are also consistent with a major role
for lateral diffusion in the initial synaptic potentiation that
occurs following LTP, leading to a model where activity-triggered
postsynaptic vesicle fusion promotes stability of AMPA receptors
already recruited to synapses by lateral diffusion. We sought
to further test this model using a complementary approach
where we directly visualized AMPA receptors following synaptic
stimulation when regulated membrane fusion was blocked with
the catalytic light chain of tetanus neurotoxin (TeNT). To
assess the efficiency of TeNT in blocking regulated dendritic
membrane fusion, we co-expressed TeNT along with TfR-SEP
in dissociated hippocampal neurons. Numerous previous studies
have shown that cLTP stimulation triggers robust fusion of TfR-
containing REs with the PM, resulting in an overall increase in
surface TfR-SEP signal (Figure 2A) (Park et al., 2006; Kennedy
et al., 2010). Activity-triggered surface insertion of TfR-SEP was
completely blocked in TeNT-expressing neurons, confirming
the efficacy of TeNT in blocking regulated RE fusion during
cLTP. We next tested the effects of TeNT on AMPA receptor
surface delivery and synapse accumulation following cLTP. As in
previous studies, we imaged live neurons expressing the AMPA
receptor subunit GluA1 tagged extracellularly with superecliptic
pHluorin (SEP), which allowed us to quantitatively track surface
accumulation and retention of surface AMPA receptors at
individual spines following LTP induction (Ashby et al., 2006;
Kopec et al., 2007; Yudowski et al., 2007; Makino and Malinow,
2009; Petrini et al., 2009; Kennedy et al., 2010; Patterson et al.,
2010). In contrast to many previous studies, we imaged cells
with minimal SEP-GluA1 expression levels where clear synaptic
enrichment could be observed, resembling endogenous AMPA
receptor distribution (and not simply an outline of the entire
dendritic membrane).Wemeasured total and spine-specific SEP-
GluA1 signal during a 5min baseline period and then exposed
neurons to a cLTP stimulus. Quantification of total SEP signal
was carried out several minutes following stimulation as others
and we have observed rapid, stimulus dependent quenching of
SEP-GluA1 signal specifically in the dendritic shaft during the
cLTP stimulus, presumably due to the transient acidification of
the endoplasmic reticulum that occurs upon NMDA receptor
activation (Supplementary Figure 1) (Rathje et al., 2013). Under
these conditions, we observed a modest, but significant elevation
in total surface SEP-GluA1 following cLTP stimulation in control
neurons (Figure 2B), consistent with previous studies (Petrini
et al., 2009; Zhang et al., 2015). Interestingly, we observed
a much more robust enrichment of SEP-GluA1 at dendritic
spines (Figures 2C,D; Video 1). This increase mirrored spine
growth measured with an mCh cell fill but is not simply a
reflection of increased membrane surface area since we observed

a robust enrichment of receptors within spines compared to
the surrounding dendritic shaft (Figure 2C) (Lang et al., 2004;
Matsuzaki et al., 2004; Kopec et al., 2006; Ehrlich et al., 2007;
Yang et al., 2008a; Patterson et al., 2010). Increased spine SEP-
GluA1 signal was frequently maintained for the duration of the
imaging period (45min post cLTP) (Figures 2D–G). To directly
test the role of postsynaptic membrane fusion in contributing
to spine GluA1 accumulation, we compared control neurons
with neurons expressing the catalytic light chain of TeNT. While
TeNT did not affect total basal surface levels of SEP-GluA1 prior
to cLTP treatment, it completely blocked the activity-triggered
increase we observed under control conditions, in agreement
with previous studies demonstrating activity-triggered SEP-
GluA1 trafficking from internal pools to the PM (Figure 2B)
(Yudowski et al., 2007; Makino and Malinow, 2009; Petrini et al.,
2009; Kennedy et al., 2010; Patterson et al., 2010). Despite the
fact that total SEP-GluA1 signal slightly decreased following
stimulation in TeNT-expressing neurons, we still observed rapid
activity-triggered accumulation of SEP-GluA1 signal in dendritic
spines (Figures 2C,D). Surprisingly, SEP-GluA1 accumulation
10-15min following cLTP induction was indistinguishable from
controls, ruling out a major role for regulated membrane
trafficking during the initial phase of AMPA receptor recruitment
to synaptic sites (Figure 2E). Initial activity-triggered spine
growth was also unperturbed by TeNT (Figure 2D), consistent
with previous work (Yang et al., 2008a). Importantly, increased
spine SEP-GluA1 signal was not maintained in a significant
fraction of spines from TeNT-expressing neurons, returning
to baseline, pre-stimulation levels ∼30min following cLTP
induction (Figures 2C–G, Video 2). Together these observations
are consistent withmembrane trafficking playing an essential role
in maintaining receptors initially recruited to synaptic sites by
lateral diffusion (Penn et al., 2017). While it is possible that some
portion of the sustained synaptic SEP-GluA1 signal in control
conditions is due to activity-triggered insertion of expressed
receptors, we think that the previously reported internalization
defects of SEP-GluA1 (Kennedy et al., 2010; Hiester et al., 2017)
further support our interpretation that the majority of retained
GluA1 comes from a pre-existing pool of surface receptors. Thus,
we propose that the primary role of postsynaptic vesicle fusion
during LTP is not to deliver newAMPA receptors to synapses, but
to traffic unidentified factors that maintain accumulated synaptic
receptors and stabilize spine growth (Figure 3). While there is
abundant evidence that REs also deliver AMPA receptors to
the PM, this pool may be more important for replenishing the
“reserve pool” of extrasynaptic surface receptors critical for LTP
(Granger et al., 2013).

Future Directions and Outstanding
Questions
Recent work has begun to more critically interrogate the role
of postsynaptic membrane trafficking during LTP and suggests
that the role of activity-triggered membrane fusion extends
beyond regulating trafficking of AMPA receptors. We speculate
that intracellular vesicles, REs in particular, house a cocktail
of important synaptic cargoes that can be mobilized to the
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FIGURE 2 | Blocking postsynaptic exocytosis prevents stabilization of AMPA receptors initially recruited by activity in dendritic spines. (A) TeNT light chain blocks

activity-triggered RE fusion and accumulation of surface TfR-SEP. Representative images of dissociated hippocampal neurons expressing TfR-SEP with mCherry

(mCh, top panels) or mCh and TeNT (mCh-2A-TeNT, bottom panels). Images were taken pre- (left) and 15min post (right) cLTP stimulation. The plot to the right shows

TfR-SEP signal plotted as a function of time following cLTP (black bar). N = 8–10 neurons per condition. (B) Quantification of the normalized total dendritic SEP-GluA1

signal before and after cLTP stimulation for control (n = 7 neurons) and TeNT expressing (n = 9 neurons) neurons. **p < 0.001, *p < 0.05 (Paired two-tailed Student’s

t-test). (C) Representative examples of SEP-GluA1 spine accumulation from control (left) and TeNT expressing (right) neurons before (0min), 20 and 50min following

cLTP stimulation. The top row shows the SEP-GluA1 signal, the middle row shows the mCh signal and the bottom row shows the merge of the two channels. The

dotted line represents an outline of the cell morphology based on the mCh signal. Scale bar, 1µm. (D) Traces showing the spine SEP-GluA1 and mCh signals in control

(solid lines) and TeNT-expressing (dashed lines) neurons as a function of time for the spines shown in (C). The gray box indicates the duration of the cLTP stimulus. (E)

Cumulative probability of maximum SEP-GluA1 accumulation within randomly selected spines following cLTP stimulation for control neurons (red line, n = 119 spines

from 6 neurons) and neurons expressing TeNT (black dashed line, n = 138 spines from 9 neurons). p = 0.66, Kolmogorov-Smirnov test. (F) Quantification of the

SEP-GluA1 signal retention over time in selected dendritic spines for control (filled circles, n = 52 spines from 7 neurons) and TeNT expressing (open circles, n = 87

spines from 9 neurons) neurons. Only spines that acquired SEP signal >25% over baseline were selected for this analysis. The gray box indicates the duration of the

cLTP stimulus. ***p < 0.001 (Two-way ANOVA, Bonferroni multiple comparisons test). (G) Shown is a cumulative probability plot of the decrease in spine SEP-GluA1

signal 50min following cLTP stimulation in control neurons (red line) and neurons expressing TeNT (black dashed line). p = 0.0082, Kolmogorov-Smirnov test.
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FIGURE 3 | Model for how postsynaptic membrane trafficking regulates AMPA receptor accumulation and stabilization during LTP. (1) The onset of an LTP stimulus

promotes Ca2+ entry through NMDA receptors, which drives the initial trapping of pre-existing surface diffusing AMPA receptors at synapses. This can occur through

activity-triggered phosphorylation of TARPs and subsequent binding to PSD scaffolds. (2) NMDA receptor and L-VGCC activation cooperatively promote the fusion of

intracellular vesicles in dendrites and spines with the PM. (3) Activity-triggered fusion of postsynaptic vesicles delivers key synaptic cargoes, including AMPA receptors

and other integral membrane proteins along with secreted soluble proteins to the PM. The delivery of one or a combination of these factors contributes to the

stabilization of synaptic AMPA receptors that accumulated during the early stages of LTP.

neuronal PM in response to synaptic activation. We propose
that activity-triggered delivery of these cargoes is critical for
stabilizing synaptic AMPA receptors and spine growth during
LTP (Figure 3). In this light, we think there are several
fundamental gaps in our understanding of how membrane
trafficking contributes to synaptic plasticity.

What Proteins Mediate AMPA Receptor Stability

During LTP?
AMPA receptors interact with an expanding list of proteins, many
of which can impact receptor function and interactions with
PSD proteins (Schwenk et al., 2012, 2014; Garcia-Nafria et al.,
2016). Several families of TARPs, are required for the synaptic
incorporation of AMPA receptors (Hashimoto et al., 1999; Chen
et al., 2000; Tomita et al., 2003; Wang et al., 2008a; for a
detailed review see Jackson and Nicoll, 2011). In addition, several
families of transmembrane cell adhesion molecules, several of
which are implicated in LTP, interact with AMPA receptors,
including cadherins (Bozdagi et al., 2000; Nuriya and Huganir,
2006; Saglietti et al., 2007; Heisler et al., 2014; Brigidi et al.,
2015), integrins (Chan et al., 2006; Huang et al., 2006; Cingolani
et al., 2008; Pozo et al., 2012), LRRTMs (de Wit et al., 2009;
Soler-llavina et al., 2013; Bhouri et al., 2018), neuroligins (Heine
et al., 2008b; Mondin et al., 2011; Aoto et al., 2013), SynDIGs
(Kalashnikova et al., 2010; Chenaux et al., 2016; Matt et al.,
2018), and IgsF11 (Jang et al., 2016). Activity-triggered delivery
of these proteins to the postsynaptic membrane could provide a

mechanism to retain laterally diffusing AMPA receptors during
LTP or to stabilize receptors already recruited to and trapped
in the PSD. Regulated trafficking of these molecules could
also play a role in organizing trans-synaptic “nanocolumns”
where postsynaptic receptors are precisely positioned opposite
presynaptic neurotransmitter release sites (Tang et al., 2016).
However, whether any of these proteins localize to REs or are
trafficked to the PM in response to activity remains largely
unknown, but a recent study demonstrating a major role for
REs in forward trafficking through the biosynthetic secretory
pathway suggests that a diverse array of integral membrane
proteins and secreted factors could at least initially traffic
through REs (Bowen et al., 2017). Interestingly, endosomal-
mediated surface trafficking of N-cadherin is critical for neural
migration (Kawauchi et al., 2010; Jossin and Cooper, 2011;
Ye et al., 2014; Hara et al., 2016), indicating that N-cadherin
function may be broadly regulated at the level of surface
trafficking. N-cadherin stabilization on the cell surface may
be further aided by palmitoylation and RE-dependent synaptic
recruitment of the scaffolding protein δ-catenin (Brigidi et al.,
2014, 2015). Moreover, surface levels of β3-integrin increase
during homeostatic synaptic strengthening (Cingolani et al.,
2008), highlighting the possibility that trafficking of important
AMPA receptor interacting proteins may be coupled to synaptic
activity. However, this does not appear to be the case for the
canonical TARP stargazin, which does not appear to internalize
with AMPA receptors following agonist-dependent endocytosis
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(Tomita et al., 2004). Additionally, LRRTM 1 and 2 are required
for both basal AMPA receptor transmission and LTP, suggesting
these molecules may play a role in AMPAR receptor recruitment
during synapse formation and plasticity (Bhouri et al., 2018).
Whether LRRTMs are mobilized to the PM through regulated
membrane trafficking mechanisms to modulate synaptic AMPA
receptor stability during LTP remains unknown.

In addition to integral membrane proteins, peripheral
membrane-associated proteins also associate with REs. For
example, AKAP79/150, a key scaffold protein involved in
coordinating postsynaptic kinase and phosphatase signaling,
localizes to REs via palmitoylation and an N-terminal polybasic
region and is delivered to dendritic spines following cLTP
stimulation via a RE-dependent mechanism (Keith et al., 2012;
Woolfrey et al., 2015). Thus activity-triggered RE fusion with
the PM in dendrites and spines would be expected to alter
the subcellular distribution of signaling complexes that could
directly or indirectly modify AMPA receptor localization and/or
function.

It is also possible that secreted signaling molecules may
mediate AMPA receptor stability. An intriguing recent study
identified a critical role for Wnt signaling during the early
stages of LTP. This study demonstrated that a specific Wnt
protein, Wnt7a/b, rapidly accumulates at synapses in response
to cLTP stimulation, and that Wnt7a/b promotes the diffusional
trapping of AMPA receptors through activation of postsynaptic
frizzled-7 (Mcleod et al., 2018). Whether Wnt7a/b secretion
occurs from pre- and/or postsynaptic neurons remains to be
determined. Brain derived neurotrophic factor (BDNF) has
also been reported to be secreted from dendrites and directly
from activated spines, where it could act in an autocrine
manner through local activation of TrkB to support spine
growth associated with LTP (Tanaka et al., 2008; Harward
et al., 2016). Finally, proteases that remodel the extracellular
matrix have been implicated in synaptic plasticity (Wang
et al., 2008b; Szepesi et al., 2014). In particular, matrix
metalloproteinase-9 (MMP-9) has been demonstrated to be both
necessary and sufficient for morphological and functional LTP
(Nagy et al., 2006; Bozdagi et al., 2007; Wang et al., 2008b).

Intriguingly, MMP-9-dependent plasticity itself requires
postsynaptic exocytosis. Wang et al. (2008b) demonstrated that
both synaptic and structural plasticity induced by application
of exogenous MMP9 was blocked by loading neurons with
botulinum toxin B (which cleaves VAMP proteins required
for regulated secretion), suggesting that critical activators or
important substrates of MMP-9 undergo postsynaptic exocytosis
during LTP. Related, Padamsey et al. (2017) demonstrated that
neural activity triggers fusion of lysosomes with the postsynaptic
membrane, and activates MMP-9 via secretion of the protease
cathepsin-B. It is unclear how neural activity is coupled
to lysosomal membrane fusion, but Ca2+ release from the
lysosomes themselves appears to play a critical role in promoting
fusion, suggesting that there may be mechanisms for lysosomal
fusion that are distinct from other vesicle types (Padamsey et al.,
2017). An additional study demonstrated that lysosomes are
distributed throughout neuronal dendrites and that activation of
NMDA receptors recruits lysosomes to dendritic spines, further

supporting a role for lysosome-mediated postsynaptic trafficking
during synaptic plasticity (Goo et al., 2017). Whether lysosomes
regulate trafficking of additional cargoes and whether lysosomal
fusion with the PM utilizes shared mechanisms with other types
of vesicles remains to be seen. Lysosomes could also be recruited
near synaptic sites in response to activity to fulfill their more
canonical role in protein turnover during times of increased
synaptic remodeling.

Finally, it is also possible that AMPA receptors themselves
act as stabilizing factors. AMPA receptors at hippocampal
synapses are tetramers, primarily composed of GluA1/2 or
GluA2/3 subunit assemblies (Lu et al., 2009; Traynelis et al.,
2010). Previous work has demonstrated that immediately
following LTP induction, GluA2-lacking AMPA receptors
(which are high-conductance, inwardly rectifying and Ca2+

permeable) are incorporated into synapses (Plant et al., 2006).
GluA2-lacking receptors are replaced by GluA2-containing
receptors, with full exchange occurring ∼25min following
LTP induction. This timescale is similar to the decay of
excitatory postsynaptic potentials to baseline following LTP
induction in the presence of various agents that block regulated
membrane fusion reported in Lledo et al. (1998). Thus,
it is possible that membrane fusion could deliver GluA2-
containing receptors to synapses (or an unknown factor
that promotes the exchange of GluA2-lacking for GluA2-
containing AMPA receptors) in the minutes following LTP
induction.

While the field has narrowly focused on AMPA receptors,
identifying the full repertoire of synaptic proteins trafficked to
the surface during LTP will be important for a comprehensive,
mechanistic understanding of why postsynaptic membrane
trafficking is essential for plasticity. One potential approach
will be to perform quantitative proteomic measurements to
identify those proteins whose surface localization is altered
following global LTP stimuli and/or by blocking intracellular
vesicle fusion with the PM. This approach was used to identify
endosomal cargoes that contribute to cancer invasiveness and
could potentially be applied to diverse forms of neuronal
plasticity, although given the heterogeneity of neuronal and
glial subtypes, whose surface proteome may behave differently,
this approach may be challenging (Diaz-Vera et al., 2017).
An alternative approach would be to specifically label proteins
within organelles relevant for LTP to identify factors that are
likely to traffic to the cell surface, or be secreted following
synaptic stimulation (Hung et al., 2014). An advantage to
this strategy is that it may be able to distinguish populations
of proteins that are trafficked through different postsynaptic
organelles (e.g., REs vs. lysosomes). In any case, defining
the full spectrum of postsynaptic vesicular protein cargoes
will be invaluable in understanding the relationship between
membrane trafficking and spine growth/AMPA receptor stability
during LTP.

How Is Synaptic Activity Coupled to Vesicle Fusion?
Strong synaptic activation associated with LTP drives robust
fusion of intracellular vesicles with the postsynaptic membrane,
but the precise mechanisms underlying how activity is coupled
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to membrane fusion are only now emerging. Several studies
have identified many of the fusion proteins that are required
for expression of diverse forms of plasticity (Gerges et al.,
2006; Lin et al., 2009; Araki et al., 2010; Kennedy et al., 2010;
Ahmad et al., 2012; Jurado et al., 2013; Arendt et al., 2015;
Wu et al., 2017a; Bin et al., 2018). Additionally, work from our
lab demonstrated that L-type voltage-gated Ca2+ channels (L-
VGCCs) play an important modulatory role during RE fusion
by regulating whether REs partially or fully fuse with the PM,
thus providing a potential mechanism for regulating the factors
released to the PM or extracellular space during RE fusion events
(Hiester et al., 2017) (Figure 3). Research aimed at identifying
additional proteins that regulate postsynaptic fusion could help
uncover similarly complex regulatory mechanisms. Further, it
is possible that this avenue of research may also demonstrate a
requirement for postsynaptic membrane fusion in other types
of plasticity. Indeed, a recent study by Arendt et al. (2015)
identified a requirement for SNARE-mediated membrane fusion
during retinoic acid-induced homeostatic plasticity, suggesting
that regulation of AMPA receptor stability through postsynaptic
exocytosis may be broadly important for diverse forms of
plasticity.

What Is the Role of Spine RE Fusion?
A lingering controversy regards the extent to which vesicle fusion
occurs in dendritic spines. Multiple studies have demonstrated
that endosomes can fuse with the dendritic spine plasma
membrane (Kennedy et al., 2010; Patterson et al., 2010; Hiester
et al., 2017). What remains unknown and controversial is the
extent to which these fusion events could deliver AMPA receptors
or other factors that could contribute to synaptic potentiation
during LTP. Blocking regulated membrane trafficking with
TeNT does not impede initial spine SEP-GluA1 accumulation
or spine growth, but leads to loss of accumulated receptors
and reduction in spine size several minutes following induction
(Figures 2C–G). While this experiment does not specifically
test the role of spine RE fusion (since TeNT blocks fusion in
spines and the shaft), delivery of protein cargoes directly within
dendritic spines is likely to have a much different functional
outcome than in dendritic shafts, so it will be important to
resolve this issue. Current strategies for directly visualizing
AMPA receptor trafficking in live cells, (e.g., SEP-GluA1) likely
underestimate the full extent of spine AMPA receptor insertion,
underscoring the need for tools that will allow visualization of
endogenous AMPA receptor trafficking (Kennedy et al., 2010;
Hiester et al., 2017). One method that has been used in several
studies relies upon differential antibody labeling to selectively
visualize AMPARs that are inserted into the membrane after
stimulation (Lu et al., 2001; Sun et al., 2005; Hiester et al.,
2017; Werner et al., 2017). However, a major limitation of this
technique is that it lacks the requisite temporal specificity to
precisely identify when and where receptors are inserted into
the membrane. An alternative approach would be to chemically
label endogenous AMPA receptors in live cells (Wakayama
et al., 2017), though it remains to be seen whether such
a technique can be adapted to specifically monitor discrete
receptor trafficking events. Genetically encoded affinity tags
against endogenous excitatory and inhibitory synaptic scaffold

and signaling proteins have been extremely valuable tools for
labeling synaptic structures (Gross et al., 2013, 2016; Mora et al.,
2013; Barcomb et al., 2015; Fossati et al., 2016; Kannan et al.,
2016; Son et al., 2016; Spence et al., 2016; Uezu et al., 2016;
Goodell et al., 2017; Lin et al., 2017; Sinnen et al., 2017; Walker
et al., 2017). Similar reagents for labeling endogenous AMPA
receptors would be valuable for addressing numerous basic
questions concerning how endogenous receptors traffic. As with
any tagging strategy, targeting intrabodies to benign epitopes
within AMPA receptors will be critical. Likewise, new tools that
would allow spatially-restricted inhibition of specific organelle
function (e.g., REs and lysosomes) within different subcellular
domains will be invaluable for unraveling precisely where, when
and how membrane fusion relevant for plasticity occurs (Bourke
et al., 2018).

CONCLUDING REMARKS

The neuronal postsynaptic membrane is a dynamic structure
that undergoes major changes during synaptic plasticity. During
LTP, activity-triggered recruitment of AMPA receptors is one
of the most critical alterations at the synaptic membrane for
enduring plasticity. While the field has made great progress in
understanding many of the underlying mechanisms of AMPA
receptor trafficking, our understanding of how AMPA receptor
surface delivery contributes to plasticity is considerably less clear.
Recent work challenges the assumption that activity-triggered
delivery of AMPA receptors to the PM plays a direct role in LTP.
However, this work highlights the importance of postsynaptic
membrane fusion beyond merely delivering AMPA receptors,
forcing the field to generate new models for how membrane
trafficking contributes to synaptic plasticity. We propose that
postsynaptic membrane fusion delivers diverse proteins to the
dendritic PM, some of which may be critical for stabilizing
synaptic AMPA receptors during LTP, thus reconciling seemingly
contradictory results in the field. Identifying the complete cast
of proteins delivered to the cell surface during plasticity and
the intracellular organelles responsible will help to reshape our
understanding of how membrane trafficking impacts synaptic
function and plasticity.

METHODS

Cell Culture and Transfection
All animal procedures were carried out in accordance with a
protocol approved by the Institutional Animal Care and Use
Committee at the University of Colorado School of Medicine.
Dissociated hippocampal cultures were prepared from neonatal
rat pups as previously described (Beaudoin et al., 2012) and
grown on 18mm poly-D-lysine (Sigma) coated coverslips in 12-
well cell culture dishes in Neurobasal-A medium (Invitrogen)
supplemented with B27 (Invitrogen) and Glutamax (Invitrogen)
at an approximate density of 100,000 cells/well. Neurons were
maintained at 37◦C in a humidified incubator at 5% CO2.
All neurons were between DIV18 and DIV21 at the time of
experiment.

Neurons were transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s recommendations
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and allowed to express plasmids for 48–72 h prior to experiments.
For all experiments, neurons were transfected with a plasmid
encoding the AMPA receptor subunit GluA1 tagged N-
terminally with superecliptic pHluorin (SEP) (Kennedy et al.,
2010). For control conditions, neurons were transfected with a
plasmid encoding soluble mCh. For the tetanus toxin (TeNT)
condition, neurons were transfected with a bicistronic plasmid
encoding mCh fused to TeNT with a cleavable P2A peptide tag
(mCh-P2A-TeNT) (Szymczak et al., 2004).

Image Acquisition and Data Analysis
Live cell imaging of dissociated neurons was carried out at
32◦C on an Olympus IX71 equipped with a spinning disc scan
head (Yokogawa). Excitation illumination was delivered from
an acousto-optic tunable filter (AOTF) controlled laser launch
(Andor). Images were acquired using a 60x Plan Apochromat
1.4 NA objective and collected on a 1024 × 1024 pixel Andor
iXon EM-CCD camera. For all imaging experiments, the apical
portion of the dendrtic arbor extending 25–100µm from the cell
soma was imaged. Data acquisition and analysis were performed
withMetamorph (Molecular Devices) and ImageJ software. Some
images were low pass filtered and interpolated for display. Only
raw, unprocessed data were used for quantification.

To image activity-triggered SEP-GluA1 exocytosis and SEP-
GluA1 translocation, transfected neurons were pretreated with
tetrodotoxin (TTX, Tocris, 1–2µM) for 1 h to inhibit evoked
activity. Coverslips with cultured neurons were then placed in
a live-cell imaging chamber (Ludin) and incubated in baseline
ACSF solution containing (in mM): 130 NaCl, 5 KCl, 10
HEPES, 30 glucose, 1 MgCl2, 2 CaCl2, and 0.002 TTX (pH 7.4).
To stimulate synaptic activity (cLTP stimulation), the baseline
solution was exchanged for one that contained (in mM): 130
NaCl, 5 KCl, 10 HEPES, 30 glucose, 0 MgCl2, 2 CaCl2, 0 TTX,
and 0.2 glycine. After cLTP stimulation, neurons were re-exposed
to the baseline solution for the remainder of the imaging period.

To measure discrete SEP-GluA1 exocytosis events, single
plane 2-color (SEP-GluA1, TfRmCh/dsred-homer1c/PSD95-
mCh) images were acquired at 2Hz. For measuring SEP-GluA1
surface delivery and spine morphology, 2-color (mCh, SEP-
GluA1) 5µM z-stacks were acquired every 1min before, during
and after bath stimulation. To quantify the rate of synaptic SEP-
GluA1 accumulation circular ROIs were drawn over individual
dendritic spine heads and the mean background-subtracted
SEP-GluA1 signal was quantified in ImageJ. To measure the
peak synaptic SEP-GluA1 accumulation in an unbiased manner
(Figure 1C), ROIs were drawn over randomly selected dendritic
spine heads using the mCh signal without regard to the amount
of cLTP-induced SEP-GluA1 accumulation, and the average
SEP-GluA1 signal between 10 and 15 mins post cLTP was
calculated for each spine. To selectively measure the retainment
of SEP-GluA1 after cLTP (Figures 1D,E), ROIs were drawn over
dendritic spine heads that displayed at least a 25% increase
in SEP-GluA1 accumulation over baseline. Data are plotted as
the ratio of SEP-GluA1 fluorescence at any given time point
over the SEP-GluA1 fluorescence at the start of the experiment
(SEP-GluA1 F/F0).

Statistical significance for experiments comparing the means
of two populations was determined using a two-tailed unpaired
Student’s t-test. In cases where measurements of two populations
were recorded overmultiple time points, a two-way ANOVAwith
Bonferroni multiple comparison test was used or a two-sample
Kolmogorov-Smirnov test.
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Supplementary Figure 1 | ER acidification suppresses SEP-GluA1 signal during

cLTP. (A) Method for masking the dendritic shaft for SEP-GluA1 signal analysis. A

mask was generated so that the dendritic shaft signal could be selectively

quantified. This was generated by subtracting a synapse mask, based on the

SEP-GluA1 signal from a whole cell mask generated from the mCh cell fill (see

methods below for details). Shown is the mCh cell fill (panel i), binary synapse

mask based on the SEP-GluA1 signal (red, panel ii) and the SEP-GluA1 signal

(gray scale, panel iii) with dendritic shaft mask overlayed (burgundy). Scale bar

10µm. (B) Quantification of the spine (solid line) and shaft (dashed line)

SEP-GluA1 signal as a function of time during and after cLTP (gray bar). Note the

robust decrease in shaft signal, which slightly precedes synaptic accumulation.

Error bars represent standard error of the mean.This decrease is likely due to ER

acidification as outlined in Rathje et al. (2013).

Video 1 | SEP-GluA1 stably accumulates at dendritic spines in response to cLTP.

Representative dendritic segment from a control neuron showing SEP-GluA1

(Top), mCh (Middle), and a merge of both channels (Bottom). The white dot in

the bottom right indicates the duration of the cLTP stimulus. Asterisks mark

dendritic spines displaying stable accumulation of SEP-GluA1 and spine growth.

The duration of the video is 55min with an acquisition rate of 1 image/min, and

played back at 10 frames per sec.

Video 2 | SEP-GluA1 transiently accumulates at a subset of dendritic spines

following cLTP when postsynaptic membrane fusion is blocked. Representative

dendritic segment from a TeNT expressing neuron showing SEP-GluA1 (Top),

mCh (Middle), and a merge of both channels (Bottom). The white dot in the

bottom right indicates the duration of the cLTP stimulus. Asterisks mark dendritic

spines displaying initial accumulation of SEP-GluA1 and spine growth that is not

stably maintained throughout the experiment. The duration of the video is 55min

with an acquisition rate of 1 image/min, and played back at 10 frames per sec.
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