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Abstract Long-term potentiation (LTP) defines persis-

tent increases in neurotransmission strength at synapses

that are triggered by specific patterns of neuronal activity.

LTP, the most widely accepted molecular model for

learning, is best characterised at glutamatergic synapses on

dendritic spines. In this context, LTP involves increases in

dendritic spine size and the insertion of glutamate receptors

into the post-synaptic spine membrane, which together

boost post-synaptic responsiveness to neurotransmitters. In

dendrites, the material required for LTP is sourced from an

organelle termed the endosomal-recycling compartment

(ERC), which is localised to the base of dendritic spines.

When LTP is induced, material derived from the recycling

compartment, which contains a-amino-3-hydroxy-5-

methyl-4-isoxazole propionate-type glutamate receptors

(AMPARs), is mobilised into dendritic spines feeding the

increased need for receptors and membrane at the spine

neck and head. In this review, we discuss the importance of

endosomal-recycling and the role of key proteins which

control these processes in the context of LTP.
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Abbreviations

AMPAR a-Amino-3-hydroxy-5-methyl-4-isoxazole

propionate-type glutamate receptor

EZs Endocytic zones

ERC Endosomal-recycling compartment

EPSC Excitatory post-synaptic current

GEF Guanine nucleotide exchange factor

LTP Long-term potentiation

LTD Long-term depression

MTOC Microtubule-organising centre

MyoV Myosin V

NSF N-Ethylmaleimide sensitive fusion protein

NMDAR N-Methyl-D-aspartate-type glutamate receptor

PSD Post-synaptic density

PICK1 Protein interacting with C-Kinase-1

FIP Rab11-family interacting protein

RO Recycling-outpost

shRNA Short-hairpin RNA

Background

The ability of biological organisms to acquire and retain

new knowledge, skills and behaviours is commonly refer-

red to as learning. Memories can be retained for minutes,

days, weeks, months or years depending on the strength

and persistence of the memory-forming stimuli involved.

The exact mechanisms by which this information is

retained remains somewhat mysterious. However, the

widely accepted view is that synapses are major sites of

information retention in the central nervous system and that
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changes in synaptic strength between neurons, known as

synaptic plasticity, can account for the formation of new

memories [1]. A significant amount of work has been

undertaken to determine how neuronal cells respond to

memory-inducing stimuli and execute the cellular changes

that are necessary for the formation and retention of these

stimuli. This review focuses on the intracellular membrane

trafficking events that have been implicated in long-term

potentiation (LTP) with a particular emphasis on the

functions of N-methyl-D-aspartate-type glutamate receptors

(NMDARs) and a-amino-3-hydroxy-5-methyl-4-isoxazole

(AMPARs) and the role of endosomal-recycling in these

processes.

Synaptic plasticity and long-term potentiation

The most extensively studied forms of synaptic plasticity

are LTP and long-term depression (LTD). Whilst several

forms of LTP/LTD exist, we focus here almost exclusively

on a post-synaptic form of LTP that is dependent on the

activation of NMDARs for its induction, and on the traf-

ficking of AMPARs for its expression.

Neuronal dendrites are branched projections which

protrude from the cell body of neurons and act to receive

and conduct the electro-chemical stimulation from the

presynapse of other neurons. Each dendrite has multiple

dendritic spines which are micron-sized membranous

protrusions that are major sites of excitatory synapse for-

mation in many types of neurons. NMDARs and AMPARs

are glutamate-gated cation channels that localise to the

plasma membrane of neuronal dendrites and dendritic

spines and mediate a large proportion of excitatory neu-

rotransmission in the brain [2]. Whilst both receptor types

are permeable to Na? and K?, it is the permeability of

NMDARs to Ca2? that is of particular importance during

LTP. This is due to the ability of Ca2? to couple electrical-

to-biochemical signalling through protein binding and

conformational alteration of protein structure [2]. LTP-

inducing stimuli release the Mg2?-mediated voltage-

dependent block of the NMDAR, which allows these

channels to open and results in an influx of cations,

including Ca2?, into the cell [3]. Elevated Ca2? levels

within dendrites and dendritic spines play a major role in

LTP-induction [3, 4]. From an intracellular signalling

perspective, the influx of Ca2? is considered to trigger a

number of events that ultimately lead to the delivery of

AMPARs and membrane, from intracellular stores, to the

dendritic spine-limiting membrane with a consequential

increase in synaptic strength.

Whilst the activation of NMDARs is thought to trigger

cellular changes that ultimately result in the expression of

LTP, it is the trafficking of AMPARs that is believed to

play the major role in the increased sensitivity at the post-

synapse that is associated with the formation and retention

of new memories [5]. AMPARs are heterotetrameric pro-

teins composed of combinations of four subunits: GluR1,

GluR2, GluR3 and GluR4 [2]. Functional AMPARs in the

hippocampus are primarily GluR2/GluR1 or GluR2/GluR3

heterotetramers [6]. The various AMPAR subunits undergo

both constitutive cycling to and from the spine membrane

(primarily mediated by the GluR2-subunit) and also regu-

lated or activity-dependent trafficking leading to the

expression of LTP (primarily mediated by the GluR1-

subunit) [7, 8]. The trafficking of these subunits will be

discussed in further detail later.

Whilst a change in glutamate receptor-mediated neuro-

transmission is a defining feature of LTP/LTD, a second

important and closely related factor is structural plasticity

of synapses. Structural plasticity has predominantly been

studied in the context of dendritic spines, where the

enlargement and retraction of single spines has recently

been observed in association with LTP and LTD, respec-

tively [9–12]. The dynamic actin network in spines is likely

to drive plasticity-associated structural changes, but the

insertion/removal of membrane is also required to modu-

late spine size and volume. Membrane trafficking is thus

critical to changes in both spine morphology and the

glutamate receptor-targeting that are associated with

LTP/LTD.

The endosomal system

Endocytosis and exocytosis are important cellular pro-

cesses which allow cells to internalise and sort material

from the extracellular environment, and to export intra-

cellular material to the plasma membrane or extracellular

space [13]. Mammalian cells are highly compartmentalised

and require a complex system of endosomal membranous

compartments and pathways to facilitate intracellular

transport. The Rab family of small GTPases are key reg-

ulators of membrane trafficking between intracellular

compartments [14]. Rab proteins function as molecular

switches and, when active, are anchored at the cytoplasmic

face of membranous organelles where they direct mem-

brane trafficking events, such as vesicle formation,

motility, docking and fusion [14]. For example, Rab5

directs the initial internalisation of receptors from the

plasma membrane and their delivery to peripheral early/

sorting endosomes. From here, internalised material can be

returned directly to the cell surface via the Rab4-dependent

‘fast’ recycling pathway, or recycled indirectly through the

Rab11-mediated ‘slow’ pathway to the plasma membrane

via the endosomal-recycling compartment (ERC). Alter-

natively, material can be delivered to late endosomes and
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subsequently to lysosomes for degradation, via the Rab7-

mediated pathway [14]. Rab11 subfamily members (Rab11a,

Rab11b and Rab11c/Rab25) are the principal Rabs currently

known to be involved in regulating the trafficking of receptors

back to the cell surface via the ERC [15–17].

Role of membrane trafficking in synaptic plasticity

Two models have been presented for the increase in synaptic

strength induced by LTP-stimuli: lateral movement of recep-

tors from dendritic membrane surfaces into synapses, and

delivery of material from intracellular membranous compart-

ments to the post-synaptic membrane [18–21]. Recent data

now suggest that a more accurate model for the increased

AMPAR trafficking to the post-synaptic membrane may

involve a combination of both these individual models [22–

26]. We will first discuss the trafficking machinery proposed to

be involved in the movement of receptors through the endo-

somal system and then examine how these two models can be

linked together to ensure appropriate delivery of AMPARs to

the synaptic site or the post-synaptic density (PSD).

Due to their physical size and organisation, the spatial

distribution of the endosomal-system differs in neurons

from that of most other cell types. Like most cell types,

neuronal cells have a central transferrin-positive ERC

that is localised close to the nucleus in the cell body and

surrounds the minus-end of microtubules at the microtu-

bule-organising centre (MTOC) or centrosome [27]. This

tubulovesicular organelle is characterised principally by its

peri-nuclear/peri-centrosomal localisation and by the

presence of transferrin, the transferrin receptor, Rab11

GTPases and Rab11-effector proteins. Additionally, neu-

ronal cells also have smaller transferrin/Rab11-positive

ERCs that are positioned at the base of dendritic spines

[28–30]. It is likely that these structures are also organised

around the minus-end poles of microtubules given the 50/

50 reversed polarity of microtubules observed in dendrites

at a distance of more than 75 lm from the cell body [31].

We propose to name these compartments recycling-out-

posts (ROs) and will use this terminology henceforth in this

review. We view these ROs in an analogous manner to that

of the previously described ‘secretory-outposts’ in neuronal

cells [32]. Thus, the ROs are likely to function as a local

cargo reservoir and recycling-system in dendritic spines

and allow for the rapid transport of material to spine heads.

This specialised endosomal organisation in neurons most

likely reflects their complexity and the spatial distance

between the neuronal cell body and its terminal ends. The

local transport from these neuronal ROs into dendritic

spines is recognised as a central component in the

increased trafficking of AMPARs and membrane addition

to spines that are associated with LTP [19, 20, 30].

Prominent among the proteins that control trafficking

through the ERC/ROs are the Rab11 GTPase subfamily

and their downstream effector machinery [15, 16, 33].

Indeed, Rab11 along with its effectors, FIP2 and Myosin

Vb, have been implicated in the mobilisation and insertion

of AMPARs, and membrane-derived from ROs, into den-

dritic spines [1, 20, 34].

Endosomal-recycling and LTP

As previously outlined, dendritic spines are a major site of

glutamatergic synaptic stimulation. The formation of new

dendritic spines, as well as their growth in hippocampal

neurons, is critical for synaptic plasticity and LTP [35, 36].

The localisation of ROs to the base of dendritic spines

plays a key role in maintaining spine viability, growth and

expansion [19]. Indeed, overexpression of dominant-neg-

ative mutants of Rab11a, RME-1 or syntaxin 13, which

block receptor-recycling from ROs, markedly reduces the

number of dendritic protrusions in hippocampal neurons

[19]. On the other hand, overexpression of their wild-type

counterparts increases the number of dendritic protrusions

[19]. Increased spine size and number, during NMDAR-

activated LTP, is also perturbed by inhibition of trafficking

through the use of mutant proteins known to inhibit

endosomal-recycling from the ERC/ROs [19].

During non-stimulatory conditions, ROs are primarily

localised to the base of dendritic spines [28–30]. Chemical

stimulation of LTP results in the dynamic mobilisation of

RO-derived vesicles from the base of spines into the neck

and head [19]. The movement of RO-derived material into

the dendritic spine results in vesicle fusion at the post-

synaptic membrane correlating with an increase in the

average spine surface area facilitating spine growth and

expansion [19]. Thus, the trafficking of RO-derived mate-

rial from the spine base to the neck and head is a crucial

component of NMDAR activation-dependent LTP [19].

Trafficking of AMPARs into dendritic spines

is crucial for LTP

LTP is mediated by an increase in sensitivity of post-

synaptic neurons to the neurotransmitter glutamate [34].

Increased AMPAR activity at this location mediates this

increased sensitivity. Indeed, several studies have shown

that prior to LTP-stimulation, AMPARs are absent from

post-synaptic membranes, and at normal resting membrane

potential in CA-1 pyramidal neurons, AMPARs do not

generate a synaptic response upon neurotransmitter release

[24, 37, 38]. However, upon LTP-stimulation during con-

tinuous NMDAR activation, AMPAR excitatory post-
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synaptic currents (EPSC) appear and persist [37]. This

suggests that a large proportion of synapses in hippocampal

neurons do not contain detectable AMPARs in the absence

of LTP-stimulation, and that upon stimulation, AMPARs

are mobilised towards the post-synaptic membrane. Stim-

ulation of hippocampal neurons transiently overexpressing

GFP-fused GluR1, a subunit of the AMPAR, results in the

redistribution of GluR1 to dendritic spines and leads to

receptor clustering in the dendritic shaft [24]. In addition,

this redistribution of GluR1 is dependent on the activation

of the NMDAR, suggesting that increased synaptic plas-

ticity requires cross-talk between NMDARs and AMPARs.

Many receptors are continuously internalised from the

cell surface (endocytosed) and subsequently returned

(recycled) to the plasma membrane. The AMPAR under-

goes continuous internalisation from and reinsertion to the

post-synaptic membrane via the Rab4-directed pathway

[7, 29, 39]. In hippocampal neurons, internalised AMPARs

initially enter early/sorting endosomes in response to ago-

nist stimulation (AMPA or NMDA) [29]. However, from

early/sorting endosomes, they are targeted to distinct

pathways depending on the persistence of agonist stimu-

lation. AMPA-stimulation drives the transport of AMPARs

towards late endosomes and thereby lysosomes for degra-

dation [29]. On the other hand, NMDA-stimulation targets

receptors towards ROs for delivery back to the post-syn-

aptic membrane [29]. During LTP-stimulation, there is

increased shuttling of AMPARs to ROs with subsequent

recycling into the spine. These data illustrate that

NMDAR-activation acts as a trigger to direct AMPARs

back to the plasma membrane by stimulating their transport

to the recycling pathway rather than the degradative

pathway.

The role of the class V myosins and FIP2 in LTP

Until recently, the mechanisms by which NMDAR-acti-

vation triggers the movement of RO-derived material into

dendritic spines remained unclear. The mechanochemical

forces necessary for such intracellular motility are typically

performed by molecular motor proteins such as dyneins/

kinesins and myosins. These motor proteins interact with

and progressively move along the microtubule or actin

cytoskeleton, respectively. F-actin is the most abundant

cytoskeletal protein present in dendritic spines suggesting

that an actin-based motor protein is involved in trafficking

processes at these locations [40]. Indeed, it has become

clear that the class V myosins play an important role in the

formation, growth and maintenance of dendritic spines, an

essential feature of LTP [20, 41].

The myosin V family are actin-based motor proteins

involved in cell polarity and the trafficking of cellular

material by interacting with microfilaments and moving

towards their barbed ends [42]. Vertebrates have three class

V myosins: Myosin Va (MyoVa), Myosin Vb (MyoVb)

and Myosin Vc (MyoVc). MyoVa is preferentially

expressed in neurons, neuroendocrine cells and melano-

cytes, whilst MyoVb and MyoVc are ubiquitously

expressed [42]. The class V myosins are structurally sim-

ilar, consisting of two heavy chains, which contain amino-

terminal motor domains that have binding sites for both

ATP and actin [43]. These domains are used by the protein

to ‘walk’ along microfilaments [43]. The neck region

contains an essential light chain and a calmodulin-binding

domain which mediates conformational changes due to

fluctuating intracellular Ca2? levels [43]. Finally, class V

myosins contain a tail region which is split into an exten-

sive coiled-coil domain and a globular-tail domain that

binds cargo [42–44].

MyoVb, Rab11 and FIP2 in LTP

MyoVb displays increased expression in the hippocampus

and localises to dendritic spines and the ERC/ROs [20, 45].

Chemical induction of LTP increases MyoVb localisation

to ROs and subsequent movement of MyoVb into dendritic

spines [20]. These processes are in turn blocked using

NMDAR antagonists or by removing extracellular Ca2?

[20]. This indicates that the increase in intracellular Ca2?

levels, resulting from NMDAR activation, is responsible

for the association of MyoVb with ROs, and for the

movement of RO-derived material into dendritic spines

[20]. Short-hairpin RNA (shRNA) targeting of MyoVb

results in a significant decrease in spine number and growth

in chemically stimulated hippocampal neurons [46]. This

effect is linked to a significant decline in recycling from

ROs in dendritic spines [4, 47].

It is well established that LTP-inducing stimuli dra-

matically increases Ca2? levels in dendritic spines as a

result of NMDAR activation [20, 48, 49]. The class V

myosins are dynamically regulated by fluxes in free intra-

cellular Ca2? concentrations [20, 48]. Indeed, studies on

MyoVa and MyoVb have shown that, at high Ca2? con-

centrations, these molecular motors adopt an extended

conformation as opposed to a compacted/folded structure

occurring at low Ca2? levels (Fig. 1) [20]. The ATPase

activity of MyoVb is also enhanced in response to

increased concentrations of Ca2? [20].

MyoVb-dependent trafficking from ROs is mediated via

interaction with Rab11 and FIP2. MyoVb binds both

Rab11 and FIP2 directly and these three proteins are

capable of forming a ternary complex [50, 51]. The asso-

ciation of the Rab11/FIP2 complex with MyoVb is

believed to tether RO-derived vesicles to the actin cyto-

skeleton and facilitate their transport into dendritic spines
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(Fig. 1) [20]. Interestingly, a mutant of MyoVb that cannot

interact with FIP2 shows only slight localisation to ROs

and dramatically limits the motility of vesicles that ema-

nate from these compartments [20]. On the other hand,

point mutations in the MyoVb which favour the extended

conformation increase co-localisation between MyoVb and

ROs [20]. These data indicate that the physical association

between Rab11/FIP2 and MyoVb is essential for RO-

derived vesicular traffic in the post-synaptic dendritic spine

during LTP stimulation.

The interaction between MyoVb and FIP2 is enhanced

with increasing intracellular Ca2? concentrations [20].

Indeed, a MyoVb mutant locked in the extended confor-

mation (MyoVb-CCtr) strongly binds FIP2 even under

low Ca2? conditions, and also stimulates increased

motility of RO-derived vesicles into dendritic spines [20].

However, this increased motility does not occur in cells

expressing a mutant of MyoVb which is deficient in

Rab11/FIP2-binding (MyoVb-DRBD). This strengthens

the hypothesis that the FIP2 association with MyoVb is

essential for RO-sourced trafficking into dendritic spines

[20]. Indeed, NMDAR activation in response to LTP-

inducing stimuli results in increased co-localisation

between FIP2 and MyoVb at ROs, and this co-localisation

is blocked by the expression of MyoVb-DRBD [20].

These data imply that the increased intracellular Ca2?

levels due to activation of NMDARs during LTP-induc-

tion directly influence the association of MyoVb with

Rab11/FIP2. This is required for the trafficking of

RO-derived vesicles into dendritic spines leading to their

fusion with, and thus incorporation into, the spine-limit-

ing membrane (Fig. 1).

AMPAR trafficking into post-synaptic membranes,

which results in increased sensitivity to neurotransmitters,

is dramatically reduced by MyoVb RNAi [20]. This finding

is supported by reversal of the MyoVb knockdown phe-

notype with various MyoVb constructs further illustrating

the importance of the formation of a MyoVb/FIP2/Rab11

ternary complex in these processes [20]. Together, this

work demonstrates that both MyoVb and FIP2 are neces-

sary to traffic AMPARs from ROs to the spine membrane

(Fig. 1).

Fig. 1 Model for MyoVb-dependent trafficking of recycling outpost-

derived material in the post-synaptic dendritic spine during LTP-

stimulation. 1 LTP-inducing stimuli at the post-synaptic dendritic

spine results in the opening of NMDARs. 2 NMDAR opening results

in a rapid increase in intracellular Ca2? levels. 3 Increased

intracellular Ca2? levels stimulate an alteration of MyoVb structure,

causing it to adopt its extended conformation. 4 MyoVb is recruited to

the recycling-outpost (RO) where its globular-tail domain interacts

with the Rab11/FIP2-complex present on the RO membrane.

5 MyoVb, tethered to RO-derived vesicles, progressively moves

along actin microfilaments, and as such, these vesicles are transported

to the spine neck and head. 6 The RO moves into the head and neck

regions of the dendritic spine, eventually fusing with the spine

membrane providing the cargo materials (membrane and AMPARs)

that are required for LTP
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MyoVa in LTP

MyoVa is highly expressed in brain tissue and plays a role

in LTP and AMPAR trafficking at the post-synaptic

membrane [41, 52]. MyoVa RNAi and dominant-negative

mutant studies have demonstrated that loss of MyoVa

function affects NMDAR and AMPAR-mediated EPSCs

[41]. The importance of MyoVa in LTP has been further

demonstrated in hippocampal neurons in which loss of its

function significantly decreases AMPAR-mediated EPSCs,

which has been linked to the inhibition of GluR1 delivery

to the post-synaptic membrane [41]. MyoVa trafficking of

GluR1-positive AMPAR occurs locally from the dendritic

shaft to the head and is not involved in the long-range

transport of the receptor subunit along dendrites. Unlike the

role proposed for MyoVb, MyoVa does not alter dendritic

spine morphology [41]. Indeed, no increase in spine length

or number has been observed in MyoVa loss-of-function

studies which suggests that MyoVa does not play a role in

spine maintenance in hippocampal neurons and that its

function in LTP may be restricted to AMPAR-subunit

transport into the spine head.

The role of Rab11 in the control of endosomal-recycling

in epithelial cells has been well documented [15–17]. As

Rab11 co-precipitates with the AMPAR, and the globular

tail of MyoVa directly binds the GluR1 subunit of the

AMPAR, it is likely that a link exists between Rab11 and

MyoVa-dependent trafficking of AMPARs [41]. Overex-

pression of a dominant-negative mutant of MyoVa reduces

the spine accumulation of Rab11 suggesting that MyoVa

affects the trafficking from ROs into dendritic spines [41].

The active form of Rab11 (GTP-bound) enhances the

association between MyoVa and GluR1 suggesting that

Rab11 is an essential regulator of MyoVa-dependent traf-

ficking of GluR1 into the dendritic spine [41]. Alternative

studies suggest that MyoVa is not involved in LTP [53].

This study examined dilute lethal mice that carry a reces-

sive functional null mutation in the MyoVa gene found that

these mice have normal LTP. This study also concluded

that presynaptic vesicle trafficking does not require MyoVa

[53].

The seemingly contradictory findings between different

groups with regard to the roles of membrane-trafficking,

Rab GTPases and class V myosins in LTP are difficult to

reconcile at present. Differences in experimental systems

may account for some of the discrepancies. Experiments in

brain slices that retain largely normal neuronal circuitry are

clearly more physiological than those in dissociated neu-

ronal cultures. Differences in methods used to induce LTP

are also pertinent. It is unlikely that stimuli such as

chemical induction of LTP in cultured neurons, expression

of constitutively active Ca2?/calmodulin-dependent protein

kinase (CaMKII) and electrophysiological induction of

LTP in brain slices are completely equivalent in terms of

the intracellular signalling pathways that are activated.

Expression and activation of distinct complements of

trafficking and accessory proteins in different experimental

contexts may thus explain some of the contradictory

results. In addition, studies in this area have relied heavily

on experimental approaches such as the overexpression of

dominant-negative constructs that have inherent limita-

tions. Indeed, the specificity of some MyoVa dominant-

negative constructs has been questioned [20]. Findings

using dominant-negative approaches need to be confirmed

using loss of function approaches, and in many cases this

has been done. Gene knockout of the various players may

ultimately be needed to tease apart their significance in

vivo. Inducible knockout or inactivation approaches are

preferable to avoid the possibility of compensatory changes

in trafficking machinery. Such changes could account for

the finding that MyoVa was not required for LTP induction

in dilute-lethal mice. The strategy used by Wang et al. [20]

to chemically inactivate MyoVb in an acute manner may

point the way towards avoiding such confounding issues.

However, knock-in of sensitised mutant versions of myo-

sins may be preferable to transgenic overexpression of such

mutants in the continued presence of the wild-type protein.

The recently described ability to monitor AMPA receptor

incorporation into synapses of animals that have performed

a learning task would indicate that the tools to get defini-

tive answers regarding trafficking mechanisms in vivo are

now becoming available [54].

Rab8 in AMPAR trafficking

As outlined above, Rab11 is critical for LTP. In addition,

recent work has suggested that other Rab GTPases may

serve important roles in AMPAR trafficking for the

expression of LTP. An initial study of Rab function at the

post-synaptic terminal indicated that Rab8, but not other

Rabs, significantly depressed AMPAR-mediated currents

in organotypic hippocampal slice cultures [55]. Indeed,

Rab8 is abundant in post-synaptic termini and accumulates

in intracellular compartments in proximity to the synapse

of the post-synaptic membrane [55]. Rab8 does not influ-

ence the global transport of AMPARs into spines, but it

does impair the delivery of GluR2 to the surface of the

spine [55]. This suggests that Rab8 may be involved in the

trafficking of AMPAR subunits from an intracellular

membranous compartment, within the spine, to the spine

surface. Interestingly, Rab8 appears to regulate both

the constitutive (activity-independent) trafficking and

NMDAR/CamKII-stimulated (activity-dependent) traffick-

ing of AMPARs which involve both the secretory-outposts

and ROs [55]. Whilst Rab8 can regulate the trafficking of
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both GluR1 and GluR2, Rab11 appears to alter the traf-

ficking of GluR1 alone, which suggests that Rab11 may

only be involved in the activity-dependent AMPAR traf-

ficking pathway which is most associated with NMDAR-

driven LTP. Rab8 has previously been localised to both the

Golgi and the ERC [56, 57]. In epithelial cells, Rab8 is

thought to primarily function in the exocytic pathway to the

plasma membrane, and is believed to perform this function

by first directing exocytic traffic to the recycling-com-

partment [58]. It is likely that Rab8 functions on Golgi-

outposts that are present in close proximity to ROs and

participates in the shuttling of GluR2 both directly to the

post-synaptic membrane and also indirectly via ROs during

the constitutive trafficking of AMPARs.

Subsequent work implicates both Rab11 and Rab8 in

the trafficking of the GluR1 [39]. Indeed, overexpression

of dominant-negative mutants of Rab8 and Rab11 fully

block activity-dependent LTP, which suggests that these

Rabs may function on a common AMPAR-trafficking

route to the post-synaptic membrane [39]. The increased

trafficking of GluR1 is a defining feature of the activity-

dependent trafficking of AMPARs that is associated with

NMDAR-driven LTP [5]. Furthermore, overexpression

of dominant-negative Rab8 results in increased locali-

sation of GluR1 to dendritic spines indicating that Rab8

and Rab11 perform separate anatomical steps during

activity-dependent LTP. This implies that Rab8 and

Rab11 function in a sequential manner to mediate

delivery of AMPARs to the post-synaptic membrane

[39]. Rab8 interacts directly with the MyoVb and

MyoVc motor proteins [59]. Rab8 and Rab11 both

interact with an overlapping region of the globular-tail

domain of MyoVb (also via FIP2 in the case of Rab11),

which reinforces the hypothesis that these proteins may

define different stages on a common trafficking pathway

with the sequential transfer of the MyoVb protein

between these Rabs [59].

The model for a co-operative ‘handover’ of AMPAR

containing vesicles from Rab11 to Rab8 is reinforced by

the model of Rab11/Rab8 cooperation in docking and

fusion of vesicles to the base of cilia during primary cili-

ogenesis [60, 61]. Along with MyoVb, Rab8 function is

linked to Rab11 through a common interaction with

Rabin8, a guanine nucleotide exchange factor (GEF) for

Rab8 which stimulates the GTP-loading of the Rab protein

[61, 62]. On the other hand, Rabin8 acts as a Rab11

effector protein, and Rab11 binding to the a region flanking

the GEF-domain of Rabin8 significantly increases its GEF

activity on Rab8 [61]. Thus, Rab11-dependent trafficking

of AMPARs to the spine may involve a ‘handover’ to Rab8

within the spine which is mediated though an interaction

with Rabin8 and MyoVb. The translocation of Rabin8

into the spine could stimulate the activation of Rab8 and

a possible transfer of the MyoVb from Rab11 for sub-

sequent AMPAR-containing vesicle transport, docking and

fusion.

The role of trafficking to peri-synaptic sites in LTP

AMPARs and the membrane required for increased spine

volume are sourced from an intracellular ROs located at the

base of dendritic spines. Two schools of thought exist on

the mechanisms of receptor insertion at the synaptic site.

The first argues for a direct delivery of receptors to the

synaptic site from intracellular compartments [19, 30, 63,

64]. The second suggests that AMPARs are first delivered

to non-synaptic sites on the membrane and then translocate

via lateral diffusion through the membrane to the synaptic

site/PSD [7, 26]. As discussed below, we are of the opinion

that both models have value and may in fact be compatible.

As previously mentioned, functional AMPARs are

composed of individual subunits (GluR1, GluR2, GluR3

and GluR4). The GluR2 subunit cycles constitutively

between intracellular compartments and the synaptic site

[7, 8]. The trafficking of this subunit is not influenced by

NMDAR-activation and, as such, is not believed to be the

primary AMPAR subunit involved in LTP [7]. On the other

hand, the trafficking of GluR1 increases significantly upon

NMDAR-activation, and it is thought that this subunit is

the ‘driving force’ in the expression of LTP [7]. Studying

one or other of the AMPAR-subunits individually in terms

of LTP is fundamentally flawed, as functional AMPARs in

the hippocampus require a combination of subunits to form

a functional heterotetrameric receptor (although some

reports suggest a minority population of GluR1 homomers

exist in the hippocampus [6]). Indeed, separate temporal

and spatial patterns of AMPAR-subunit trafficking exist.

GluR1 is first inserted into non-synaptic regions of the

neuronal surface in the first 5 min after stimulation, whilst

GluR2 accumulates more rapidly at synaptic sites follow-

ing stimulation [7]. This is either the result of GluR2

being inserted directly into the PSD (or in close proximity)

or a more rapid diffusion from extra-synaptic sites to the

PSD [7].

Several recent studies have now shown that GluR1 is

first delivered to an extra-synaptic site and moves to the

synaptic site via lateral diffusion during the induction of

LTP [7, 26, 65, 66]. Indeed, recent and comprehensive

electrophysiology studies, utilising theta-burst pairing in

CA-1 hippocampal slices have also demonstrated a tem-

poral separation between LTP-inducing stimuli and the full

expression of LTP [26]. What is unclear regarding AM-

PAR trafficking is whether the GluR2/GluR1 or GluR2/

GluR3 subunits composing functional heterotetramers

are endocytosed/recycled/delivered to the membrane as
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functional AMPARs or whether individual subunits are

transported and combine at the PSD to form the functional

AMPAR. The different modes of transport for GFP-GluR1

and GFP-GluR2 would seem to suggest the latter model. In

this case, the distinct subunits could combine at the syn-

apse to form a functional AMPAR facilitating the increased

sensitivity associated with LTP.

As outlined previously, LTP-stimuli result in NMDAR-

activation and an influx of calcium which ultimately results

in the association of a MyoVb/Rab11/FIP2 complex that

drives the movement of vesicles from recycling-endosomes

towards the synaptic site. Interestingly, intracellular Ca2?

levels has also been shown to regulate lateral diffusion of

AMPAR subunits [18]. Indeed, it is known that increased

intracellular Ca2? reduces lateral diffusion of GluR2 that

can result in decreased lateral movement of GluR2 from

the synaptic site [18]. This reduction in GluR2 removal

from the PSD coupled with increased trafficking of GluR1

to the synapse during activity-dependent LTP could result

in increased numbers of both receptor types at the synapse.

In this model, the increased intracellular Ca2? concentra-

tions associated with NMDAR activation serves two

distinct purposes: to increase trafficking of GluR1 to the

synapse, and also to decrease lateral diffusion and sub-

sequent recycling of GluR2 from the synaptic site. The

latter function of Ca2? has been linked to the regulation of

the GluR2 and N-ethylmaleimide Sensitive Fusion protein

(NSF)/Protein Interacting with C-Kinase-1 (PICK1). At

intracellular calcium levels of approximately 15 lm/L, an

interaction between GluR2 and PICK1 is favoured, and

there is consequent lateral diffusion of GluR2 from the

PSD [65]. However, the interaction between GluR2 is

biphasic and, at higher levels of intracellular Ca2? (such as

those associated with the induction of LTP), the GluR2:-

PICK1 interaction is disrupted by NSF, resulting in

inhibition of diffusion of GluR2 away from the synaptic

site [67].

Removal and endocytosis of AMPAR

from the synaptic site

The trafficking of AMPARs to the peri-synapse and PSD is

critical for the expression of LTP. However, maintaining

functional AMPARs at the PSD, by slowing their rate of

endocytosis, may be of significant importance for the

expression of LTP. Indeed, the supply of AMPARs avail-

able to enter synapses is dependent on their rates of

exocytosis and endocytosis. The removal of AMPARs from

the synapse is not believed to occur by clathrin-mediated

endocytosis at the PSD but rather by lateral diffusion away

from the synaptic site [18, 21]. Dendritic spines contain

specialised areas flanking, but spatially distinct from, the

PSD which are characterised by the enduring presence of

clathrin [66]. These areas are termed endocytic zones

(EZs), or ‘endocytic hotspots’, and act to trap laterally-

diffusing AMPARs for endocytosis [68]. This results in

their recycling back to the plasma membrane via endocytic

compartments such as ROs or their shuttling to late endo-

somes and subsequently to lysosomes for degradation.

Indeed, it has recently been demonstrated that the dis-

placement of these EZs from the region flanking the PSD,

utilising a dynamin-3 mutant, results in a significant

reduction in synaptic AMPARs [25]. This is due to the

blockade of the mobile pool of AMPARs that is constitu-

tively recycling to and from the PSD via lateral diffusion

and endocytosis [25]. Thus, blocking normal endocytosis

reduces the number of AMPARs that are available for

exocytosis back to the PSD from the intracellular recycling

compartments.

Future directions

As we have outlined above, a complex repertoire of pro-

teins have already been implicated in endosomal trafficking

during the induction of LTP. However, given the com-

plexity of the endosomal-recycling system, it is likely that

the full extent of the protein machinery involved in these

processes has yet to be elucidated. Indeed, initial studies

have revealed that another small GTPase, Rab10, may also

play a functional role in the trafficking of AMPARs [69].

Rab10 is known to regulate the trafficking of GLR-1, one

of two AMPAR-type subunits found in Caenorhabditis

elegans [69]. Interestingly, Rab10 has now also been

identified as an interacting partner for all three isoforms of

MyoV [70]. To our knowledge, there has yet to be an in-

depth study on the role of Rab10 in LTP in mammalian

cells. However, it seems likely that this early work will

translate into interesting findings in the future.

It is now clear that the class V myosins play a crucial

role in receptor trafficking in dendritic spines. Over the

years, the number of interacting proteins for these actin-

binding motors has been steadily increasing. Future pro-

teomics screens with MyoV proteins may reveal further

protein trafficking machinery that could play a crucial role

in the further understanding of the transport processes

involved in LTP expression in dendritic spines. Similarly,

whilst a role has been proposed for the Rab GTPases

outlined above, the possibility that many other Rabs and

indeed their effector proteins are involved cannot be ruled

out. For example, FIP2, a protein which plays a crucial role

in the mediation of Rab11 function during LTP expression,

has recently been shown to interact with a second endo-

somal Rab GTPase, Rab14 [71]. This Rab has a similar

subcellular distribution to Rab11; however, little is known
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about it with respect to its function or indeed its interaction

with FIP proteins. A possible role for Rab14/FIP2 in receptor

trafficking at dendritic spines should not be overlooked.

Conclusion

The cellular and molecular mechanisms which underlie the

formation and retention of memories in the brain are one of

the great mysteries of modern neuroscience. We now

understand that the increase in synaptic strength between

two neurons is mediated, at least in part, through increased

dendritic spine size and increased AMPAR numbers at the

spine membrane. Here, we have discussed how NMDAR-

activation leads to increased trafficking from ROs into

dendritic spines and how these processes contribute to the

delivery of the cargo required for the expression of LTP in

neuronal cells. It is clear that endosomal-recycling plays a

crucial part in the generation of LTP; however, clarification

of the cellular and molecular details of these processes is

still in its infancy and much further investigation is

required if we are to fully understand the complete role of

membrane trafficking processes in memory formation.
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