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E}t(citatory synaptic  transmission
akes place at actin-rich protrusions
called dendritic spines. Strong synaptic
input activates NMDA-type glutamate
receptors and induces calcium flux into
these structures, initiating a program of
cytoskeletal rearrangement that results in
larger spines with stronger synapses. These
changes in synaptic strength are thought
to be the primary cellular mechanism
underlying learning and memory. We
recently reported that the dual Ras/
Racl guanine nucleotide exchange factor
(GEF) RasGRF2 links calcium flux to
both spine enlargement and synaptic
through its Rac-GEF
activity. Additionally, we demonstrated

strengthening

that acute Racl activation is sufficient
to enhance synaptic transmission. Since
Racl is a major regulator of the actin
cytoskeleton, these results suggest that
the cytoskeleton itself regulates synaptic
strengthening. Here we discuss models
for how cytoskeletal modifications may
enhance synaptic AMPA-type glutamate
receptor abundance during long-term
potentiation.

Synaptic strengthening during long-
term potentiation (LTP) is caused by the
accumulation of AMPA-type glutamate
receptors  (AMPARs)  at  synapses.!
The  mechanisms  underlying  this
accumulation are unclear. Suggestively,
the compartments that hold synapses
(dendritic spines) undergo a program of
cytoskeletal rearrangement during LTP
that results in larger spines with enhanced
(F)-actin
candidates for initiating these cytoskeletal
effects are the Rho-family of small
GTPases, which regulate the activity of

filamentous content.”
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actin-binding proteins such as cofilin,
profilin, and the Arp2/3 complex’ Of
these GTPases, overexpression studies
have indicated that Racl in particular
recapitulates the spine morphology effects
observed during LTP¢ and induces actual
synaptic ~ strengthening.”  Furthermore,
pharmacological inhibition of Racl
activation® or actin dynamics’ inhibit LTP
induction. To determine if a common Racl
pathway could couple calcium flux to spine
enlargement and synaptic strengthening,
we performed a biochemical screen on
the class of proteins that activates Racl
(i.e., guanine nucleotide exchange factors
(GEFs)) to determine if any gained activity
during LTP.® Consequently, we identified
the dual Ras/Rac-GEF RasGRF2 and
demonstrated that its Rac-GEF activity is
required for both spine enlargement and
synaptic strengthening.!” Furthermore, we
determined that acute Racl activation itself
(using a photoactivatable construct) rapidly
affects synapse physiology.” Since Racl is
a major regulator of the actin cytoskeleton,
these findings strongly suggest that the
cytoskeletal dynamics that cause spine
enlargement also cause AMPAR trafficking
to the synapse.

AMPAR trafficking during LTP is
regulated by at least two mechanisms: 1)
exocytic pathways that increase AMPAR
expression on the surface of the plasma
and 2) diffusion barriers
that restrict the lateral movements of
AMPARs post-insertion. Enhancement of
AMPAR surface expression during LTP is
well-documented,""! although it remains
unresolved whether AMPARSs are primarily
exocytosed in dendrites,'"® spines,'*"
or both. The actin cytoskeleton likely

membrane,
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Figure 1. Models for how an enhanced cytoskeleton may induce synaptic AMPAR accumulation.
(A) lllustration of AMPAR (blue) distribution on the surface of a dendritic spine in relationship to
the synapse (red). AMPAR surface expression is enhanced during LTP through actin-mediated
exocytosis, and movement once on the membrane surface is affected through AMPAR cytoplas-
mic domain interactions with the cytoskeleton. (B) Starting from a basal state, LTP-induced cyto-
skeleton rearrangements may result in the formation of a denser cytoskeletal maze, an enlarged
cytoskeletal maze, or both. These enhanced cytoskeletal mazes would traffic AMPARs toward
the synapse. Additional mechanisms may account for cytoskeletal regulation of AMPAR traffick-
ing within the synapse proper. See text for details.

regulates several aspects of LTP-induced
AMPAR exocytosis. Prior to stimulation,
the membrane-associated cortical actin

scaffold

to traffic and anchor exocytic vesicles

cytoskeleton functions as a

proximal to the plasma membrane.'® Active
remodeling of the cytoskeleton is required
for subsequent vesicle docking and fusion
events.'®

Regardless of whether AMPARSs are
exocytosed into dendrites or spines, there
is consensus that they are not exocytosed
directly into synapses. Because of this,
AMPARs must by necessity transverse
the plasma membrane to reach the
synapse boundary.*'* This step provides
an additional opportunity for regulated
AMPAR  trafficking,
tracking experiments have demonstrated
that AMPARSs exhibit differential surface

mobility when proximal to actin-rich
1720

Single  particle

structures such as spines and synapses.
These AMPAR mobility effects are likely
mediated by diffusion barriers, which
are generated by the actin cytoskeleton
or by cytoskeleton-binding proteins in
the vicinity of AMPAR cytoplasmic
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domains.”!

While the concept of the

cortical ~ actin  cytoskeleton  creating
transmembrane protein diffusion barriers
is not new, it is not clear how these barriers
traffic AMPARSs

synapses during LTP. In particular, it is

function to toward
not intuitive how an enhanced cytoskeletal
network (as occurs during LTP) could
contribute to the synaptic accumulation of
AMPARSs through mass action. To assist
in visualizing diffusion barrier function in
our model (Fig. 1A), we will conceptualize
the actin cytoskeleton as a maze; the dead
ends and excessive turning intrinsic to a
maze hinder net movement (i.e., diffusion)
relative to an open-field (i.e., the rest of
the plasma membrane). The two most
plausible ways a cytoskeletal maze could
be exploited to elevate AMPAR content
around synapses are through the formation
of a more dense cytoskeletal maze, or the
formation of an enlarged cytoskeletal maze
(Fig. 1B). In both of these models, which
are not mutually exclusive, AMPARSs
will spend more time confined in these
enhanced mazes due to increased maze
path-length relative to the basal maze. In
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essence, denser or larger mazes are more
difficult to exit than enter, resulting in net
AMPAR accumulation into the maze, and
ultimately the synapse.

The aforementioned models provide
hypothetical ~ explanations ~ for  the
cytoskeleton’s contribution to AMPAR
trafficking toward the synapse during
LTP. Additional complications may exist
for AMPAR transit into the synapse
proper. For instance, pharmacological
actin depolymerization appears to actually
decrease AMPAR mobility within the
synapse,”? whereas the opposite is true
for transmembrane proteins outside the
synapse.” This is confusing considering
the molecular composition of the synapse
appears to allow for AMPAR anchoring
to the cytoskeleton through the following
interactions: AMPAR ~ —  Stargazin
— PSD-95 — GKAP/SPAR/Shank/
Cortactin — F-actin.'" These interactions
also appear to be dispensable for LTP since
AMPARs are not specifically required
to support LTP (ie., generic glutamate
receptors will suffice).? To reconcile these
findings, it has been proposed that the
cytoskeleton actively exerts forces on the
postsynaptic density (PSD) that promote
AMPAR mobility within the synapse.”> In
other words, cytoskeletal dynamics during
LTP may permit AMPAR access into the
PSD through an active mechanism, in
contrast to the passive diffusion barriers
we have proposed here to traffic AMPARs
toward the PSD. Finally, actin-dependent
spine morphogenesis may itself contribute
to synaptic strengthening. In addition to
creating more room to accommodate larger
synapses, it is possible that cytoskeleton
remodeling changes the topography of
the synaptic zone (i.e., a shape change
from convex to concave relative to the
presynapse), resulting in  enhanced
glutamate sensitivity without AMPAR
trafficking. In summary, we propose that
the actin cytoskeleton regulates a sequence
of postsynaptic events that contribute to
synaptic potentiation: AMPAR insertion
at extrasynaptic sites, lateral movement
of AMPAR toward synapses, positioning
or anchoring of receptors at the synapse,
and morphology alterations that result
in greater AMPAR capacity or glutamate
sensitivity. The ability of the actin
cytoskeleton to regulate multiple steps in

Volume 6 Issue 6



synaptic strengthening may explain why
the majority of neuronal F-actin resides in
dendritic spines.
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