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Small, smaller. .. dendritic spine

Pietro Pilo Boyl & Walter Witke

Spines are highly motile protrusions
emerging from the dendritic shafts of
neurons. The dynamics of these post-
synaptic structures are ruled by actin
filament turnover. However, our under-
standing of the mechanisms of actin poly-
merization in dendritic spines is quite
ambiguous. A recent study by the Giannone
laboratory (Chazeau et al, 2014) is now
shedding some light on the peculiar
features of actin polymerization in
dendritic spines, which are distinct from
the known canonical mechanisms.

See also: A Chazeau et al (December 2014)

ell biologists live with dogmas, and

one of the best kept ones is that

actin polymerization in a cell should
always occur from the plasma membrane
where the fast incorporation of actin mono-
mers into newly formed short filaments
generates the force and meshwork to push
out and stabilize the membrane. Under-
standing the mechanisms that regulate this
process is fundamental for life since virtually
any kind of cell motility relies on directed
actin polymerization. As odd as it may
sound, even the way we feel, what we
memorize and what we might forget is ulti-
mately controlled by actin polymerization in
the synapses of neurons.

The complexity of actin polymerization
in vivo is staggering as the collective work
over more than 30 years has shown, and still
controversial discussions are ongoing on the
role of the participating protein complexes
and actin-binding proteins, as well as the
spatial organization of actin filaments. With-
out entering the disputable matter, it is
generally accepted in the field that in areas
of actin polymerization, such as the lamelli-
podia, nucleation promoting factors (NPFs)
are activated at the plasma membrane (Lai
et al, 2008), as well as actin nucleators such

as the Arp2/3 complex, formins, or WH2
domain-containing nucleators (Campellone
& Welch, 2010), which then promote
de novo formation of actin filaments and
incorporation of monomers into the growing
filaments in order to exert protruding force
(Rottner et al, 1999).

So far, so good.

What we tend to neglect though is that
our current view on the spatial organization
of actin polymerization in cells is biased by
what cultured cells can actually perform on
a two-dimensional stiff substrate. These
conditions promote the formation of highly
esthetic structures such as filopodia, lamelli-
podia, crowns—just to name some of the
most studied. The beauty of this system is
that it allows excellent imaging to dissect
the spatiotemporal sequence of actin poly-
merization and to define the underlying
structural filament meshwork. This has
collectively added to our current picture of
membrane-linked actin polymerization and
the concept of retrograde F-actin flow from
the cell membrane toward the cell center.
This mechanism is unquestionably true for
most membrane protrusions observed in
cultured cells; however, it has remained
unclear whether it also applies to actin
dynamics in tissue-constrained cells and
extremely small membrane compartments
such as the dendritic spines.

In neurons, the post-synaptic terminals of
most excitatory synapses consist of dendritic
spines. They are tiny and highly motile
membrane protrusions, emerging from
dendritic shafts and representing a major
entry point of neurotransmission in the
brain. It has been long recognized that the
predominant cytoskeletal content in spines
is actin (Fifkova & Delay, 1982), which has a
dual function in shaping the spine and
sustaining its motility during synaptic devel-
opment and synaptic plasticity. Pathological
alterations in spine shape have been linked

to a growing number of disorders such as
autism and mental retardation, moving actin
dynamics in the focus of attention. The
importance of actin dynamics in spines is
further highlighted by the observation that
spine size and shape are intimately linked to
synaptic plasticity, LTP, and LTD.

So what is particular about actin in
spines and why is an answer to this question
not straightforward?

The main reason for the uncertainty
concerning actin filament structure and the
mechanisms of actin polymerization as well
as the discussion whether retrograde
F-actin flow also occurs in spines is due to
the very small size of spines, having a vari-
able diameter of about 300-600 nm. This is
practically below the physical resolution
limit of standard fluorescence microscopy,
including confocal microscopy. Even EM
studies turned out to be difficult. To follow
single actin filaments and determine their
polarity in the intricate dense network that
fills such a small structure is technically
challenging. Whether the actin filaments in
spines are branched, linear, or a mixture of
both is still debated. Recent experiments
on cultured neurons support the view of
a mixed filament structure as the most
likely scenario (Korobova & Svitkina, 2010).
However, it is important to keep in mind
that currently there is no conclusive picture
for the high-resolution structure of the actin
cytoskeleton in a spine embedded in the
tissue context.

Owing to the recent advances in imaging
technologies, such as two-photon and super-
resolution fluorescence microscopy, we have
gained valuable insight into the cytoskeletal
dynamics and organization of dendritic
spines (Frost et al, 2010; Murakoshi et al,
2011; Bosch et al, 2014). In particular,
super-resolution microscopy techniques, in
the forms of photoactivation localization
microscopy (PALM), stochastic optical
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reconstruction microscopy (STORM), or
stimulated emission depletion (STED),
allowed to push the resolution limits to
about 50-70 nm. This now opens the
possibility to explore nanodomains such as
dendritic spines, both fixed and live, in
cultured neurons with unprecedented topo-
graphic precision.

This is the entry point of the article
from Giannone and co-workers published
in this issue of The EMBO Journal (Chazeau
et al, 2014). Specifically, the Giannone
laboratory has employed super-resolution
fluorescence microscopy to show that
Arp2/3-dependent actin polymerization in
spines fundamentally differs from the
canonical mechanism seen in lamellipodia.
The authors studied the spatial organiza-
tion and the dynamics of the Arp2/3
complex and its nucleation promoting
factor, the WAVE complex, as well as
nucleating formins, within dendritic spines
of cultured hippocampal neurons.

Two major novel findings in this work
substantially advance our understanding of
actin dynamics in the spine and extend the
current view of retrograde F-actin flow as a
universal mechanism. Using single protein
tracking photoactivation localization micro-
scopy (sptPALM) allowed the authors to
distinguish two sub-spine domains with
different actin dynamics characteristics: (i) a
first domain consisting of finger-like protru-
sions (peri-synaptic protrusions), emerging
from the side of the post-synaptic density
(PSD), which are driven by formin-
dependent fast actin polymerization at their
tips, similar to classical filopodia, and (ii) a
second domain within the core of the spine,
where actin polymerization is driven by
Arp2/3 nucleation, from scattered nanodo-
mains around the PSD scaffold—different
from the classical Arp2/3 function at the
membrane of a lamellipodium (see Fig 1).
This Arp2/3-dependent actin nucleation in
spines produced only a slow and non-
polarized actin subunit flow, suggesting that
around the PSD, actin nucleation is dissoci-
ated from elongation and not directly
involved in peri-synaptic protrusion and
spine motility.

These findings support the interesting
hypothesis that the PSD actually serves as a
hub controlling actin nucleation and spine
motility and structure (see also Bosch et al,
2014). According to this model, spine motil-
ity would depend on the elongation dynam-
ics of the finger-like protrusions, which
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A DENDRITIC SPINE
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Figure 1. Comparison of actin nucleation and elongation mechanisms in the dendritic spine and the
lamellipodium.

(A) In spines, the post-synaptic density functions as a hub for actin nucleation, concentrating signaling and
regulatory factors (IRSp53, Racl, WAVE complex) in order to activate the Arp2/3 complex in response to
extra-synaptic signaling, recruiting it from a freely diffusible pool. Actin polymerization then proceeds in a
slow and unpolarized fashion. Spine motility is ensured by protrusions stemming possibly by branched
filaments on the sides of the PSD (peri-synaptic) in which formin-dependent elongation mechanisms at their
tips and on the membrane generate a fast and polarized rear-flow of actin and exert the pushing force
(from Chazeau et al). (B) In lamellipodia, both actin nucleation and rapid VASP- and formin-dependent
elongation occur in synchrony at the membrane, where the pushing force is needed to extrude

the lamellipodium, generating a fast and polarized rear-flow of actin and a complex branched actin
network.
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emerge from the Arp2/3-nucleated pool at
the core of the spine. Importantly, with the
same imaging approach, Giannone and
co-workers showed that the WAVE complex
(shown for three of the five subunits, Abil,
Nap and WAVEL), a known activator of the
Arp2/3 complex, perfectly aligned with the
PSD, which is in agreement with earlier
biochemical findings in isolated synaptoneu-
rosomes where the WAVE complex was only
found tightly associated with the PSD (Pilo
Boyl et al, 2007).

In summary, the work by Giannone and
co-workers provides good evidence that
actin nucleation in spines can also occur
from the PSD and not only from the
membrane. The WAVE complex as well as
the BAR-domain-containing receptor IRSp53
remained bound to the PSD, even when all
filamentous actin is depolymerized by
latrunculin B treatment.

The implications of such an organization
of actin polymerization are intriguing: It
appears that the membrane juxtaposed to
the PSD allows it to integrate extracellular
signals via adhesion molecules, such as
neuroligins, and neurotransmitter/receptor
signaling cascades, such as the AMPA/
NMDA-CaMKII pathway, and to translate
them to actin nucleation, thereby coordinat-
ing spine motility and morphology in a
highly synchronized way (Park et al, 2012;
Chen et al, 2014).

The findings by Giannone and co-workers
obviously stimulate a tail of interesting
further questions. For example, it still needs
clarification what type of actin network is
actually formed in the spine. Since both
branched and filamentous bundles have
been observed in ultrastructural studies, it
would be interesting to understand how the
two different structures are coordinated at
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the molecular level and how filaments with
different polarity are generated. One impor-
tant aspect, which relates to this question
and has not been addressed in the presented
work, is the role of actin filament disassem-
bly in spines by key regulators such as cofi-
lin/ADF (Bosch et al, 2014). Another focus
for future work should be the mechanisms
of how the Arp2/3 and WAVE complex, as
well as the formins, respond to physiological
synaptic stimulation and how this translates
into controlled actin polymerization.

In the best of all possible worlds, we
would like to be able to study the actin cyto-
skeleton on a nanoscale level in vivo in the
tissue context, combined with physiological
cell stimulation. Given the rapidly evolving
technical advances in microscopy over the
past years, we can be considerably confident
that this will not remain a dream.
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