
[Cell Adhesion & Migration 2:4, 276-282; October/November/December 2008]; ©2008 Landes Bioscience

276 Cell Adhesion & Migration 2008; Vol. 2 Issue 4

Alterations in synaptic strength are proposed to underlie learning 
and memory, and two major mechanisms utilized by neurons to 
bring about such changes involve regulating the number of AMPARs 
found at the synaptic plasma membrane, and altering the size and/
or shape of the specialized postsynaptic compartment, the dendritic 
spine. It is now well-established that control of receptor number is 
brought about by precise modulation of vesicle trafficking, although 
the details of this crucial process are still far from clear. Regulation 
of spine size involves dynamic alterations in the spine actin cytoskel-
eton, but recent studies suggest that trafficking events may also play 
a role. In this review, I will summarize some recent findings about 
AMPAR trafficking pathways, and highlight the idea that membrane 
trafficking events not only regulate the complement of AMPARs at 
the synaptic plasma membrane, but also contribute to spine morpho-
genesis, either by regulating the plasma membrane content of spines, 
or as a result of changes in AMPAR trafficking.

Trafficking Pathways During LTP, LTD and Constitutive Cycling

AMPARs undergo both constitutive and regulated exocytosis, 
endocytosis and recycling, as well as lateral diffusion in the plane 
of the plasma membrane. A popular model is that Long-Term 
Potentiation of synaptic transmission (LTP) involves the insertion 
of additional AMPA receptors into the postsynaptic membrane 
by a combination of exocytosis and lateral diffusion. Long-Term 
Depression (LTD) involves AMPAR removal, also by lateral diffu-
sion followed by internalization, and basal AMPAR numbers are 
maintained by constitutive rounds of endocytosis and exocytosis. 
Although the fundamentals behind this basic model (Fig. 1) are 
essentially correct, recent work has demonstrated that the real picture 
is considerably more complex. Furthermore, there remains some 
disagreement surrounding issues such as the precise site of AMPAR 
exocytosis during LTP, which may be relevant to the mechanisms 
of membrane delivery during spine enlargement. The vast majority 

of studies have been carried out in hippocampal pyramidal cells; 
 therefore this review will discuss mechanisms relevant to these prin-
cipal neurons.

AMPARs are tetrameric complexes made up from subunits 
GluR1-4.1 GluR4 in hippocampal neurons is predominantly 
expressed early in development,2 so will not be discussed in detail 
here. Hippocampal AMPARs are mainly heteromers of GluR1/2 and 
GluR2/3, with a minority of GluR1 homomers;3 most studies have 
focussed on the behaviour of GluR1 and GluR2.

Early evidence that LTP requires the exocytosis of plasma 
membrane proteins was provided by experiments using agents to 
disrupt the function of the SNARE complex and their associated 
factors.4,5 It was also shown that the AMPAR subunit GluR1 is 
restricted from synapses under basal conditions, but is functionally 
inserted into synapses following LTP stimuli.6 Similarly, agents that 
disrupt clathrin-mediated endocytosis were shown to inhibit LTD,7,8 
indicating that LTD requires endocytosis. In addition, it was shown 
that AMPAR internalization could be stimulated by the same signal-
ling pathways that mediate LTD.9 Some important questions arose 
from these pioneering studies, leading to very active research into 
investigating the exact sites on the dendritic surface for endocytosis 
and exocytosis, and precisely which stages of the trafficking pathways 
are regulated. In addition, with the increased attention given to the 
structural plasticity of dendritic spines, a link between AMPAR traf-
ficking and spine morphogenesis has also been explored.

Sites of AMPAR exocytosis. The demonstration that AMPARs 
diffuse rapidly in the plane of the plasma membrane10 led to the 
novel concept that receptor vesicle trafficking need not be directed 
immediately to the PSD. Early studies using fixed-cell assays 
suggested that recombinant GluR1 subunit is inserted initially at 
extrasynaptic sites, whereas GluR2 is inserted directly at synapses.11 
Recombinant heteromers were shown to behave in a similar manner 
to GluR1 homomers, suggesting that GluR1 controls receptor 
insertion. Using more elaborate live imaging techniques, it has 
been suggested that “chemical LTP” stimuli result in insertion of 
GluR1 directly into the spine head. Super-ecliptic pHluorin (SEP), 
a pH-sensitive variant of GFP that exhibits strong fluorescence when 
exposed to the extracellular medium, but not in trafficking vesicles, 
has recently been used as a tool to study the surface expression of 
AMPAR subunits. Following a chemical LTP protocol, SEP-GluR1 
was seen to accumulate in dendritic spines, with no preceding 
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increase in fluorescence on the dendritic 
shaft.12 Again, this supports the notion that 
AMPAR subunits are inserted directly into 
synaptic sites. However, it should be noted 
that the spatial resolution in this study may 
not have allowed the distinction between PSD 
and extrasynaptic sites on the spine surface, 
so SEP-GluR1 may be inserted at a perisyn-
aptic location, followed by lateral drift to the 
PSD. Some indirect evidence from Ehlers and 
colleagues also suggests insertion within the 
spine. Having demonstrated that recycling 
endosomes supply AMPARs for LTP;13 see 
later section), a recent paper from the same 
group elegantly shows that following the same 
chemical-LTP stimulus, recycling endosomes 
move into spines to contribute membrane to 
spine growth.14 Although AMPAR subunits 
were not specifically analyzed, this would 
suggest that AMPARs are inserted into spines 
during LTP. However, the issue of whether the 
insertion occurs at the PSD, or at extrasyn-
aptic sites on the spine head was not addressed. 
A more recent study that utilized SEP- 
tagged-GluR1 (but different microscopy 
techniques) produced contrasting results. 
SEP-GluR1 was shown to insert in discrete 
puncta at sites on the dendritic shaft and soma, 
but not at spines. The inserted SEP-GluR1 
was often seen to spread to nearby spines by 
lateral diffusion.15

As well as LTP-stimulated conditions, 
several studies have addressed the location 
of receptor insertion under basal conditions. 
Again, conflicting results have arisen. Early 
fixed-cell studies suggested that, similar to LTP-induced trafficking, 
basal exocytosis of GluR1 occurs at extrasynaptic dendritic sites. 
A more radical model has been suggested following experiments 
using the photoactivatable AMPAR antagonist ANQX to rapidly 
silence surface receptors, so that re-emerging endogenous receptors 
can be detected.16 This study suggests that AMPARs are inserted at 
the neuronal cell body and then diffuse along the dendritic plasma 
membrane to reach synapses. Since this process is very slow (~16 
h), it seems unlikely that this kind of trafficking could mediate LTP, 
unless the final stages of lateral diffusion to the PSD, rather than 
exocytosis per se were the regulated step. More recently it has been 
demonstrated that endogenous AMPARs under basal conditions 
accumulate just beneath the PSD, when mutants of the exocyst 
complex are expressed in neurons.17 Based on the assumption that 
this treatment holds up exocytic cargo, including AMPARs, just 
before the point of exocytosis, this report suggests that receptors are 
actually inserted directly at the PSD.

In summary, despite considerable effort, the precise sites of 
AMPAR exocytosis remain unclear. Perhaps there are no designated 
exocytic zones, and AMPARs can be inserted at multiple sites on 
the neuronal plasma membrane. In this case, the type of prepara-
tion, stimulus, or age of neurons studied could influence the result. 

However, given the extremely densely-packed protein network at the 
PSD, it would seem less likely that exocytosis would occur directly 
through this structure, purely on the grounds of physical hindrance. 
However, whether AMPARs are inserted into extrasynaptic spine 
regions, the dendritic shaft, or the soma, remains to be determined.

Sites of AMPAR endocytosis. In contrast, there appears to be 
greater agreement over the sites of AMPAR endocytosis, although 
this could in part be due to the smaller number of labs who have 
so far addressed the issue. Experiments using GFP-tagged clathrin 
expressed in hippocampal neurons demonstrated the existence of 
designated functional endocytic zones (EZs) in dendritic spines, 
adjacent to the PSD.18 This was also supported by immunogold 
labelling EM studies analysing the localisation of endogenous 
clathrin.19 Although these reports did not investigate whether 
AMPARs are internalized at these specific sites, the proximity to 
the PSD strongly suggested that this would be the case. Indeed, a 
follow-up report from the same group demonstrated that blocking 
the physical association of the EZ with the PSD disrupted basal 
endogenous AMPAR cycling, indicating that at least under unstimu-
lated conditions, AMPARs are internalized at perisynaptic sites 
in the spine head, implying that receptors drift laterally prior to 
endocytosis.20 This study describes a surprising mechanism whereby 

Figure 1. AMPA receptor trafficking pathways during synaptic plasticity. Long-term potentiation 
involves the exocytosis of GluR1-containing AMPARs, that originate from recycling endosomes, at 
sites either on the dendritic spine or shaft. They subsequently drift laterally in the plane of the plasma 
membrane to reach the postsynaptic density. Long-term depression involves the lateral movement of 
GluR2-containing AMPARs from the PSD to designated endocytic zones (E.Z.) on the dendritic spine. 
Following internalization by clathrin-mediated endocytosis, AMPARs are sorted to lysosomes for deg-
radation. During constitutive trafficking, AMPARs are internalized from E.Z.s, and traffic via recycling 
endosomes back to the plasma membrane.
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AMPAR endocytosis at the EZ is required to maintain synaptic 
AMPAR number, by capturing laterally-drifting receptors and 
recycling them back to the plasma membrane. Disruption of the 
PSD-EZ interaction results in a loss of synaptic AMPARs because 
they are not recycled.20

AMPAR internalization in response to chemical-LTD (NMDAR 
activation) has been directly visualized using SEP-tagged-GluR2 
subunit. Interestingly, SEP-GluR2 rapidly internalizes from extra-
synaptic sites in response to NMDA treatment, followed by a 
delayed removal from synaptic sites, again suggesting that AMPARs 
move from synapses in the plane of the plasma membrane, prior 
to extrasynaptic endocytosis.21 In this study, the extrasynaptic sites 
for endocytosis appear to be on the dendritic shaft rather than on 
spines.

Regulation of intracellular AMPAR trafficking pathways. 
AMPARs traffic constitutively, i.e., they are endocytosed from 
the plasma membrane, recycled, and reinserted at the surface. As 
discussed in the previous section, this process is likely to also involve 
some lateral movement in the plane of the plasma membrane 
between the PSD and the sites of endo- or exocytosis. The reduced 
number of synaptic AMPARs following LTD induction could be 
a result of enhanced lateral movement from the PSD, enhanced 
endocytosis, or reduced recycling back to the plasma membrane. 
Chemical LTD protocols result in an accumulation of AMPARs in 
intracellular compartments, as analyzed by antibody-feeding assays, 
using antibodies that bind to the extracellular domains of receptor 
subunits on live cells, and are taken into the endocytic pathway 
upon AMPAR endocytosis.7,9,22-24 The simplest explanation for 
the observed increase in internalized receptor is that endocytosis 
increases as a result of chemical LTD. However, it has been suggested 
that a sorting step at the level of the recycling endosome determines 
whether endocytosed AMPARs are recycled back to the plasma 
membrane or targeted for degradation.22,23 NMDAR activation 
results in the sorting of AMPARs to late endosomes and ultimately 
lysosomes, hence reducing the number of receptors recycled back to 
the surface and therefore at the synapse. The enhanced accumulation 
of internalized AMPARs following NMDA treatment would there-
fore be consistent with this model because receptors are not recycled 
back to the cell surface. However, studies using SEP-GluR2 demon-
strate a rapid and dramatic reduction in surface-localised receptor as 
a direct result of NMDA application, suggesting that GluR2 endocy-
tosis per se is indeed enhanced during chemical LTD.21,25 The third 
possibility is that AMPARs could be mobilised to leave the PSD by 
lateral movement, resulting in a greater number of receptors asso-
ciating with the perisynaptic endocytic zone. Although there is no 
direct evidence to support the idea that lateral movement is regulated 
specifically in response to NMDAR activation, glutamate applica-
tion has been shown to increase the mobility of synaptic AMPARs 
so that they move to perisynaptic sites.26 However, it is possible that 
this occurs as a secondary effect of membrane flow induced by the 
proximity of internalizing endocytic zones. Taken together, there is 
evidence to suggest that AMPAR internalization may be regulated at 
more than one checkpoint.

Similarly, the increase in receptor number observed at the synapse 
following LTP could be a result of enhanced exocytosis, enhanced 
lateral movement towards the synapse, or reduced lateral move-
ment away from the synapse. Although there is good evidence 

that blocking exocytosis inhibits LTP,4,5 this does not necessarily 
mean that this is the regulated step. An important addition to the 
model for LTP is that the receptors inserted during LTP emerge via  
recycling endosomes, and therefore originate from the neuronal 
surface, not from de novo synthesis.13 This adds the possibility that 
regulation of AMPAR recycling is also a critical component in LTP. 
This study, in conjunction with a later report from the same group,14 
provides evidence that chemical LTP not only promotes the recycling 
of AMPARs, but also of transferrin receptor, and of membrane in 
general. Since recycling compartments were seen to enter spine necks 
as a result of a chemical LTP stimulus, these experiments suggest 
regulation at the level of the recycling endosome. In this scenario, 
presumably the fusion of recycled AMPAR-containing vesicles with 
the plasma membrane must also be increased to prevent build-up 
in the spine neck. In the case of chemical-LTP-induced exocytic 
events occurring at sites on dendritic shafts, recombinant GluR1 was 
seen to diffuse to some neighboring spines, but not all,15 suggesting 
that lateral mobility is not random, but may be regulated in some 
way, possibly in response to LTP stimuli. This question was partly 
addressed by Choquet’s group in experiments where KCl treatment, 
which has been shown to stimulate the accumulation of surface 
AMPAR puncta in an NMDAR-dependent manner,27 increased the 
lateral mobility of extrasynaptic AMPARs.28

Linking AMPAR Trafficking with Spine Morphogenesis

Dendritic spines are highly specialized subcellular compart-
ments that contain the postsynaptic protein machinery of most 
excitatory synapses. They concentrate and compartmentalise 
biochemical signals such as Ca2+, and synaptic protein machinery 
such as neurotransmitter receptors, providing the synaptic specificity 
required for plasticity.29-32 In addition to regulating the number of 
synaptic AMPARs by trafficking, changes in synaptic strength corre-
late with corresponding changes in dendritic spine size, and possibly 
shape.33-38 LTD stimuli result in spine shrinkage and retraction,35,38 
whereas LTP leads to the formation of new spines, or the growth of 
existing ones.33,38

Actin cytoskeleton. Spines are extremely rich in dynamic actin 
filaments, which underlie these activity-dependent changes in spine 
size. LTP is thought to promote actin polymerization resulting in 
an increase in spine F-actin, and LTD results in reduced F-actin 
via actin depolymerization.39 The signalling pathways that lead to 
these changes in actin polymerization to bring about spine growth 
or shrinkage have become a major research focus in their own 
right29,40,41 and will not be discussed in great detail here. However, 
some interesting recent developments have suggested that AMPAR 
trafficking and spine morphogenesis may be linked.

Early studies demonstrated that AMPAR localisation and traf-
ficking are dependent on the polymerization state of actin. Enhanced 
actin polymerization and stabilised actin filaments (F-actin) favour 
surface expression of AMPARs.42 Actin depolymerization stimu-
lates a removal of AMPARs from synaptic sites.42,43 This has been 
supported by a more recent study that provides a mechanism involving 
PICK1 as a regulator of actin polymerization during AMPAR inter-
nalization.24 It has also been suggested that AMPARs are “anchored” 
in some way to F-actin at the synaptic plasma membrane, although 
current models of a dynamic, continually cycling AMPAR popula-
tion may be inconsistent with this notion. An additional explanation 
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is provided by the observation that forward traffic of AMPARs into 
spines involves the actin-based motor protein myosin Va,44 and the 
a-actinin binding protein RIL,45 both of which require F-actin. 
Although these observations do not give direct evidence for a connec-
tion between spine morphogenesis and AMPAR trafficking, they are 
consistent with the concept that these two processes both utilise actin 
regulation as an underlying cell biological mechanism.

A very surprising development came when Sheng’s group identi-
fied an N-terminal domain (NTD) of GluR2 as a direct modulator 
of spine morphogenesis.46 GluR2 overexpression in hippocampal 
neurons results in increased size and number of spines, and GluR2 
knockdown by RNAi inhibits spine morphogenesis. The mechanism 
for this effect appears to be via an interaction between GluR2 NTD 
and N-Cadherin,47 although the precise details are unclear. One 
possibility is that the presence of GluR2 may enhance N-Cadherin 
synaptic localisation, leading to intracellular signalling events that 
alter actin dynamics. This led to the intriguing possibility that plas-
ticity-associated trafficking of GluR2-containing AMPARs, could 
itself trigger the changes in spine size that occur following LTP 
and LTD. Since LTD involves internalization of GluR2-containing 
AMPARs,23 AMPAR endocytosis may be a direct stimulus for spine 
shrinkage that is associated with LTD. However, it has recently 
been suggested that during LTD, AMPAR internalization and spine 
shrinkage are quite separate events.48 Blockade of trafficking does 
not inhibit spine shrinkage, and inhibition of cofilin-mediated actin 
depolymerization, which blocks spine shrinkage, does not inhibit 
LTD. However, interfering with actin depolymerization with the 
F-actin-stabilizing drug Jasplakinolide blocks both LTD and spine 
shrinkage,48 suggesting that AMPAR trafficking does require actin 
rearrangement, but this may be via a mechanism distinct from 
the control of spine size. Furthermore, the recent observation that 
LTP may involve a transient removal of GluR2 from stimulated 
synapses49,50 obscures a clear mechanism involving GluR2 in spine 
size regulation. The reduction in GluR2 is suggested to last for 
around 20 minutes following LTP induction. Stable increases in 
spine volume have been reported less than ten minutes following 
stimulation.33

GluR1 subunit has also been implicated in spine morphogenesis. 
Overexpression of a mutant GluR1 that is not phosphorylated at 
functionally-relevant sites and therefore does not enter synapses in 
response to chemical LTP stimuli, blocks LTP-induced spine enlarge-
ment.51 Furthermore, this study demonstrated that the isolated 
C-terminal tail peptide of GluR1 is driven to spines during chemical 
LTP, and is sufficient to stimulate spine enlargement, suggesting that 
GluR1 could directly interact with intracellular signaling machinery 
to bring about appropriate cytoskeletal changes. Further work is 
needed to identify the downstream pathways regulated by GluR1 
that bring about changes in spine morphology. A significant step in 
this direction may have been provided by Penzes and colleagues who 
identified the Rac GEF kalirin-7 as a GluR1 interactor.52 Activation 
of Rac by kalirin leads to spine growth, presumably via the well-
known function of Rac1 in regulation of the actin cytoskeleton. 
However, this study suggests that kalirin-7 controls AMPAR recruit-
ment, rather than AMPARs regulate kalirin,52 so it may not provide 
the mechanistic explanation for how GluR1 signals to spine morpho-
genesis. Regulation of spine morphogenesis by kalirin-7 is activated 
by trans-synaptic ephrin-Eph receptor signalling.53 Although no 

direct evidence exists for a role of ephrin-Eph signaling in AMPAR 
trafficking, it has been suggested that this trans-synaptic interaction is 
involved in LTP.54 Since ephrins, Eph receptors and AMPAR subunit 
GluR2 can bind the PDZ domain proteins GRIP and PICK1,55 
it is possible that recruitment of these proteins to the synapse to 
regulate AMPAR trafficking may also influence kalirin-7 via ephrin 
signaling to regulate spine morphogenesis. Additional GluR1 inter-
actors may also play a role in regulating spine morphogenesis. The 
F-actin-binding protein 4.1N interacts directly with a membrane-
proximal region of GluR1, and promotes the surface expression 
of GluR1-containing AMPARs.56 The PDZ protein SAP97 binds 
GluR1 and is involved in the forward traffic of AMPARs to synaptic 
sites.57,58 Both 4.1N and SAP97 have been implicated in regulating 
spine morphology.57,59 Interestingly, SAP97 binds directly to protein 
4.1N,56 suggesting that they may form a functional complex in 
neurons. However, there is currently no evidence for a direct link 
between AMPAR trafficking and spine morphogenesis via protein 
4.1N, SAP97 or a complex containing both proteins.

A key function of the Rho family GTPases (most commonly 
Rac1, RhoA, Cdc42) is regulation of the actin cytoskeleton. Rac1 
enhances spine size, most likely via regulation of the WAVE complex 
that stimulates actin polymerization mediated by the Arp2/3 
complex.60,61 Rac1 also enhances synaptic clustering of AMPARs 
in mature spines.62 This study suggests that the effects of Rac1 on 
AMPAR clustering are not secondary to enhanced spine size, as Rac 
overexpression induces AMPAR clusters on somatic and dendritic 
shaft regions of immature non-spiny neurons. In addition, Rac1 
enhances AMPAR clustering on pre-existing spines.62 It is possible 
that the enhanced F-actin induced by Rac1 provides an efficient 
path for RIL and myosin Va-dependent trafficking of AMPARs to 
synaptic sites,44,45 or perhaps Rac1 has alternative effects on AMPAR 
trafficking.

Rap1, a GTPase of the Ras family, is involved in AMPAR traf-
ficking, and triggers the removal of receptors from synaptic sites.63 
Rap1 has also been implicated in regulating spine size.64 In this 
report, NMDAR activation was shown to activate Rap1, resulting 
in longer, thinner spines with fewer AMPARs, which is consistent 
with a role for Rap1 activation in AMPAR removal from synapses.63 
Inactivation of Rap1 via RapGAP results in larger spines with 
increased AMPAR content. It is unclear whether Rap1 influences 
spine morphology directly, or indirectly as a consequence of AMPAR 
trafficking. The influence of Rap1 on spines is mediated by the PDZ 
protein AF-6;64 it would be of great interest to directly investigate the 
role of AF-6 in AMPAR trafficking.

Regulation of spine plasma membrane area. In addition to 
cytoskeletal dynamics, changes in spine size must also involve changes 
in the surface area of plasma membrane associated with the postsyn-
aptic compartment; smaller spines must have less plasma membrane 
than larger spines. An important question therefore, is how are these 
changes in membrane surface area brought about? It has recently 
been shown that spine growth stimulated by chemical LTP requires 
transport of recycling endosomes into spines.14 Disrupting the 
recycling endosome pathway results in spine retraction, and blocks 
LTP-induced spine growth. Furthermore, recycling endosomes 
entering dendritic spines from the shaft, followed by exocytosis at 
the spine head can be observed during LTP stimuli.14 Since recycling 
endosomes also provide synapses with GluR1-containing AMPARs 
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during LTP,13 it appears that neurons utilise precisely the same 
process to deliver both AMPARs and the necessary membrane to 
house them, at the same time. For this model to work efficiently, 
AMPAR-containing vesicles must be inserted directly into the spine. 
As discussed in the previous sections, whether this occurs is still a 
matter of debate. However, transferrin receptors, not AMPARs were 
used as a marker for exocytosing cargo from recycling endosomes in 
this study,14 so the possibility remains that AMPARs are exocytosed 
to a non-spine region as a separate event from membrane delivery.

It might reasonably be proposed that, in an equivalent manner, 
LTD stimuli would remove both AMPARs and membrane during 
the same endocytic event. Evidence has not yet been provided for 
this, in fact as discussed above, it has recently been suggested that 
during LTD, endocytosis and spine shrinkage are separate events.48

Concluding Remarks

There is a close correlation between dendritic spine size and PSD 
size65 and between PSD size and AMPAR density at the synapse.66 
Therefore small spines have fewer AMPARs. It therefore makes sense 
for regulation of spine size to be linked in some way to regulation of 
AMPAR number by vesicle trafficking. A model summarizing this 
idea is shown in Figure 2. Some initial studies have suggested that 
this may indeed be the case. Some evidence points towards a model 
whereby AMPAR trafficking is the primary driving force, and spine 
size changes as a result of the altered complement of AMPARs at the 
synapse. Alternatively, direct control of the spine actin cytoskeleton, 
most likely via small GTPases and their associated actin-regulating 
machinery, may also be important. This could then influence 
AMPAR trafficking, which is known to depend on actin dynamics. 

Figure 2. Relationship between AMPA receptor 
trafficking, actin dynamics and spine size dur-
ing synaptic plasticity. Under basal conditions, 
AMPARs undergo successive rounds of endocy-
tosis, recycling and reinsertion. Spine structure is 
supported by the underlying actin cytoskeleton. 
This may in part be maintained by the GluR2/N-
Cadherin complex at the PSD. A balance 
between endocytosis and exocytosis preserves 
the spine plasma membrane area. During LTP, 
actin polymerisation is enhanced, resulting in 
increased F-actin in spines, enlarging the spine 
head. These actin filaments may provide trans-
port routes for GluR1-containing AMPARs traf-
ficking towards the plasma membrane, via 
myosin Va or RIL. A shift towards actin polym-
erization also reduces AMPAR endocytosis. 
The increase in surface AMPARs leads to spine 
enlargement via the GluR2/Cadherin complex, 
possibly by signaling to the actin cytoskeleton. 
The increase in AMPAR insertion from recycling 
endosomes contributes additional membrane to 
the surface of the growing spine. During LTD, 
a shift towards actin depolymerization results 
in less F-actin and hence a smaller spine head. 
Therefore, fewer actin filaments are present 
to support actin-based trafficking towards the 
plasma membrane. Actin depolymerization pro-
motes PICK1-mediated AMPAR internalisation. 
The reduced surface GluR2 contributes to spine 
shrinkage, possibly via reduced signaling from 
N-Cadherin. The increase in AMPAR internaliza-
tion may also result in a net internalization of 
plasma membrane, reducing the surface mem-
brane of the shrinking spine.
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In addition, spine plasma membrane surface area may be regulated 
by the very same vesicles that transport AMPARs, providing a further 
way in which these important neuronal phenomena are linked.
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