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Abstract

The ability to induce and study neuronal plasticity in single dendritic spines has greatly advanced
our understanding of the signaling mechanisms that mediate long-term potentiation. It is now clear
that in addition to compartmentalization by the individual spine, subcompartmentalization of
biochemical signals occurs at specialized microdomains within the spine. The spatiotemporal
coordination of these complex cascades allows for the concomitant remodeling of the postsynaptic
density actin spinoskeleton and for the regulation of membrane traffic to express functional and
structural plasticity. Here, we highlight recent findings in the signaling cascades at spine
microdomains as well as the challenges and approaches to studying plasticity at the spine level.
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INTRODUCTION

Dendritic spines are tiny, bulbous structures that protrude from the dendrites of most
neurons that receive fast excitatory synaptic input in the brain. These beautiful structures,
first documented by Ramon y Cajal more than 100 years ago, compartmentalize the
postsynaptic machinery and biochemical signaling molecules needed to respond to input
from single presynaptic terminals. It is now widely accepted that this compartmentalization
serves a major function of spine structure: input specificity of synaptic plasticity.

The plastic nature of individual synapses is thought to underlie the brain's ability to encode
and store information. The long-lasting increase and decrease in synaptic strength, known as
long-term potentiation (LTP) and long-term depression (LTD), respectively, are generally
accepted as cellular correlates to learning and memory and are essential for normal cognitive
function. Dysfunction of synaptic plasticity is a feature of affective disorders,
neurodegenerative disease, and the cognitive decline associated with normal aging (1).
Experimentally, LTP can be induced in an animal by a behavioral learning task or by
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patterned stimulation of neurons (2). Throughout the brain, various forms of LTP occur, but
the most robust and widely studied is the NMDA receptor (NMDAR)-dependent LTP of
Schaffer collateral-CA1 synapses in the hippocampus. Understanding the biochemical
signals in dendritic spines that induce and express this form of LTP has been a major focus
of neuroscience research over the past several decades.

Despite this extended period of intense study, only in the past decade have technological
advances enabled the study of neuronal plasticity at the single-spine level. Previously, LTP
studies relied on stimulation and recordings of thousands of synapses, limiting temporal and
spatial resolution and the understanding of the signaling cascades that mediate these
changes. However, this limitation was overcome by the development of two-photon
glutamate uncaging (3-5). Two-photon uncaging uses a two-photon excitation process to
break a chemical bond linking glutamate and a caging compound, thus releasing glutamate
only at the focus of laser beam with a spatial resolution of <1 um. By using this technique,
LTP could be induced in a single spine of known location (6). These experiments revealed
that LTP is expressed as an increase in postsynaptic glutamate sensitivity and is
accompanied by physical growth of spines, termed structural plasticity (6). Moreover, LTP
could be induced and expressed in single spines independently of the presynaptic neuron (6).
Ca?* imaging in single spines has revealed that presynaptic mechanisms also contribute to
the expression of LTP (7), although this topic is outside of the scope of this review. The
ability to study LTP with high spatiotemporal resolution has enabled scientists to begin to
elucidate the complex web of signaling molecules that transduce transient input signals into
long-lasting structural and functional changes in the spine.

In a simplified view of LTP signaling, LTP is induced by NMDAR-dependent CaZ* influx,
followed by a transient activation of CaZ*/calmodulin-dependent protein kinase 11 (CaMKII)
(8, 9). These events trigger signaling cascades that lead to long-lasting changes in synaptic
strength that are mediated by an increase in functional AMPA receptors (AMPARS) at the
synapse. The signaling cascades that transduce transient CaMKII signals into long-lasting
receptor incorporation and the regulation of LTP are not fully understood but are the focus
of much research. One emerging theme is that the signaling networks in dendritic spines
depend on highly regulated coordination in space and time of compartmentalized protein
activity. Whereas research efforts previously centered on the compartmentalization of
signaling within individual spines (10), it is now clear that within the tiny femtoliter
volumes of spines, microdomains are present to subcompartmentalize and coordinate the
complex signaling cascades that mediate spine plasticity. The minute size of these
microdomains poses great technological challenges that are only beginning to be overcome
with advances such as superresolution fluorescence imaging and targeted observation and
manipulation of protein dynamics (see sidebar, Technical Advances for Spine Plasticity
Studies)

In this review, we focus on early (~10-min) protein signals at spine microdomains that
enable transient synaptic input to be transduced into long-lasting synaptic changes in
hippocampal CA1 NMDAR-dependent LTP. We review recent findings in (a) the
remodeling of the postsynaptic density (PSD), (b) the remodeling of the actin cytoskeleton,
and (c) the regulation of membrane trafficking and discuss the coordination of these
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mechanisms. Finally, we emphasize the challenges of disentangling these signaling
networks and of understanding their interdependence at spine microdomains as well as
potential approaches with which to address these challenges.

REMODELING THE POSTSYNAPTIC DENSITY

The PSD is a proteinaceous specialization that is adherent to the postsynaptic membrane and
that scaffolds the receptors, enzymes, and signaling molecules required for synaptic
transduction. Not surprisingly, the long-lasting increase in synaptic strength of LTP is
concomitant with remodeling of the PSD protein content. Studies have revealed that LTP-
inducing stimuli induce the recruitment or loss from the PSD of various proteins, including
CaMKIlI, Shank, PSD-95, and RNA-binding proteins. One estimate suggests that ~2% of the
PSD proteome is altered upon a chemical LTP-inducing stimulus (11), although this is likely
an underestimate. This PSD remodeling, in turn, leads to the stable incorporation of
additional AMPARSs at the synapse to express LTP (12, 13) (Figure 1).

PSD Structure and Organization

Ultrastructure studies, and more recently superresolution microscopy, have revealed that the
PSD is a highly organized structure: Proteins are localized in an ordered fashion, with
specific orientations and locations in both the longitudinal and transverse axes (14-16). This
organization appears to define a functional microstructure with relevance for transmission.
For example, NMDARs tend to be localized centrally in the PSD, whereas AMPARS appear
to be more lateral (17). Fluorescence imaging suggests that AMPARSs are localized in
microclusters that may directly oppose hot spots of presynaptic glutamate release (18, 19).
Much of this organization is defined by interactions between proteins, the cytoskeleton, and
perhaps specialized lipid domains. Although the mechanisms are not clear, the micro-
organization of the PSD must be important in mediating its reorganization during LTP. For
example, as described below, specific localization of Ca2*-dependent signaling proteins,
such as CaMKI|I, defines downstream signaling events (9). Furthermore, local changes in the
density of PSD proteins during LTP may mediate AMPAR trapping by molecular crowding
or protein-protein interactions (19, 20).

CaMKII Recruitment to the PSD

Activation of CaMKI| is both required and sufficient for LTP induction (9, 21-24). The
CaMKII holoenzyme consists of 12 subunits, primarily CaMKIla and -f subunits in mature
hippocampal neurons, that are assembled in a sixfold symmetric ring structure (25, 26).
Upon Ca?* influx, Ca?*/CaM binds to CaMKII subunits, inducing a conformational change
that activates the kinase domain. Activation of two adjacent subunits causes
transautophosphorylation, which induces an alternate state of kinase activation that is
independent of Ca2*/CaM binding (25, 26). Initially touted as a molecular mediator of
memory due to its ability to maintain activity despite the dissociation of Ca2*/CaM, CaMKI|
was recently demonstrated to be active for only a few minutes during LTP induction by
using 2P FLIM-FRET (two-photon fluorescence lifetime imaging microscopy—Foérster
resonance energy transfer) (27) (see sidebar, Technical Advances for Spine Plasticity
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Studies). Thus, LTP expression must rely on signaling cascades downstream of CaMKI|I
activation.

Ca?* elevation in spines can trigger the clustering of CaMKII at the postsynaptic site (28—
30). This clustering is dependent on the binding of the CaMKIlla subunit to the GIuN2B
subunit of NMDAR (31-33). The NMDAR-CaMKII interaction positions the CaMKI|I
enzyme well to respond to nanodomains of high Ca* concentration through NMDARSs, as
was demonstrated by imaging of CaMKI|I activity (27). This localization may ensure full
activation of the enzyme and signaling to downstream protein partners in the PSD (34).
Additionally, CaMKII translocation to the PSD recruits the proteasome into the spine and is
important for activity-dependent degradation of polyubiquitinated proteins (35). Disruption
of the CaMKII-NMDAR interaction impairs LTP as well as phosphorylation of downstream
targets thought to be involved in LTP, including the phosphorylation of AMPARS and
AMPAR auxiliary proteins (31, 36). In a similar mechanism, CaMKII forms signaling
complexes with voltage-gated Ca2* channels, where it can be efficiently activated by high-
Ca?* nanodomains and can phosphorylate downstream targets (37, 38). These studies
indicate that precise localization, even in the small volume of spines, is essential for
coordinating complex signaling cascades.

Indeed, as a primary mediator of Ca2* signaling in the spine, CaMKII recruitment to the
PSD allows CaMKII to regulate PSD remodeling by phosphorylating PSD proteins,
including AMPARs, NMDARs, PSD-95, and stargazin (39). Moreover, the CaMKIIf
subunit, in its inactive form, binds to and bundles actin, serving a structural role in
maintaining PSD stability (40). However, upon activation, CaMKII dissociates from actin,
allowing for actin destabilization and subsequent PSD remodeling. CaMKII then moves into
the PSD due to the CaMKIla association with NR2B. With its subsequent deactivation,
CaMKII may dissociate from PSD and reassociate with actin, stabilizing LTP-induced
changes. It is still elusive whether CaMKI|I localization to the PSD serves as long-lasting
memory storage (41) or whether such localization is required only transiently to transduce
NMDAR activation into downstream signaling events that mediate LTP expression and
maintenance (9).

of PSD Structural Proteins

PSD scaffolding proteins contain multiple protein interaction domains and bind either
directly or indirectly to synaptic receptors, actin-binding proteins (ABPs), small GTPase
regulators, and other signaling proteins (42). In addition to helping define synaptic structure,
scaffolding proteins, through their numerous interactions, likely coordinate many of the
changes underlying LTP expression. The most abundant scaffold protein in the PSD is
PSD-95 (43). PSD-95 has been implicated in playing an essential role in LTP and in
mediating AMPAR numbers at the synapse (44-46). During LTP induction, a significant
fraction of PSD-95 transiently dissociates from the synapse, indicative of PSD remodeling
(47). This trafficking is dependent on CaMKII-mediated phosphorylation of PSD-95 at the
serine-73 residue and directs the dissociation of an interacting scaffold protein, Shank. In
addition to being phosphorylated at serine-73, PSD-95 is phosphorylated at a different
residue, serine-295, in a Rac-JNK-dependent manner that enhances the stability of PSD-95
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at the synapse (48). Phosphorylation states at these residues, therefore, provide bidirectional
control of PSD-95 stability at the synapse.

Neuroligin is a transmembrane cell adhesion molecule that is anchored in the PSD of
excitatory synapses and makes contact with the presynaptic neuron through binding to
neurexin. One function of the neuroligin/neurexin interaction is to stabilize the connection
between the pre- and the postsynaptic neuron. Recent work has demonstrated that this
interaction may be modulated during LTP and that neuroligin may play a more direct role in
signals underlying LTP expression. Neuroligin-1 (NL-1) is important for maintaining
NMDAR-mediated currents and Ca2* influx in spines in cortical layer 2/3 pyramidal
neurons and plays an important role in spinogenesis that is dependent on transneuronal
competition (49). Also, upon chemical LTP induction, NL-1 appears to be trafficked to the
plasma membrane, increasing the surface pool of NL-1 at spines (50). Interestingly,
increased levels of NL-1, through the interaction of NL-1 with PSD-95, reduce AMPAR
surface diffusion (51), potentially playing a role in activity-dependent trapping of AMPARS
through molecular crowding (see below). Knockdown of NL-1, but not that of NL-3, by
shRNA led to a loss of synapses and LTP deficits in young animals (52). Recently, NL-1
was also implicated in a mechanism of transsynaptic signaling. Activation of single spines
with two-photon glutamate uncaging led to rapid cleavage of the extracellular domain of
NL-1. This cleavage, mediated by matrix metalloprotease 9, was NMDAR and CaMK
dependent. Cleavage of NL-1, in turn, disrupted neurexin binding and reduced presynaptic
neurotransmitter release probability (53). Thus, NL-1 cleavage and recruitment may play
sequential roles mediating the transient dissociation of synaptic structure, allowing for spine
growth and remodeling, followed by the subsequent stabilization of the potentiated synapse.

AMPAR Regulation in the PSD

The incorporation of additional AMPARs into the PSD is believed to be the central
mechanism of LTP expression (12, 13, 54). AMPARSs are the primary mediators of
glutamatergic transmission in the brain. Recently, a proteomic characterization of the
multimeric AMPAR complex identified a total of 34 different protein components, including
the four AMPAR subunits (GLUA1-4) and known associated proteins, such as
transmembrane AMPAR-regulatory proteins (TARPS). More than 60% of the identified
proteins, however, had not been previously characterized as interacting with AMPARSs (55).
This work suggests that our understanding of AMPAR regulation is still very incomplete.
The complexity of AMPARSs indicates significant modulation of both AMPAR gating
properties and trafficking, which likely play an important role in plasticity (55).

Tagging AMPAR subunits with pH-sensitive fluorophores allows for the detection of a
surface pool of AMPARSs (56, 57). Combined with fluorescence recovery after
photobleaching (FRAP), this technique revealed that the enrichment of AMPARS following
LTP induction depends primarily on the activity-induced synaptic trapping of a pool of
extrasynaptic surface AMPARs (58, 59). Single-particle tracking of endogenous surface
AMPARSs revealed that this pool of receptors is highly mobile and traverses the spine
membrane, entering and exiting the synapse (60). Upon local increases in Ca2*, however,
extrasynaptic AMPARs become immobilized at the PSD (60). The activity-dependent
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mechanism of this trapping has received intense study, although a comprehensive
understanding remains elusive.

One appealing mechanism of AMPAR trapping is an activity-dependent modification of
AMPARSs that may increase binding of AMPARs to the PSD during LTP. Indeed, CaMKIl,
protein kinase A, and protein kinase C can phosphorylate the C terminus of the AMPAR
GIluA1l subunit, a subunit that has been implicated in LTP-induced AMPAR enrichment (61—
63). Moreover, GIuA1 phosphorylation can regulate AMPAR trafficking to the PSD.
Interestingly, both CaMKII and protein kinase A are recruited to synapses by NMDAR
activity, a potential activity-dependent regulation of their function (28, 29, 64). An
additional CaMKII phosphorylation site on the intracellular loop of the GIuA1 AMPAR
subunit may regulate PSD trapping without affecting exocytosis (65). A similar mechanism
mediated by TARPs, including stargazin (TARP v2), has also been proposed. Stargazin is
phosphorylated by CaMKII, disrupting an interaction between a C-tail-containing PDZ-
binding domain and the plasma membrane, releasing the PDZ-binding domain and thus
allowing for its interaction with the PSD (66). Such CaMKII-dependent phosphorylation
immobilizes AMPARs in the PSD (67). Furthermore, phosphomimetic mutations of the C-
tail of stargazin potentiate synaptic transmission (66), and disruption of the stargazin-PSD
complex leads to the dissociation of AMPARs from the synapse (45).

Although an activity-dependent association between the AMPAR complex and PSD proteins
is likely involved in the normal expression of LTP, a recent study demonstrated that such an
association is surprisingly not required. By overexpression of mutant AMPAR subunits
following the genetic knockout of all major AMPAR subunits (GIuA1-3), Granger et al.
(68) demonstrated that the minimum requirement for LTP expression is the presence of an
extrasynaptic pool of glutamate receptors, independent of subtype or C terminus—mediated
interactions. In fact, in the absence of AMPARS, kainate receptors can support LTP
expression (68). Although this study did not directly address whether stargazin may have
been involved in the trafficking of mutant AMPARS or kainate receptors, stargazin is not
thought to regulate kainate trafficking, despite the high degree of homology between the
receptors (69).

The above result suggests the presence of a mechanism that relies on activity-dependent
remodeling of the PSD to trap diffusing AMPARs independent of the requirement for
specific modifications of the AMPAR complex, including stargazin. One proposed
mechanism that fits these characteristics is the diffusional trapping of AMPARS via
molecular crowding in the PSD (70, 71). Indeed, lipids that are not enriched within the
synapse, and that thus are thought not to be directly anchored to the PSD, also show reduced
mobility at the synapse. This trapping is mediated by nonspecific interactions with proteins
in the dense protein mesh of the PSD. Interestingly, although the PSD is highly organized
and ordered, the overall structure is flexible in nature (72). Imaging of PSD-95 as well as of
other PSD scaffolding proteins suggests that, although the protein composition of the PSD is
stable, the shape and size of the PSD are highly dynamic, rapidly (within minutes) altering
the local protein density without changing overall protein composition within the PSD. This
flexibility is mediated by actin dynamics, which, when inhibited, immobilize the PSD (19,
72). Importantly, the flexible nature of the PSD structure is also activity dependent, with an
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increase in dynamics upon synaptic activity (19, 72). Thus, by altering local protein density,
this flexibility may aid in the molecular trapping of proteins that are regulated during LTP,
such as AMPARs. Indeed, two-color superresolution imaging of PSD-95 and the AMPAR
subunit GluA2 demonstrated that AMPARSs are enriched in microclusters of high scaffold
density (19). Modeling further demonstrated that this clustering can shape postsynaptic
responses to glutamate (19). Therefore, an activity-dependent increase in PSD flexibility
may be a potential mechanism for protein trapping. In addition, it may also be a more
general mechanism for PSD remodeling including the activity-dependent release of proteins,
consistent with the increased turnover of PSD scaffolding proteins during LTP (47).

REMODELING THE ACTIN CYTOSKELETON

LTP expression and the associated structural plasticity require rapid actin dynamics and a
long-term increase in polymerized actin in spines (73, 74). Recent work has indicated the
presence of a complex network of actin in the spine termed the spinoskeleton. Upon LTP-
inducing stimuli, this network is uniquely regulated within microdomains to modulate spine
morphology, PSD structure, and membrane trafficking (75-77).

Actin Spinoskeleton

Within the spine, actin is the primary cytoskeletal element. Each actin monomer
dynamically cycles between monomeric G-actin and filamentous F-actin through a process
known as tread-milling. In this cycle, ATP-bound G-actin binds to one end of an actin
filament (the barbed end), whereas ADP-bound actin is depolymerized from the other end
(the pointed end). Monomers in the actin filament (F-actin) slowly hydrolyze ATP into
ADP. Together with a large family of ABPs, actin filaments (F-actin) can further assemble
into highly branched networks connected to the plasma membrane, the PSD, and other
subspine structures, as well as to microtubules that run along the parent dendritic shaft, as
beautifully shown in platinum replica electron microscopy (78). The spine neck, which had
previously been considered to contain bundled actin filaments, was also found to contain
highly branched actin filaments (78). The specific ABPs associated with actin determine
whether it is stabilized to maintain structure or whether force is generated to induce
membrane deformation and remodeling. For example, ABPs that promote cross-linking of
actin filaments, such as a-actinin, increase stability, whereas ABPs such as the Arp2/3
complex, which nucleates new actin filament branches, increase network expansion. In
spines, actin is thought to be organized into at least two pools: a dynamic pool, in which the
majority of filaments undergo complete turnover within a minute, and a stable core, turning
over in tens of minutes (77, 79).

By using single-particle tracking with nanometer resolution, the dynamics of individual
actin monomers in actin filaments were recently visualized (80-82). This approach revealed
that tread-milling occurs in both retrograde (spine-tip-to-neck) and anterograde (spine-neck-
to-tip) directions, with the net flow in the retrograde direction. The approach also identified
multiple, discrete sites of high actin velocity that were discriminated at spine subdomains,
including the PSD, extrasynaptic sites, and even the spine neck (80). This suggests a
mechanism for rapid actin-mediated changes that can be regulated uniquely at
microdomains. Indeed, spine stimulation induces rapid actin polymerization, which is
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required for LTP expression (74). However, actin stability at the spine core is also required,
playing a role in stabilization of spine structure. Consistently, the size of the stable pool of
actin correlates with spine size (79).

Actin Regulation of Structural Plasticity

The regulation of actin in the spine is mediated through complex signaling cascades,
including Rho GTPases, that transduce membrane signals to ABPs (83). Growing evidence
suggests that ABPs are segregated into distinct subspine microdomains and that their
regulated localization may be a mechanism for subcompartmentalization of Rho signaling
(84). For example, ABPs responsible for stabilization, including drebrin, are enriched within
the core of the spine (84). Recent work suggests that drebrin may alter the properties of actin
filaments, rendering them resistant to depolymerization (85). Moreover, larger spines with
increased PSD size are enriched in drebrin A (86), suggesting that it may play a role in
stabilizing spine enlargement induced by LTP (87).

In contrast, ABPs that are involved in mediating rapid actin dynamics are concentrated in
more peripheral regions of the spine (84). For example, cofilin, which depolymerizes actin
and is required for actin turnover, is enriched adjacent to the spine membrane and is sparse
in the spine core (88). Cofilin is regulated through phosphorylation by the upstream LIM
kinase in an activity-dependent manner. Upon LTP induction, cofilin activity is first
increased and is subsequently decreased, allowing first for actin remodeling and then for an
increase in F-actin and associated spine enlargement (73, 89-91).

Arp2/3, a multimeric complex responsible for initiating actin branching (92), is also
localized to the peripheral region of the spine surrounding the spine core but is not directly
adjacent to the membrane (84). Activation of the Arp2/3 complex induces spine head
enlargement (93). Recently, the Arp2/3 complex was shown to be essential for LTP-
associated structural plasticity. Knockout of a critical subunit of the Arp2/3 complex reduces
transient spine enlargement by ~50% and eliminates sustained spine enlargement (94).
Furthermore, Arp2/3 knockout mice are severely impaired in episodic memory (94).
Overall, the coordinated regulation of distinct ABPs in discrete subdomains (e.g., activation
of drebrin and Arp2/3 and rapid activation followed by inhibition of cofilin) is likely
required for efficient remodeling of the actin spinoskeleton to support structural plasticity.

Upstream Regulation of Actin

The complex regulation of actin has curtailed a clear delineation of signaling pathways that
mediate LTP-induced actin remodeling. Ca?* influx through the NMDAR reorganizes actin
dynamics through several layers of signal regulation that is mediated by many proteins,
including the Rho family of small GTPases and ABPs. Each Rho GTPase is regulated by
multiple activators [guanine nucleotide exchange factors (GEFs)] and inhibitors [GTPase-
activating proteins (GAPs)] with overlapping specificity (95) and signals to multiple
downstream molecules that regulate ABPs (96). Recent work has measured, with high
spatiotemporal resolution, the activity of two members of the Rho GTPase family, Cdc42
and RhoA, during LTP at single spines. In response to an LTP-inducing stimulus and
CaMKII activity, both proteins are rapidly activated. Their activity precedes spine
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enlargement and decays within minutes to a lower level of activity that is sustained for more
than 30 min (97). Both GTPases show similar time courses of activity but unique spatial
profiles of activation: RhoA is active in the stimulated spine and spreads into the parent
dendrite over ~5 pm, whereas Cdc42 activation is restricted to the stimulated spine.
Furthermore, RhoA and Cdc42 demonstrate differential control of spine morphology. The
RhoA GTPase pathway and its downstream signaling through Rho-associated kinase are
essential for both initial and sustained spine growth. In contrast, the Cdc42 GTPase and its
downstream target, p21-activated kinase (PAK), are required for sustained structural
plasticity, but not for initial spine enlargement, demonstrating a functional segregation at
this level of signaling (97).

Evidence points to the presence of signaling complexes as a means of regulating complex
actin dynamics. These complexes physically localize upstream activators or inhibitors, small
GTPases, and downstream effectors as a means of subcompartmentalizing functional
outputs. For example, pPix, a GEF for Cdc42 and Rac, binds to PAK, a downstream
effector, to promote the interaction of PAK with these GTPase proteins. Moreover, fPix also
complexes with GIT, a GAP for the ADP ribosylation factor small GTPase (98), potentially
serving as a means of cross talk between signaling pathways. The BPix signaling complex is
localized to the PSD by its interaction with the Shank family of PSD scaffolding proteins
(99). This localization may position BPix well to undergo Ca?*-dependent phosphorylation
via CaMKI to enhance its GAP activity (100).

Another example of an actin-regulating signal complex is the WAVE/WRP/ARP2/3
complex. WAVE-1, a Rac effector, is a modular protein that contains several protein
interaction domains. These domains scaffold both upstream Rac regulators and downstream
ABPs. Specifically, WAVE-1 binds to WRP, a Rac GAP, and to the Arp2/3 complex, which
nucleates actin branching (101). Disruption of WAVE-WRP binding in knock-in animals
alters spine morphology, LTP expression, and memory retention, indicating the importance
of the complex in the regulation of the actin spinoskeleton (102). The presence of protein
complexes to regulate the signaling pathways involved in the remodeling of the
spinoskeleton may be a general mechanism by which to define subcompartmentalization of
signaling events within spine microdomains.

Actin Regulation of the PSD

Direct contact between actin and PSD proteins occurs through interactions with ABPs. One
example is the ABP a-actinin, which is involved in the cross-linking of F-actin to stabilize
its structure. a-Actinin binds the NMDAR and has an activity-dependent association with
CaMKI|I, allowing CaMKII to regulate LTP-induced remodeling of the PSD (103). Acute
inhibition of actin polymerization with latrunculin leads to the rapid dissociation of PSD-
localized synaptic proteins, such as GKAP, Shank, and Homer, but not to the dissociation of
PSD-95 (104, 105). This indicates that ongoing actin dynamics play a role in regulating the
protein composition of the PSD. Furthermore, imaging of PSD proteins suggests that actin
mediates ongoing changes in the microdensity of proteins within the PSD, increasing this
modulation when Ca?* is elevated (72).
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Actin Regulation of Membrane Traffic

The regulation of membrane traffic is a critical component of LTP expression. Membrane
trafficking relies on actin as tracks for myosin-driven vesicle movement and for generating
force during vesicle fission and fusion (106). Thus, although the mechanisms are not well
described, the regulation of actin and membrane trafficking must be coordinated during
LTP. The unidirectional movement of vesicles by specific myosin motors along actin
filaments, of which polarity seems to be relatively random, also plays an important role in
directing vesicles to the right locations. This may be particularly crucial at the spine neck,
which may be a filter for vesicularly transported cargo. The spine neck, although narrow
(~0.2 um), consists of complex, branched networks of actin filaments (78). This likely
serves as a means by which to regulate endosomal vesicle traffic, as transit through this
network may require vesicles to contain multiple motors to traverse actin filaments of
different polarity (77).

Not only does actin regulate vesicle traffic through spine necks, but actin regulation plays a
role in LTP-induced exocytosis and endocytosis. Following LTP induction, a transient
enhancement of cofilin activity (a depolymerizing ABP) is required to induce AMPAR
exocytosis and LTP (83). Subsequently, cofilin is inactivated by phosphorylation to aid in
spine growth and stabilization (91). Protein interacting with C kinase 1 (PICK-1), which is
implicated in the NMDAR-dependent endocytosis of AMPARs (107), binds to and inhibits
the Arp2/3 complex. Moreover, disruption of this interaction blocks AMPAR internalization
(108). The complex regulation of vesicle trafficking, as discussed below, requires actin
dynamics, stable actin filaments, and the regulation of motor and signaling proteins.

REGULATION OF MEMBRANE TRAFFIC

LTP expression relies on the rapid insertion of membrane and membrane proteins to support
the enlargement of spines and protein remodeling at the synapse (Figure 2). Dysregulation
of membrane traffic, by disruption of endosomal trafficking or exocytosis, blocks LTP
expression (109, 110). Within the femtoliter volume of the spine, the many membranous
structures include endosomes; exocytotic vesicles; multivesicular bodies; and, in ~80% of
large mushroom spines (111), the spine apparatus (SA), whose function is largely unknown.
Additionally, smooth endoplasmic reticulum, Golgi outposts, and recycling endosomes
termed recycling outposts (ROs) (112) are present in the dendrites at the spine base.
Endocytic zones (EZs), which are specialized for endocytosis, are also defined in the spine,
are localized adjacent to the synapse, and are tethered to the PSD through protein
interactions (113, 114). Exocytotic domains, in contrast, do not seem to be as clearly
structurally defined, existing either within the spine or in the underlying dendrite (59, 109,
115-117).

Membrane traffic through the endosomal pathway in other cell types and its regulation by
the Rab family of small GTPases (which is part of the Ras superfamily) are well described
(118, 119). Rab GTPases are targeted to specific membrane components (e.g., early
endosomes, recycling endosomes) and are involved in regulating the budding, matility, and
fusion of vesicles. Exocytosis of membrane proteins to the plasma membrane is regulated by
Rab8, whereas proteins that are internalized into early endosomes are regulated in a Rab5-
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dependent manner. From the early endosome, internalized proteins and lipids can be either
recycled directly back to the surface through a Rab4 mediated pathway or recycled by an
indirect pathway through the recycling endosome (or ROs near spines) mediated by Rab11.
The regulation of Rab proteins, like that of other GTPases, is through their localization to
specific membranes as well as through interaction with diverse Rab family GEFs and GAPs.

LTP-Induced Changes in Endocytosis and Exocytosis

Although little is known about the LTP-induced activity of Rab proteins in spines, dominant
negative overexpression studies have suggested that the Rab4 pathway is important for
constitutive recycling of postsynaptic compartments, whereas the Rab8 and Rab11 pathways
seem to be required for LTP-induced exocytosis of vesicles (120). LTP induces a rapid,
approximately fivefold increase in the rate of exocytosis; this increased rate persists
throughout the stimulation, and the rate decreases within 1 min after stimulation (59). The
time course of exocytosis (as measured by exocytosis of AMPARS) parallels that of spine
volume increase, suggesting that membrane insertion from the fusion of vesicles contributes
to spine volume changes (59). Moreover, although most LTP-induced AMPAR recruitment
to the PSD is due to the trapping of extrasynaptic membrane-resident AMPARS (58),
approximately 10-30% of additional AMPARS are derived from activity-induced exocytosis
of AMPAR-containing vesicles (59). LTP induces the movement of RO-derived vesicles to
the stimulated spine (109, 121). This LTP-induced movement of endosomal vesicles
depends on class VV myosin (MyoV) motors and their interaction with the actin cytoskeleton
(121, 122). Specifically, a Ca2*-dependent complex of Rab11 and MyoV motor proteins is
believed to tether RO-derived vesicles to the actin cytoskeleton, mediating their transport
into dendritic spines (121, 122).

In addition to an activity-dependent transport of exocytotic vesicles, SNARE machinery that
mediates regulated LTP-induced exocytosis of AMPARS, but not constitutive AMPAR
exocytosis, was recently identified. Specifically, the plasma membrane—associated Q-
SNARESs SNAP-47 and syntaxin-3 (Stx-3) are required for LTP-induced exocytosis and
LTP expression. The binding of Stx-3 to complexin appears to be essential for this
regulation (123, 124). Although syntaxin-4 had previously been implicated in mediating
Ca?*-dependent exocytosis (115), it was not found to be required for LTP-induced
exocytosis of AMPARSs or for LTP expression (124). Constitutive AMPAR exocytosis is
mediated by a different Q-SNARE, SNAP25. The discrimination between Ca2*-dependent
exocytosis and constitutive exocytosis appears to be regulated by Q-SNAREs, as the
vesicularly localized R-SNARE synaptobrevin 2 is involved in both pathways (124). The
activity-dependent step associated with this machinery is still unknown, but the description
of a specific LTP-dependent SNARE complex should aid in its identification.

In addition to the importance of Rab signaling, pharmacological studies indicate that the
Ras-ERK signaling pathway plays an important role in regulating exocytosis (59).
Consistently, the spatial profile of exocytosis mimics the spread of LTP-induced Ras
activity, which increases in the stimulated spine and ~10 pm along the parent dendrite (59).
This activity profile may correlate with the location of ROs, which are present in dendrites
in a distributed manner [~1 for every 10-20 spines (125)]. Interestingly, the stimulation-
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induced increase in the exocytosis rate appears to be independent of CaMKI| activation,
although later incorporation of AMPARs at the PSD requires CaMKII (59). The precise role
of exocytosis in LTP is not fully understood, as evidenced by the requirement for exocytosis
in LTP despite the relatively low contribution of exocytosis to the incorporation of
additional AMPARSs at the synapse (58, 59). These seemingly contradictory findings may
suggest a role of exocytosis for introducing other proteins or lipids that are essential for LTP
into the spine membrane.

In contrast to the case for exocytosis, the importance of the acute regulation of endocytosis
in LTP is not yet known, although such regulation is essential in mediating AMPAR
internalization during LTD (126). A subdomain for endocytosis, the EZ, is defined in the
perisynaptic membrane adjacent to the PSD (113). The EZ is tethered to the PSD through
interactions between dynamin 2/3 and the PSD scaffolding proteins Homer and Shank (114).
It has been hypothesized that the EZ is essential for maintaining a highly mobile pool of
available AMPARs for LTP by trapping AMPARS that laterally diffuse out of the synapse,
internalizing and recycling them back to the surface (127, 128). The disruption of the EZ-
PSD interaction, or disruption of an interaction between the AMPAR subunit GIuA1 and the
internalization adaptor protein AP2, leads to a decrease in AMPARS at the synapse and to an
alteration in surface AMPAR mobility (114, 127). Interestingly, the immediate early gene
Arc, whose transcription and local translation are upregulated following LTP-inducing
stimulation and during learning tasks, is thought to interact with dynamin and endophilin to
enhance endocytosis of AMPAR (129-131). However, in a study in which endocytosis was
disrupted through the overexpression of a dominant negative Rab5, no effect on either basal
transmission or LTP was seen (120). These seemingly contradictory results suggest that
endocytosis is differentially regulated constitutively and during LTP induction, expression,
and consolidation. Further study of the role of endocytosis with greater temporal precision is
warranted.

LTP-Induced Organelle Traffic

During LTP, in addition to regulation of acute trafficking of small vesicles, there is longer-
term remodeling of membrane structures, including the recruitment of mitochondria into the
stimulated spine (132) and the appearance of the SA (133). Although the appearance of SA
has not been directly associated with synaptic potentiation, the SA is present primarily in
large, mushroom-shaped spines (a morphological characteristic of potentiated spines) (111,
134). Moreover, spines that contain synaptopodin (SP), a marker protein for the SA, have
twice as large of a response to glutamatergic input as those without SP (135) and tend to be
more sensitive to mGIuR-dependent LTD (136). Finally, SP knockout mice, which lack SA,
show a decrease in LTP (137). The function of this membrane structure is largely unknown,
although the structure has been proposed to be analogous to smooth endoplasmic reticulum
and to be both a Ca2* reservoir and a membrane reserve (138, 139). The SA is also closely
tied to the actin cytoskeleton by its interaction with ABPs such as SP and a-actinin (84),
providing a potential point of coordination between membrane traffic and the actin
spinoskeleton.
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CHALLENGES, TOOLS, AND PERSPECTIVES

Over the past decade, the study of LTP at the single-spine level has gradually shifted focus
from compartmentalization of signaling molecules in the spine toward
subcompartmentalization of signaling at microdomains within the spine. Recent work has
highlighted activity-induced changes in the PSD, spinoskeleton, and membrane that underlie
LTP expression. The signaling mechanisms that mediate and coordinate these changes are
only beginning to be described.

Disentangling the complex signaling network at spine microdomains is technically
challenging. Perhaps the greatest impediment is the small size of the spine. Because of an
average spine size with submicrometer diameter and subfemtoliter volume (140),
discriminating microdomains within the spine requires resolution near or beyond the
diffraction limit of light. Moreover, studies have estimated that some proteins (even
exogenously expressed) may have only several copies present in a single spine, thus
requiring techniques with high sensitivity. [Even for a relatively highly expressing protein
(~1 pM), a typical spine with 0.1-fl volume contains only 60 copies.] Finally, hundreds of
species of proteins have been implicated in mediating or modulating LTP. To begin to
understand their integration and coordination at microdomains, the activity of many proteins
needs to be monitored during LTP with high spatiotemporal resolution.

Undoubtedly, the task is daunting. However, as the data reviewed here demonstrate,
advances in technology (see sidebar, Technical Advances for Spine Plasticity Studies),
including super-resolution imaging and the targeted monitoring and manipulation of protein
activity with high spatiotemporal resolution, are beginning to address the challenges
associated with studying LTP in a single spine. The continued development of these
techniques and the development of as-yet-unforeseen tools that improve spatial and temporal
resolution for detecting and probing of signaling dynamics in the spine will enhance our
understanding of the networks underlying LTP. Such developments will hopefully lead to a
greater understanding of synaptic plasticity at the level of the spine, the encoding of memory

in neurons, and the disease processes associated with disruptions of plasticity.
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Glossary

Long-term potentiation (LTP)
Long-term depression (LTD)

NMDAR (N-methyl-o-
aspartate receptor)

Two-photon glutamate
uncaging

a long-lasting enhancement of synaptic transmission
a long-lasting decrease in synaptic transmission

a glutamate receptor channel that is important for the
induction of plasticity

the photolysis of chemically caged glutamate in a
restricted volume by the absorption of two photons of
light to release glutamate
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Structural plasticity

Ca?*/calmodulin-dependent
protein kinase 1l (CaMKII)

AMPAR (a-amino-3-
hydroxy-5-methyl-4-
isoxazolepropionic acid
receptor)

Superresolution imaging

Postsynaptic density (PSD)

Two-photon fluorescence
lifetime imaging microscopy
(2P FLIM)

Forster resonance energy
transfer (FRET)

Actin-binding proteins (ABPS)

Transmembrane AMPAR-
regulatory proteins (TARPS)

Fluorescence recovery after
photobleaching (FRAP)

PDZ domain (postsynaptic
density protein, Drosophila
disc large tumor suppressor,
and zonula occludens-1
protein domain)

Recycling outpost (RO)

Endocytic zone (EZ)

Page 14

the sustained enlargement of spines that accompanies
the expression of LTP

a Ca%*/calmodulin-activated holoenzyme that is critical
for LTP induction

a glutamate receptor channel that mediates most fast
synaptic transmission in the central nervous system

light microscope techniques that achieve higher
resolution than the diffraction limit of light

a protein-dense specialization that is adjacent to the
postsynaptic membrane and that compartmentalizes
receptors and signaling molecules involved in receiving
synaptic input

a technique that measures the fluorescence decay time
of a fluorophore by using two-photon excitation,
allowing for more quantitative measurements of FRET

the transfer of nonradiative energy between a donor
chromophore and an acceptor chromophore in close
proximity to one another

a large family of proteins that bind and regulate actin
dynamics

a family of proteins that complex with the AMPAR and
regulate its trafficking and gating

an optical technique measuring fluorescence recovery
into a photobleached region; used to measure the
mobility of fluorescently tagged proteins

a protein interaction domain that is found in numerous
proteins, including PSD-95, and that binds to short
amino acid sequences of interacting proteins

a specialized recycling endosome present at the spine
base

a stable subdomain that is enriched in clathrin and that
is the putative site of endocytosis in neuronal spines
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TECHNICAL ADVANCES FOR SPINE PLASTICITY STUDIES

Superresolution imaging: Superresolution microscopy holds great promise for advancing
the LTP field by offering a 2-10-fold improvement in the resolution of light-based
techniques. The major approaches—structured illumination microscopy (SIM),
stimulated emission depletion (STED), RESOLFT, and single-molecule localization
microscopy (PALM/STORM)—achieve resolutions of 20-100 nm (141-145). Although
these techniques require stringent sample preparation and high levels of light, thus
limiting their application, recent improvements allow for live-cell imaging with lower
light intensity and faster imaging speeds (146). These advances suggest that live-cell
discrimination of signaling at spine microdomains is feasible.

Optical monitoring and manipulation of protein activity: The use of Forster resonance
energy transfer (FRET)-based sensors allows protein interactions and enzyme activity to
be monitored (147). Combined with two-photon fluorescence lifetime microscopy (2P
FLIM), this approach can measure spatial and temporal patterns of signaling activity
during single-spine LTP (27, 97, 148, 149). Furthermore, through target-specific sensor
design, subcompartmentalization of signaling pathways can be discriminated. In addition,
methods to optically turn on or off proteins were recently developed by taking advantage
of light-sensitive conformational changes (150). Modulation of individual signaling
nodes in the LTP network with high spatiotemporal control while changes in the activity
of other nodes are monitored may enable the integration of signaling proteins into an LTP
model (148).
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SUMMARY POINTS

The functional and structural plasticity of spines is mediated by complex
signaling cascades that are compartmentalized at spine microdomains.

The highly ordered structure of the PSD forms a flexible matrix that is regulated
by the actin cytoskeleton and that undergoes rapid restructuring following LTP-
inducing stimuli.

The enrichment of AMPARSs at the PSD is likely mediated by a combination of
specific protein interactions and nonspecific trapping due to molecular
crowding.

The spinoskeleton consists of complex networks of actin filaments that
interconnect microdomains within the spine and, thus, likely coordinates PSD
remodeling with membrane traffic and spine growth. Subcompartmentalization
of signaling to regulate actin dynamics is mediated by discrete localization of
ABPs and by the presence of multiprotein signaling complexes.

Activity-induced exocytosis is mediated by specific SNARE machinery and is
required for LTP expression and structural plasticity.

The study of plasticity at the spine level is technically challenging due to the
small size of spines and the complexity of the signaling cascades involved. The
continued development of experimental tools—including superresolution
microscopy, targeted signal manipulation, and monitoring of protein activity and
interactions—provides great potential for unraveling the complex signals that
mediate spine plasticity.
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Postsynaptic density

Figure 1.
Remodeling of the postsynaptic density (PSD) during early long-term potentiation (LTP)

expression. Upon NMDA receptor (NMDAR)-dependent Ca?* influx, the PSD undergoes
rapid changes, including the recruitment of Ca2*/calmodulin-dependent protein kinase 11
(CaMKII) via its interaction with NMDAR and subsequent downstream phosphorylation
events. These events lead to PSD remodeling by (a) the transient dissociation and
subsequent stabilization of scaffold proteins PSD-95 and Shank, (b) extracellular cleavage
and surface recruitment of neuroligin-1 (NL-1), (c) the remodeling of actin filaments, and
(d) the trapping of surface and newly exocytosed AMPA receptors (AMPAR) in the PSD
through both direct (phosphorylation-dependent) and indirect (molecular crowding)
mechanisms. TARP denotes transmembrane AMPAR-regulatory protein.
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Figure 2.

Membrane traffic regulation in the spine. During LTP induction, transmembrane proteins
and lipids are rapidly delivered to the spine from dendritically localized recycling outposts
through activity-dependent vesicle transport and exocytosis mediated by specific Rab
proteins, motor proteins, and SNARE machinery. The constitutive endocytosis and recycling
of membrane proteins through the endocytic zone, early endosome (EE), and recycling
outposts are also highly regulated by the Rab GTPases and are essential for maintaining
synaptic transmission. In addition, potentiated spines often contain spine apparatus, which
may provide local stores of Ca?* and membrane. Other abbreviations: MyoV, class

myosin; SP, synaptopodin; Stx-3, syntaxin-3; Syb2, synaptobrevin 2.
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