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Abstract

Excitatory synapses within the brain occur on dendritic spines. Witiei spine
the branching, filamentous network of the actin cytoskeleton ancboeptors in the
postsynaptic density and is critical to the regulation of synapdiesmission. The
mechanisms whereby actin regulates synaptic function are \@aglienay consist of
direct interaction with receptors in the synaptic or extrasymapémbrane, propulsive
forces at the base or sides of the postsynaptic density (PSBgnaement of local
recycling, or selective filtering of membrane protein mobititlyough the spine neck.
Furthermore, it is unclear where polymerization takes pladenépines, and whether
regulation of the network occuea bloc as it has been measured in the past or if specific
subregions of the network may be regulated in response to laoainds. | propose a
model in which actin networks within individual dendritic spines havdiphalpoints of
control at distributed locations, allowing regulation of parts of mieéwork within

specific spine subdomains.

The submicron dimensions of spines have limited examination of actamdcs
within spines and prevented live-cell discrimination of perisynagdin filaments. To
overcome this | used Photoactivated Localization Microscopy (PAibbM)calize with a
high degree of accuracy and track single polymerized actin oleteavithin dendritic
spines. | use Monte Carlo simulations to test the effect of dffusn localization
accuracy, demonstrating that motion blur from rapidly moving moleculgatinely
impacts localization accuracy. In addition, when imaging freelsliig molecules, the
distance molecules travel during the course of excitation affeeir localized position

with respect to the edge of a bounded region, again necessitatinghet excitation



pulses to accurately measure morphology. On the other hand, slowlggmauwiecules,
such as polymerized actin are mostly spared from theseseffdutis, this motion blur
provides a mechanism to specifically track polymerized actirecotds by using long

exposures in which freely diffusing molecules are blurred.

Using PALM | show that the velocity of single actin molecuddsng filaments,
an index of filament polymerization rate, was highly heterogesevithin individual
spines. Most strikingly, molecular velocity was elevated in discreell-separated foci
occurring not principally at the spine tip, but in subdomains throughout pine, s
including the neck. Whereas actin velocity on filaments at thapse was substantially
elevated, those at the endocytic zone showed no enhanced polymerizatiay. &ct
conclude that actin subserves spatially diverse, independerglyated processes
throughout spines. Perisynaptic actin forms a uniquely dynamicgteueell suited for

direct, active regulation of the synapse.
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1. Introduction

a. The Dendritic Spine

Excitatory neurotransmission between neurons in the mammalian doeims on
dendritic spines. Housing the postsynaptic machinery of the exgitaynapse, spines
are micron-sized, bulbous structures which protrude from the neuronaltdeBiirectly
apposed to the presynaptic terminal, the spine encloses a numpeciafized structures
thought to be critical to the efficient reception and transductibrsynaptic input,
including the postsynaptic density (PSD), the endocytic zone (HZhgid, Scott et al.
2002; Blanpied, Scott et al. 2002), a recently described exocytic ddikammedy,
Davidson et al. 2010), the spine apparatus (Deller, Korte et al. P@ligy, Orth et al.
2007), and the spine neck. These structures can be thought of as funspomeal
subdomains, as they perform spatially and temporally segcegakes governing the

function of individual postsynaptic units.

Neurotransmitter receptors are positioned and anchored in the postsynapbianem
by a thick, electron-dense web of scaffolding molecules known egdstsynaptic
density (hereafter referred to as the PSD). The number ahdpseeven the nanometer
positioning (Raghavachari and Lisman 2004)) of neurotransmitter oesepithin the
synaptic membrane are critical for the consistent and relimbhsduction of synaptic
input. AMPA receptors open in response to the binding of released ghetaaliowing a
depolarizing current to flow into the cell. This depolarization velsethe magnesium

block on NMDA receptors, allowing calcium to enter the cell. Thugeased AMPA



receptor numbers at the synapse permits greater depolarizatiesponse to vesicle

release, and indirectly increases the activation of NMDA receptors.

The importance of subsynaptic receptor positioning depends largdlyearelative
saturation of the synaptic receptors by single vesicleselékhe low affinity of AMPA
receptors for glutamate means that in many cases (bioi, € al. 1999; McAllister and
Stevens 2000), individual synapses are not saturated by quantal.réledlse width of
the postsynaptic scaffold far exceeds the width of the syndgpficthe concentration of
glutamate following release is not even across the synapsesfdtial heterogeneity of
glutamate concentration potentially restricts activation toubset of postsynaptic
receptors; modeling has demonstrated that while receptordydappibsed to the release
site may be activated, receptors randomly distributed withinR8® may not be
activated (Raghavachari and Lisman 2004). Furthermore, as theveretates of
activation to inactivation increase for highly ligand-bound channelsptexs near the
release site are likely to be open immediately following \eselease, whereas channels
outside the glutamate “hotspot” exhibit an increased likelihood adrbeg inactivated.
Thus, subsynaptic regulation of receptor density may have importysiolayical

consequences for the strength of the synapse.

This concept is difficult to test experimentally, but indirect sugipgrevidence
comes from the observation that perturbations that increase theitynobilAMPA
receptors within the synapse also reduce the degree of paireddpplession observed

(Heine, Groc et al. 2008; Frischknecht, Heine et al. 2009; Opazo,cgaleret al. 2010).



Thus, cross-linking AMPA receptors with antibodies slows theircgffe motion and

also increases paired-pulse depression (Heine, 2008). Increhsimggree to which
receptors are stabilized within the PSD by CaMKII-mediaghosphorylation of
stargazin (Opazo, Labrecque et al. 2010) mirrors this effect. eCsaly, increasing the
mobility of extracellular AMPA receptors by enzymatic mral of extracellular matrix
had the opposite effect (Frischknecht, Heine et al. 2009). The authtivesef studies
conclude that paired pulse depression in their system is due to #ghenkactivation of

receptors following stimulation, and that the degree of pairece plgpression can be
reduced if these inactivated receptors can freely exchangeotvier non-inactivated
receptors within the PSD. These studies have several caveats.ti@y assume that
consecutive vesicles are released from the same releasg isitlividual synapses within
a very short amount of time (50 ms). Secondly, the conclusion seedisrégard the
potential that receptors outside the “hotspot,” which supposedly exchathgactivated

and subsequently inactive AMPA receptors within the “hotspot,” havghehiikelihood

of being inactivated. Nevertheless, these studies as a group anstkeng case that

AMPA receptor mobility within the synapse has the potential to affecpsigreignaling.

Although the regulation of subsynaptic receptor distribution is hattpeloretical, the
regulation of receptor number at individual synapses has been obseaedimber of
contexts ((Matsuzaki, Honkura et al. 2004; Bagal, Kao et al. 2005; Lasdd et al.
2010). This regulation likely requires the coordinated activity of redvepine

subdomains. Although the relative contribution may be context-dependentjritipler



mechanisms proposed to regulate synaptic receptor number are wégepmng’ or

retention within the PSD and regulation of surface receptor numbers.

Imaging studies using single particle tracking (Heine, Groalet2008) have
demonstrated that AMPA receptors at the cell surface exchénegdy between
extrasynaptic and synaptic membrane, with behavior approachiognimn motion
within extrasynaptic spaces. At the synapse, the behavior of individoaptors is
markedly different, with receptors pausing for extended periodisnef suggesting that
some impediment to free diffusion exists while they are withéconfines of the PSD.
As a population, FRAP studies of super-ecliptic GFP tagged recemoesl that
synaptic receptors are much more stable than freely diffusitrgsgraptic receptors
(Ashby, Maier et al. 2006). Taken together, this evidence sugtpedtstable receptors at
the synapse are drawn from a pool of freely diffusing extrasynapteptors, with
receptors able to exchange between the two pools. Thus, as allesydagps from the
same extrasynaptic receptor pool, individual synapses must be digddeo retain their

captured receptors to increase their strength relative to neighbors.

This retention or stability of receptors at the PSD depends on thétgud binding
partners in the postsynaptic density. In the brain of the adulttrahgssynapses are
associated with increased PSD surface area and scaffold cdrasge. PSDs occur on
spines with increased spine head volume (Harris and Stevens 1988; athal1Stevens
1989) and there is a strong correlation between the size of thafmEEpine head with

the size of the presynaptic terminal and the number of vesiatesitiins. Larger PSDs



provide a greater number of interacting scaffold molecules, terfaldt proteins”
(Hayashi, Shi et al. 2000; Ehrlich and Malinow 2004). The term slotiproéfers to
PDZ-domain containing proteins, such as PSD-95, which have the capacitain
receptors at the synapse through interactions with either ¢bptog (Hayashi, Shi et al.
2000) or with AMPA receptor accessory protein, stargazin (Bats; &ral. 2007). Both
of these interactions may be important for the retention of AMP@eptors at the
synapse. Overexpression of PSD-95 recruits GluR1 to synapses dodesctTP
induction (Ehrlich and Malinow 2004; Ehrlich, Klein et al. 2007). CaMKltivaity has
been shown to lead to recruitment of AMPAR to the synapse in abiidihg-domain
dependent manner (Hayashi, Shi et al. 2000). However, a later dguaynstrated that
stabilization of AMPAR at the synapse by CaMKII depended ogatar, and not on the

PDZ binding-domain of AMPAR (Opazo, Labrecque et al. 2010).

The molecular crowding within the synaptic membrane overlying 8@ provides
yet another mechanism for the regulated retention of recegitdine synapse. Modeling

experiments reveal that the tortuous path taken by receptorsrdiftiisough a crowded

space could result in extended dwell times within the PSD, even in the absence of binding

interactions. Indeed, increased binding interactions actually increaseatelof diffusion
experienced by receptors within the PSD (Santamaria, Gonzalez et al.l@(i@jantly,
the dwell time of receptors was found to be extremely seediti small changes in the
concentration of crowding molecules, indicating that receptor retentould be
regulated by the addition or removal of a small percentage dabtélemolecules within

the PSD.



Thus, the composition of the PSD is critical in regulating the ohtexchange of
receptors to and away from the synapse. Away from the synapseadftenated activity
of several other spine subdomains may influence synaptic receptor sumhbegulating
extrasynaptic receptor number or delivery. The endocytic zondusctionally-named
structure found in the majority of mature spines (Blanpied, Scadl. 2002) and is
marked by the presence of clathrin at the spine membrane.ndegfithat recycling of
AMPA receptors was actually necessary both for the delivieAMIPA receptors during
LTP and for the maintenance of basal synaptic receptor numberséime suggested that
the endocytic zone may play an active role in local recyclingMPA receptors at
single spines (Park, Penick et al. 2004; Park, Salgado et al. 20@6&erimore, treatment
with thrombin for 4 hours to remove HA tags specifically fraaoeptors located at the
surface revealed that virtually all receptors delivered duglygine stimulation came
from recycling endosomes and had been on the surface at least enprittmto the

stimuli-driven insertion.

That the endocytic zone was located on the spine implied that irecyatcurred
locally; however numerous studies using tagged receptors to investlya site of
receptor insertion observed robust insertion along the neuronal demdititeot in the
spine itself (Yudowski, Puthenveedu et al. 2007). Another recent study concluded that the
location of insertion was irrelevant because sufficient numbersceptors exist on the
cell surface to supply all the added receptors during LTP (MakidoMalinow 2009).
However, studies have now observed exocytosis occurring within the bpid

(Kennedy, Davidson et al. 2010) in a syntaxin-4-dependent manner. Thusduadlivi



spines possess all the machinery required for the traffic anatlirer of their own
receptors. Further augmenting the ability of spines torsglilate their surface protein
composition is the presence of long, thin necks found on mushroom spinesspiagy
necks within hippocampal spines are less than 100 nm in diameter, proading
mechanism whereby surface (Ashby, Maier et al. 2006) and cytosmnaling
molecules (Svoboda, Tank et al. 1996; Majewska, Tashiro et al. 2000;gBtmbdnd

Sabatini 2005) may be sequestered.

Finally, more than 80% of mushroom spines in the adult rat brainaioost
mysterious structure known as the spine apparatus, which assedtiteke PSD and
the actin cytoskeleton (Spacek and Harris 1997). Although its ifumas largely
unknown, the spine apparatus has been proposed to function as a reseraterriatlly
stored calcium, which may augment synaptic calcium influx througtbA channels

(Emptage, Bliss et al. 1999).

Underlying all these structures is a dense, filamentous eytibskeletal network. The
protrusive force of continuously polymerizing actin filaments i-keown to form the
basis of spine morphology. In addition, the actin cytoskeleton playsatnioles in a
number of processes thought to be important in the maintenance ofisymaption

which will be covered later.



b. The Spine in Plasticity

The synapse is the point of communication between neurons, and thesefar
critical point of control for network activity activity in the bmaiTo maintain stable
network activity, mechanisms must exist to maintain the functiandwidual synapses
over timescales approaching the lifespan of an organism. On thehatite synapses are
plastic, and rapid, long-lasting changes in the strength of individoapsgs are thought
to underlie many forms of behavioral and developmental learning and memoatitorm
Thus, for the normal functioning of many neuronal circuits, mechanmms exist
which both preserve the stability and composition of synapses ovepéoingls of time,
while allowing rapid modification of the strength or efficacy oflividual synapses

within seconds or minutes.

Experimentally, a number of protocols have been devised whereby isystaphgth
can be rapidly and persistently modified. Our ability to induceouarforms of synaptic
plasticity in specific preparations is not ubiquitous, and the undenyechanisms may
vary widely. To keep this discussion brief | will focus on plaistiof the hippocampal
CA3-CAl synapse. The hippocampus is well-studied due to its role rningaand
memory, and because its laminar structure facilitatesisthiation of a well-defined
circuit. A number of experimental protocols lead to long term patigonti (LTP), which
is characterized by a rapid and persistent increase in syrsa@igth. Likewise, long
term depression (LTD) is an experimental paradigm in which @ewease in synaptic

strength is induced.



While a number of mechanisms have been proposed to underlie variousaforms
activity-induced synaptic plasticity, increasing molecular andsiofygical evidence
suggests that the locus for synapse modification within the CA3-€Abpse is
postsynaptic. Entry of extracellular calcium through calciummobbs at the presynaptic
active zone is required to promote release of glutamate-contagmaptic vesicles,
which binds postsynaptic AMPA receptors, depolarizing the postsyrnappelarization
of the postsynaptic neuron releases the magnesium block of syNafifié receptors,
allowing the influx of calcium into the spine. Reduced extracellular magnesailitatas
NMDA receptor-dependent LTP induction, which can be prevented pharmacolobigally
inhibition of NMDA receptor currents by APV or chelation of inghglar calcium
(Lynch, Larson et al. 1983). Downstream of calcium entry, plasic mediated by an

intricate web of intracellular signaling molecules within the p@stptic spine.

In general, induction of LTP requires the activation of intracelkil@ses, including
CaMKIl (Lisman 1985; Malenka, Kauer et al. 1989; Malinow, Schulmaal.e1989;
Malinow and Tsien 1990; Malinow and Tsien 1991; Otmakhov, Griffith €1987) and
PKA (Lee, Barbarosie et al. 2000; Malleret, Alarcon et al. 20@t§reas induction of
LTD requires the activation of phosphatases such as PP1l, CaliRé2B (Zhou,
Homma et al. 2004) and protein phosphatase C (Dell'Acqua, Smith2€08l). In many
cases the ultimate target of these proteins, including AMRApter subunits, are the
same (Barria, Derkach et al. 1997; Barria, Muller et al. 19@&, Barbarosie et al.
2000). Thus a careful balance of the phosphorylation state of AMPARtaer target

proteins is essential to stability of synaptic strength.



This balance is achieved by a number of mechanisms. In theoC&asMKII, one
possible mechanism is persistent autophosphorylation. Activated lyncatdlux at the
synapse, calmodulin binds and activates CaMKIl. CaMKIl bound to NMRApters at
the synapse can then be maintained in an activated state tagtiotes with the NMDA
receptor until neighboring subunits of the dodecameric complex phospbkotiia
Thr286 site, leading to persistent activation of the kinase (Redein (Lisman,
Schulman et al. 2002)). A small population of CaMKIl at the symapsuld then
theoretically (Miller, Zhabotinsky et al. 2005) remain actidater weeks or months.
Indeed, CaMKIl activity has been demonstrated to remain perdystactivated for
periods of an hour (Fukunaga, Stoppini et al. 1993; Fukunaga, Muller et al. d&r895)
perhaps remain even longer (Lisman and Zhabotinsky 2001). Inasgnwptical
measurement of CaMKII activity by FRET following induction of &t single synapses
(Lee, Escobedo-Lozoya et al. 2009), demonstrated that at the v&r\tieavast majority
of CaMKIl in individual spines becomes inactivated or leaves the spthen minutes of

LTP induction, suggesting that CaMKII is not persistently activated at tiapsyg.

However, it is possible that the recruitment of large numbers bfKllamolecules
into the spine during LTP may mask of the activation statesofial number of NMDA
receptor-bound or PSD-resident CaMKIl in these experiments. Mbtyese CaMKII
molecules may bind sites outside the PSD and their numbers aneefaress of synaptic
NMDA receptors or other potentially important targets. Thesasigat CaMKII
molecules represent over 80% of the CaMKII in stimulated spinegewhey are less

stably localized, turning over with a time constant of approximaial minute (Lee,

10



Escobedo-Lozoya et al. 2009). This is in sharp contrast to anotherstable fraction of
CaMKII molecules, representing nearly 50% of CaMKII in unstinadaspines, which
turns over with a time constant nearly 20 times slower. Accorgingis quite possible
that transient CaMKII may or may not share a common statetiohtion with a small
number of stable, persistent CaMKII molecules localized in hanodoratimsnear the

synapse.

Another particularly intriguing possibility whereby the balaméephosphorylation
may be regulated at the synapse is through positioning or loaatizat the signaling
molecules themselves. As already mentioned, CaMKIl is redrigtendividual spines
during LTP induction (Lee, Escobedo-Lozoya et al. 2009). CaMKIl is oihn¢he
principal molecules of the postsynaptic density, and binds to a nurhbeolecules at
the synapse, including the NMDA receptor, and its activity mayntheenced by this
interaction. CaMKIl dodecamers contain both CaMKIl-alpha and CaNiEl&a, which
also binds and bundles actin fibers (Okamoto, Bosch et al. 2009), suggastin
mechanism for its localization at sites away from the PBkewise, PKA can be
localized at the synapse through interactions with the PSD oktafholecule
AKAP79/150 (Horne and DelllAcqua 2007). In both cases, the localizatiohese t
signaling molecules may position them in nanodomains where theefacently
activated, and also potentially importantly, near the site ofyneériheir physiological
targets, including synaptic AMPA receptors. During LTD induction, ARA/150
translocates rapidly out of spines, and thus PKA targeting to the PSD is loslisTags

the balance between phosphorylation by synaptic PKA and dephosphorylafétiibn

11



the PSD, thus resulting in a net dephosphorylation of these proteigeststavithin the

PSD.

The principle outcome attributed to all this signaling is attesérength of the
synapse. In the CA3-CALl synapse this is primarily due to changgmaptic AMPA
receptor number. Parallel phosphorylation of AMPA receptors by RBKé& CaMKII
(Lee, Barbarosie et al. 2000; Esteban, Shi et al. 2003) are ckdpirgneir insertion into
the neuronal membrane and incorporation at the synapse. Receptotse ni@pped
within the synapse by interactions between the PSD scaffold and CaMKfhargkted

stargazin (Opazo, Labrecque et al. 2010) or the receptors themselves.

In addition to changes in receptor number, a number of other changesatbdar
the spine in concert with synaptic plasticity induction. Perhaps nagably, in many
cases spine morphological plasticity occurs with modificatiosyofptic function. Thus,
LTP is often (Matsuzaki, Honkura et al. 2004; Harvey and Svoboda 2007) buivags al
(Bagal, Kao et al. 2005) accompanied by increases in spine volume, hilli2ris often

associated with spine shrinkage.

In short, alterations in synaptic strength can be induced expealtyetat involve
changes in the structure and function of the synapse postswligpfitie fact that LTP
can be induced by glutamate uncaging specifically at individualpsgsawith no effect
on neighboring synapses, strongly suggests that individual synapsespaige of

autonomous self-regulation. Thus, it seems fair to say that thecutaiemachinery
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required for induction of plasticity at individual synapses may beddceery near the

synapse, and indeed inside the spine.

c. Spines as Compartmentalized Units

Individual synapses can be regulated independently of neighboring syeapsees
as close as a micron away (Matsuzaki, Honkura et al. 2004; ,B&gal et al. 2005;
Harvey and Svoboda 2007; Lee, Yasuda et al. 2010). This feature has both been
demonstrated by multiple labs, and used as a tool to study natoyete of both Hebbian
and homeostatic plasticity. LTP induction at single spines usingngaie uncaging
activates NMDA receptors, leads to a recruitment of glutamateptors (Matsuzaki,
Honkura et al. 2004; Bagal, Kao et al. 2005) and in many caseatasitspine

enlargement by modulation of actin dynamics.

For plasticity to be reliably expressed at one synapse independsnits
neighbors, cross-talk between synapses must be minimized. Thpariscalarly startling
feat, as synaptically induced depolarization of the cellular mamebpassively spreads
along the entire dendrite, and few spine necks are thin enoughtticalgcdecouple the
spine head from the parent dendrite (Harris and Stevens 1988 hladriStevens 1989).
Passive spread of calcium may stretch up to 10 microns alongetirenal dendrite
(Santamaria, Wils et al. 2006), where it may activate siggalascades well away from
the stimulated synapse. Finally, synaptic molecules such as9B8%nd Shank are lost
from the PSD with time constants of 20 to 30 minutes and upon bein§dostone

synapse may be redistributed among neighboring synapses (GrameMWé al. 2006;
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Tsuriel, Geva et al. 2006). Naturally, this occurs much more rafadlynolecules less
tightly bound, such as actin which turns over with time scalestthessa minute, and
other signaling molecules including Ras (Harvey, Yasuda et al.)200&h may

redistribute within seconds.

Given that the basic components of synapses are being constargtyibretid
and shared, how can an individual synapse maintain its identity, and nmtemvecan a
synapse tune itself in response to synaptic activity thaedeives while remaining
unaffected by input at other synapses? A set of papers by HamdeSvoboda shed light
on these questions by testing the distance rules over which symgptt is effectively
shared between neighboring synapses. In the first paper (Harv&yabndda 2007), two
photon glutamate uncaging was used to induce LTP at single desgdnités. By pairing
an initial strong LTP stimulus with a subsequent weak stimulasatghboring synapse,
the investigators demonstrated that information was indeed sharedebethe two
spines, as the normally sub-threshold weak stimulus became sufticienduce spine
growth at the second synapse. In the second paper (Harvey, Yasald2@8), using
two photon Fluorescence Lifetime Imagine FRET (FLIM) followib@P induction at
single spines, they suggested that signaling molecules, in thés Ras, may diffuse
freely along the dendrite, and that the activation radius ectefely limited by the

lifetime of their activation.

On the other hand, the same approach to measure the spread of TRher L

activated signaling molecules has demonstrated that this phenomenoinusiversal,
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and indeed, that many activated molecules, including CaMKIl andZzdnactivate
before leaving the spine (Lee and Yasuda 2009). Thus, while certaiatedtmolecules
may spread quickly enough along the dendrite to reach neighboriags®s, where they
may facilitate the priming of LTP induction, it appears that éh&sromiscuous”
molecules are not sufficient for induction of spine structural gliastor LTP on their
own. Thus, mechanisms must exist to keep the key players in theplagie. Spines
possess ample, stable binding partners for many of the sigmadilegules thought to be
important in regulating synaptic strength. In the case of CaM¥iich accumulates in
spines during LTP induction, it is possible that the spine actuedigtes new binding
sites to prevent activated CaMKIl from escaping stimulated spiibe inactivation
kinetics of activated CaMKIl, while perhaps faster than oaliynthought (Lee and
Yasuda 2009), still approach a minute; this is ample time fan aveolecule as large
(Kolodziej, Hudmon et al. 2000) as activated CaMKII (100 angstroms »>a2@stiroms)

to diffuse freely to neighboring spines.

The spine machinery has several mechanisms to prevent thisofrounring.
CaMKIl may be hampered by the slender neck of many mushrpomess which in
many cases may be as small as 30-50 nm (Harris and Ste9@8isHarris and Stevens
1989) and is often packed with smooth endoplasmic reticulum and actnefils. The
thinness of the spine neck thus makes it an effective barrilee texchange of molecules
between the spine head and dendritic shaft. The effect of the regtkeon diffusional
coupling was first examined by Karel Svoboda in 1996. Fluorescentadexias

photobleached within the spine head and the lifetime of recoveryngasured. Not
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surprisingly, the length of spine necks was found to correlate thé timecourse of
recovery (Svoboda, Tank et al. 1996). A similar correlation wasdfdon calcium
transients in spines following glutamate uncaging (Majewskahiiagt al. 2000).
Interestingly, in this study the rate at which calciunmgrants persisted in the spine head
was observed to change over time with direct relation to ongoingyebam the length of
the spine neck. Bloodgood and Sabatini showed, using 2 photon photoactivation and
imaging of photoactivatable GFP, that the coupling between spims laga the parent
dendrite could change spontaneously over time, and that the couplmgvaatirapidly
altered in response to synaptic input. Intriguingly, the magnitudeecfhanges observed
in this study suggested that something beyond mere lengthenisigopdening of the
spine neck may be responsible for the changes in coupling. Finallyasitbeen
demonstrated that diffusional decoupling by the spine neck extenddaoestgceptors
(Ashby, Maier et al. 2006) and membrane molecules (Rich&edaola et al. 2004).
Although no mechanism beyond mere lengthening of the neck havecbeesively
demonstrated, Richards observed a correlation between the amount afgoagtin-
dependent spine “morphing” and the turnover of a membrane-bound red famdresc

protein.

Thus it is possible that the actin cytoskeleton plays a rolegualating diffusion
within dendritic spines. Spine actin networks are rapidly and pemfiststabilized
following glutamate receptor activation (Star, Kwiatkowski e2@l02; Okamoto, Nagai
et al. 2004). Although the factors that control this stabilizati@unknown, this would

provide a mechanism whereby any actin binding protein, including tediv@aMKII
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containing CaMKII-beta, would be more stably bound within the spine,sllousng the

departure of activated signaling molecules until after they inactivate.

In regards to synaptic sharing of molecules, it is importantdistinguish
activated, information-containing signaling molecules, which mdiaiaisignaling upon
arriving at neighboring synapses, from inactivated, essentiailye maolecules which
may function as simple building blocks when incorporated at a neighbsymapse.
While it may be critical that the neuron sequester the dorset of molecules to spatial
domains where their activity is appropriate, continuous exchangeotg#cules under
steady-state conditions with a pool of molecules located outsideytiepse may be
necessary for fidelity-checking of synaptic molecules. Thé&hmng of inactivation rates
to molecular turnover within spines provides a mechanism wherebycuhedemay be
continuously exchanged while still maintaining localized siggalgradients within

appropriate domains near the synapse.

Thus, the actin cytoskeleton functions either as a diffusion bamrire spine
neck, interacts with membrane proteins in the spine head, or maynihetethe
morphology of the spine neck itself. Actin filaments within the spine neck hagdken
thought of as being straight bundled filaments, as are seelopodia. However, the
Arp2/3 complex has been shown to localize to within the neck, asas/éile spine head
(Hotulainen, Llano et al. 2009) and a recent study utilizing platinepfica electron
tomography (Korobova and Svitkina 2009) demonstrated the existence ahdaan

filaments within the neck. Thus, the actin cytoskeleton may ptetexmining role in the
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length, and possibly the width of spine necks. As the morphology of the regtkehas
been shown to effect the rate of exchange of a variety cdaulels into and out of the
spine (Svoboda, Tank et al. 1996; Majewska, Tashiro et al. 2000; Bloodgabd a
Sabatini 2005; Ashby, Maier et al. 2006), this raises the possithiityregulated actin
polymerization within the spine neck may modulate compartmentalizafi signalling

molecules within the spine head.

d. The Spine Actin Cytoskeleton

Actin has long been recognized as the principle cytoskelempaonent of
dendritic spines (Caceres, Payne et al. 1983), where it ishthoogoe the primary
determinant of spine morphology (Fischer, Kaech et al. 1998; Matug.280@ other
biological systems in which cytoskeletal dynamics have beerestudigreat detail, actin
in spines undergoes continuous treadmilling (Star, Kwiatkowski.&0812; Frost and
Blanpied 2008; Honkura, Matsuzaki et al. 2008), driven by the preferem@jporation
of free cytosolic monomers at plus ends of growing filaments;cthesolic pool is
constantly replenished by the removal and severing of mononoenstifie opposite end
of the filament. Thus monomers polymerized into actin filaments rowstantly away
from sites of depolymerization at the tip and circumferendd@fspine head (Frost and

Blanpied 2008; Honkura, Matsuzaki et al. 2008; Hotulainen, Llano et al. 2009).

This treadmilling drives spine motility (Fischer, Kaech etl@B8; Fischer, Kaech
et al. 2000), as the continuous remodeling of the spines cytoskeletowts resul

morphological changes of spine head shape and protrusions. Importaatyent of
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neurons with jasplakinolide, which stabilizes actin filaments, alsmgates spine
motion, indicating that polymerizing actin is necessary forcthrginuous restructuring of

spine geometry.

In most cell types, extension of unbranched filaments is accdragliby the
formin family, and in neuronal filopodia, the formin mDia2 appears to al&rge role
(Hotulainen, Llano et al. 2009). On the other hand, branching of filameatstmar
barbed end is catalyzed principally by the Arp2/3 complex, aetivéy the neural
Wiskott Aldrych syndrome Protein (N-WASP). Because spines havighadegree of
branched filaments (Fifkova and Delay 1982; Landis and Reese 1983sgumed that
Arp2/3-mediated branching is particularly important there. Indeed, knockdown,
pharmacological inhibition, or mutation of N-WASP drastically regduitee number of
spines (Wegner, Nebhan et al. 2008), and RNAi-mediated suppression Afpt/&
complex selectively reduces mature, mushroom spine density (hhetojdilano et al.
2009). Mechanisms of disassembling filaments appear broadly consasvedell.
Depletion of cofilin via siRNA slows actin turnover (Hotulainetario et al. 2009), and
altering cofilin activity results in misshapen spines (Meng, Zhany 20@2), confirming
the importance of this protein in spines. Thus, comparisons to othaympesd reveal
broadly conserved mechanisms of actin regulation that control sparphatogy.
However, rather than merely using these mechanisms to coptn@ shape, neurons
spatially, temporally, and molecularly adapt them to coordinateeasdi array of actin-

dependent processes within the microscopic confines of the spine.
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Both polymerization-driven spine motility and the continuous treadmilbhg
spine actin filaments have been observed to halt rapidly follovatigasion of glutamate
receptors. Measurement of spine actin behavior has revealdgtidlgiine actin network
is stabilized following the activation of glutamate receptorsindgJsFluorescence
Recovery after Photobleaching (FRAP) of actin-GFP, Venky Migtlap showed first
that actin filaments within individual spines turn over continuously @itime course of
less than one minute (Star et al, 2002). This exchange of actin ram@ould be
abrogated by the actin stabilizing drugs jasplakinolide and cgtasin D. Application of
NMDA or electrical stimulation resulted in rapid stabilizatiohactin filaments within
the spine. The Hayashi lab demonstrated that LTP-like stimulltresan increase in
FRET efficiency between —CFP and —-YFP tagged actin monomers, ashé&miD
inducing stimuli resulted in a decrease in FRET efficiencyaf@ito, Nagai et al. 2004).
They concluded that spine morphological changes were due to changegmerization
state of the actin cytoskeleton. Honkura further demonstratedt#mlization of actin
tagged with photoactivatable GFPs could be induced through glutamateingncag

(Honkura, Matsuzaki et al. 2008).

These studies suggest that modulation of the structure of spinenativorks
accompany the induction of synaptic plasticity. We know that gudlgmerization is
required for the maintenance phase of LTP (Fukazawa, Saitol2608), as application
of latrunculin A immediately after the induction of LTP has bebserved to result
failure to maintain expression of LTP over 30 minutes. This hasdi&désuted to a role

for actin in maintaining a perisynaptic pool of AMPA receptbe is required for LTP
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expression (Yang, Wang et al. 2008). Whether the stable poottfmtned during LTP
induction is the pool that is required for its maintenance remaingarmbowever,
particularly since a number of studies have now shown that activedsding of the

spine actin cytoskeleton by Cofilin are required for LTP induction (Gueteé 2010).

Activity-dependent stabilization of spine actin could potentiallyekplained by
several mechanisms. In the lamellipodium of migrating cellsyysive force generation
by the actin cytoskeleton depends on the strength of the interabBbmeen filaments
undergoing retrograde flow and adhesion complexes. The strengtk ofténaction thus
determines both the rate of protrusion of the cellular membratie d&ading edge and
the migration rate of moving cells. Stabilization of the actimoskeleton through
activation of a number of actin binding proteins could prevent seveyifgob/Cofilin.
On the other hand, inhibition of polymerization-mediating factors cdaWd the addition
of new monomers to existing actin filaments. Alternatively, asde of filaments by
proteins such as myosin Il (Ryu, Liu et al. 2006) could draniticafluence the

protrusive force generated by new monomer addition.

Besides altering the dynamics of individual filaments, attbwaof actin binding
proteins has the potential to dramatically influence the structutbe actin network
through cross-linking and bundling of filaments. Another interpretationhahges in
FRET signal accompanying plasticity is that changes inghne sactin network structure
may increase the interaction or proximity between neighboriagnénts. One prominent

molecular candidate which may mediate increased filamens-tindsng is CaMKIl,
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which has been shown to cross-link actin filaments in vitro (OkamotahBsisal. 2009).
CaMKIl is recruited to spines during LTP induction, where it may bind to actméifas.
In addition, CaMKII overexpression or knockdown has been shown to inflestice
turnover rates in spines. The acute effect of CaMKIl activabiomhibition on actin
filament stability in spines has not been tested, so the possieititgins that CaMKII
action on actin cytoskeletal dynamics is indirect through promoti@piae and synapse

maturation.

e. Regulating the Structure and Function of Actin Networks
Actin

Actin exists in two forms: globular, monomeric G-actin which lfregiffuses in
solution and filaments composed of chains of polymerized monomedesl daactin.
Regulatory mechanisms governing the structural dynamics of filaments has been
finely tuned, and the critical nature of this tuning is evidenced®yéct that the amino
acid sequence of the 43 kD, 375 amino acid skeletal actin is wrtuathanged between
chickens and humans (Reisler and Egelman 2007), and further by theatianyinding

proteins that are also conserved.

Actin filaments are organized as two protofilaments which wrapral each other.
Filaments may be branched through the action of Arp2/3, bundled byngreieth as
alpha-actinin, organized into more complex structures such as Shess (Hotulainen

and Lappalainen 2006), permitting their function in diverse roles includotgupive and
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contractile force generation, obstruction of molecular diffusion anfbitdion of myosin

based transport of cargo over long distances within the cell.

A basic biochemical tenet of actin function is the prefereatigition of monomers
to the barbed end of filaments. Polymerization is diffusion-dependent,therefore
dependent on the concentration of free monomers. In the absence aénfdam
polymerization is unfavorable, as actin dimers and trimers arahlas{Pollard and

Borisy 2003). However, once polymerization is initiated it proceeds rapidly.

ATP-bound actin monomers have a 7-fold greater affinity for thbdaaend of
filaments then the pointed end, providing the physiological basistfeadmilling” or
motion of polymerized monomers along a filament driven by net addfiemonomers
to the barbed end and loss at the pointed end of the filament. Oncponated into
filaments, hydrolysis of ATP occurs with a time constant of aBasgconds (Blanchoin
and Pollard 2002). Inorganic phosphate dissociation is much slower (350 seconds
(Carlier and Pantaloni 1986)). Together, these processes magean internal timer
for the age of actin filaments which may drive actin filams&nictural plasticity (Kueh
and Mitchison 2009) and also regulate the binding of actin regulptotgins such as
Cofilin to points of varying distance from the site of polymerization. Fipalthough the
biochemical properties of the actin molecule itself support tréagnin vitro, the
presence of actin regulatory proteins may hasten this processdly two orders of
magnitude making them indispensable for the physiological roles of atiim

cytoskeleton within the cell.
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Actin exists in three isoforms, which share 90% homology in thein@ acid
sequences. Alpha-actin is found mainly in muscle where it functisngart of the
contractile apparatus. Beta and Gamma form the building blocksto$keletal thin
filaments in non-muscle cells. Hippocampal and cerebellar neuxpnsss high levels of
MRNA for both beta and gamma actin isoforms and the mature protdedd by both
genes are selectively targeted to the dendritic spine cgtaplia contrast, alpha actin is
not expressed in neurons, and when exogenously expressed is nodtangspenes

(Kaech, Fischer et al. 1997).

These proteins differ only in 4 residues at the C-terminus, whipdpests that there is
a great deal of functional redundancy between the two isoforndeedin although
mutation of the gene encoding gamma-actin has been linked to a progriEsm of
hearing loss (Zhu, Yang et al. 2003), mice in which the gamma-iaoform has been
genetically ablated are viable, and are able to compensatieidatteficit in most cases

through upregulation of the beta-actin isoform.

However, although hair cells develop stereocilia normally,ldes of gamma-actin
leaves them unable to repair noise-induced damage to the core Staatiture of the
stereocilia, leading to progressive deafness (Belyantsevan R¢ral. 2009). Protein
carrying disease-causing mutations appears to be capable of natiomponto stress-
fibers and into the lamellipodial cytoskeleton, although it cantrestiie formation of “a
large cytoplasmic clump” of polymerized actin (Morin, Bryan [et2@09). In addition,

the ability of certain actin binding proteins, including tropomyosijind gamma-actin
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filaments is also altered. It is unclear whether pathology iga@lsequestration of protein
outside the stereocilia, or the inability of specific actin-bigdproteins to interact with
the mutant protein and initiate repair of damaged cilia. Morealtough fluorescently
tagged beta actin has been widely studied in spines of Hippocampahsgboth the
dynamics of gamma actin isoform and the effect of gamma-aatorporation on beta-

actin dynamics or synaptic function has is unknown.

However, the roles of a vast array of actin binding and regulptmigins have been
extensively studied, and a selected group of these proteins wilkbesded belown
vitro, actin polymerization and actin-based motility can be initiated bore set of actin
binding proteins. These proteins are actin, the Arp2/3 complex, proflpireg protein,
ADF/Cofilin, and an activator of the Arp2/3 complex such as Scavasp (Pollard and

Borisy 2003). These proteins will be discussed first.

Arp2/3

The Arp2/3 complex was originally identified in 1994 as a sét dbsely associated
proteins including actin related proteins 2 and 3, and 5 other proteins (p40, p3 @21,
and p16 (Machesky, Atkinson et al. 1994). This protein complex is a cemoergoint
for many cellular signaling pathways and is required for theévadmon of actin
polymerization by small guanine nucleotide binding protein cdc42 R&datgi et al.
1998) and for the recruitment of polymerizing actin to the sudaastracellular Listeria

(Welch, Rosenblatt et al. 1998). It localizes to the lamellipodd@imigrating cells, and

25



to the growth cone and dendritic spines of neurons (Racz and Weinberg 288w

Nebhan et al. 2008; Hotulainen, Llano et al. 2009).

The complex dimerizes and thus is capable of binding to the pointed gnooeihg
filaments and nucleating new branches, which diverge from patantefts by a 70
degree angle. New branches grow rapidly once initiated byi@adit monomers to their
barbed end, and repeated branching can lead to the elaborate devidcdiias found
within many cellular compartments where dynamic actin polyagdan occurs,
including the lamellipodium and dendritic spines. The Arp2/3 complex hasdieetly
observed at these branch points by electron microscopy (Blanchoemret al. 2000;
Cai, Marshall et al. 2007). Thus, the action of the Arp2/3 complexsahkoth the
complexity of the actin network, and may increase and distributeapability of the
polymerizing actin network to generate force by dramaticaltyeasing the number of
barbed ends where new monomers may be incorporated. The presencevatidraof
the complex has been demonstrated to be critical to proper developrdemiaturation
of spines and synapses (Kim, Sung et al. 2006; Wegner, Nebhan 00d).
Accordingly, knockdown of Arp3 (Wegner, Nebhan et al. 2008) and its upstream
activators n-Wasp, cdc42, and WAVE1 in young cultured neurons inhibited the
development of spines as well as PSD95 puncta. Similar effectsbe@ve observed
following the knockdown of the Arp2/3 complex subunit p34 (Hotulainen, Lland. et a
2009). In general, knockdown of all of these proteins in young neurongsrasuh
distribution of less mature spines and synapses, with an increasdzkr of filopodia

and a decrease in the fraction of synapses that take place oroomspines. The role
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of the Arp2/3 complex in maintaining developed synapses is ledsisked, but should
be aided by the recent development of specific pharmacological torsibiNolen,

Tomasevic et al. 2009).

WASP/WAVE

The Wiskott-Aldrich syndrome protein (WASP) family includes a numbé
members that promote polymerization of the actin cytoskeleton thiigiation of the
Arp2/3 complex. The family, which includes WASP, neural-WASP (N-WA&nd the
WASP-family verprolin homologous proteins (WAVES), activates thegation of new
branched filaments by the Arp2/3 complex. Both WASP and N-WASP bind PIP2 lthroug
a pleckstrin homology domain, cdc42 through a GBD domain, a G-actin binding
verprolin homology domain, and a C-terminal acidic segment, througth winey bind
and activate the Arp2/3 complex (Miki and Takenawa 2003). Coordinated eohcfi2
PIP2 binding activates N-WASP, which releases an autoinhibitory doaikiwing it to

bind and activate Arp2/3 (Rohatgi, Ma et al. 1999).

In neurons, N-WASP is thought to regulate the development of spidesyaapses
through activation of Arp2/3-mediated nucleation of branching filamey®&/ASP is
targeted to dendritic spines and colocalizes with postsynaptic yigmsieins such as
PSD-95. Knockdown of N-WASP or treatment of immature neurons witbnihr
application of wiskostatin, an N-WASP specific inhibitor, dramdfycdlecreases the
number of excitatory synapses that develop (Wegner, Nebhan et al. 2608ith the

Arp2/3 complex, the role of N-WASP in the maintenance of developsabsgs has not
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been studied. Furthermore, it is unclear what fraction of adéiméints are nucleated by
Arp- and WASP-dependent mechanisms, and the precise locationsef fileenents

within spines is unknown.

Profilin

Profilin, the first actin binding protein to be shown to associatie mbnomeric actin
(Carlsson, Nystrom et al. 1977) exists in 4 isoforms, of which pradfilis expressed
primarily in the brain. Profilins are 14-16 kDa proteins which aitecal to the function
of actin networks in cells through their ability to bind G-acamd enhance
polymerization through the catalysis of ATP addition (Goldschmidtr@bnt, Machesky
et al. 1990).The local activation of profilin mediated nucleotidehamnge by PIP2,
coupled with the competing stabilization by Thymosin beta 4 (Goldsiti@ermont,
Furman et al. 1992) provides a general mechanism for the spagidhtion of actin

dynamics within the cell.

Within neurons, Profilin interacts with postsynaptic scaffolding aales at both
inhibitory (Mammoto, Sasaki et al. 1998)) and excitatory synafdseah(ff, Sassoe-
Pognetto et al. 2005). Notably, both profilins | and Il are recruiteal spines in an
activity-dependent manner (Ackermann and Matus 2003; Neuhoff, SBsgoetto et al.
2005) where they may contribute to the temporary stabilization of letments and

spine enlargement that occur during LTP.
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Capping Protein

Capping protein forms a heterodimeric complex that binds to the bamukdf
growing actin filaments, preventing the loss of polymerized morm®inem that end and
effectively regulating assembly at bound filaments (Wear, a&mta et al. 2003).
Capping protein is one of the core factors necessary to reconstitutbasxtich motility of
listeria and shigella (Loisel, Boujemaa et al. 1999). As cappintein stabilizes actin
filaments and prevents their growth, its requirement in actindbasaility and force
generation at first seems contradictory, but there are a munhbedirect mechanisms
whereby capping of barbed ends is critical for the force geaoerafi dynamics actin
networks. One such mechanism is likely to be the inactivation antiztabn of barbed
ends at secondary or unnecessary sites of polymerization. Réphemt of the pool of
monomers through severing and removal of polymerized actin gpdimed end of
filaments is also necessary for actin-based motility. likedy therefore that capping of a
large percentage of the barbed ends within a network prevents the intorpafa
monomers into regions of the network where force generation is adedeA second,
less obvious but probably the most critical, relates to the opposeg<tif the Arp2/3
complex and capping protein on the actin network. As the Arp2/3 confiyphetions
through the nucleation of new branches with the resulting additiomewabarbed end
with each branch, uncontrolled branching would rapidly result in an expahetiease
in the number of barbed ends within the network, thereby exponentialigaseng the
growth rate of individual filaments in a system where the suppWTP-actin is rate-

limiting (Pantaloni, Boujemaa et al. 2000).
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Like the Arp2/3 complex, capping protein localizes to spine headspatidare
thought to play a role in the initiation of spine growth due to thessgmce in the
majority of filopodial spine precursors (Korobova and Svitkina 2009). Theemeesof
Arp2/3 and capping protein in dendritic filopodia (Svitkina, Bulanova eR@0D3) is
interesting due to their exclusion from lamellipodial filopodia (8wa and Borisy
1999), suggesting that spine precursor filopodia are functionallyhdidtiom other
forms of filopodia. Regulation of actin dynamics within the spine hedikely to be
important both in the spatial localization of active filameneaddy as well as the rapid
regulation of global assembly within the spine head. Howeveriletbiavestigation of
the role of capping protein function on the maintenance of synaptitidonar spine

morphology has not been performed.

ADF/Cofilin

The actin depolymerizing factor and cofilin are two closelsteel filament severing
agents present in dynamic actin networks. Cofilin is one of the mateins necessary
for actin based motility of shigella and listeria (Loisel, Bowga et al. 1999). Cofilin is
inactivated through phosphorylation by LIMK, a serine/threonine kinasaioorg LIM
and PDZ domains, at serine 3 (Yang, Higuchi et al. 1998; Yang, Higuck. 1998).
Dephosphorylation of this residue by phosphatases such as slingshateaativin-
mediated actin disassembly at the pointed end of actin filaméaé&n( Liu et al. 2010).
Cofilin activity thus is necessary for remodeling of theraogtwork, and is responsible
for the replenishment of the cytoplasmic pool of free actin monon#esssuch,

expression of phosphomimetic inactive form of cofilin, with glutansatbstituted for
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Ser3 hinder actin-based motility, whereas constitutively actofdirc enhances actin
polymerization, increasing the movement rate of migrating ¢€léslier, Laurent et al.
1997). Local activation of caged cofilin results in cytoskeletalogeling which may
determine the direction of cell migration (Ghosh, Song et al. 2064}y lthrough the

local generation of free actin monomers.

In neurons, NMDA receptor stimulation results in transient aabinabf Cofilin
through dephosphorylation of Ser3 that mediated by activation of slingshot
Calcineurin (Carlisle, Manzerra et al. 2008), thus inducing agtilépendent remodeling
of the spine actin cytoskeleton. A number of observations have madmitticht this
remodeling of the actin cytoskeleton necessary for activitysubge synaptic plasticity.
Loading postsynaptic neurons with phalloidin, an actin-stabilizingntdxas been
reported to prevent the induction of NMDA receptor-mediated LTDthEumore,
inhibitory peptides of cofilin, which would be expected to prevent cofiépendent
remodeling of the spine cytoskeleton, also potently block LTD (MorisMtxie et al.
2005). Injection of inhibitory peptides for calcineurin, which act upstretoofilin, also
block NMDA receptor dependent LTD, as did injection of actin Brahg drug
jasplakinolide (Wang, Yang et al. 2007). Further evidence that thiessary
reorganization is mediated by cofilin comes from the observahiah knockdown or
inhibition of slingshot reduces AMPA receptor-mediated excitatorysgnaptic current
(EPSC) amplitude and prevented the induction of synaptic plasfiitgn, Liu et al.
2010). Thus, cofilin mediates active remodeling of the actin cytetkelthat is

necessary for synaptic plasticity. It is clear that remadedif the entire spine network is
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not necessary, as LTD changes in spine size are dissociabld. Tfidnmduction itself
(Sdrulla and Linden 2007; Yuen, Liu et al. 2010). However, the nature and location of the
specific networks involved in AMPAR insertion or removal from thembrane remains

unclear.

f. “A network of networks: cytoskeletal control of compartmentalized fundion

within dendritic spines.” Adapted from Frost et Blanpied, 2010.

Actin roles specifically at the PSD

At excitatory synapses, a collection of multi-domain scaffoldgimstcomprises
the core of the postsynaptic density (PSD). The PSD positiotesngite receptors in
close apposition to the presynaptic active zone and provides a scaffosyrfaptic
signaling molecules. Larger PSDs are generally more morghallygcomplex, include
more glutamate receptors, and are closely correlated witerlapggne heads. Thus, the
size and shape of the PSD not only directly control synapse funitiomay also seed

organization of the remaining areas of the spine.

Actin filaments are closely associated with the PSD, appgreohtacting it
directly (Fifkova and Delay 1982; Capani, Martone et al. 2001). Thikseents are
involved in several distinct mechanisms of PSD regulation. Inhibitiggolyimerization
with latrunculin destabilizes synapses in an age-dependent fashiang(énd Benson
2001), and prompts the dissociation of AMPA receptors (Allison, Gelfaradl 4998;

Kim and Lisman 1999; Zhou, Xiao et al. 2001) and PSD proteins (Allisonyi@hetral.
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2000). Within minutes of latrunculin treatment, enough time for onefewacomplete
cycles of treadmilling on spine actin filaments, approximately bof the PSD-bound
Shank, GKAP, and homer 1c (PSD-Zip45) is lost (Kuriu, Inoue et al. 280)risingly,

this occurs without affecting the molecular exchange rate ofetimaining 50% (Kuriu,
Inoue et al. 2006), and with only partial loss of AMPA receptotbs@, Gelfand et al.

1998; Kim and Lisman 1999; Zhou, Xiao et al. 2001).

Whereas the loss of AMPA receptors could involve actin-dependenegses
outside the synapse, the immediate influence of depolymerization Drp&in copy
number is strong evidence that actin filaments act directtheatPSD. However, the
latrunculin-insensitive subset of PSD molecules is poorly understdaterestingly,
latrunculin does not affect the stability of PSD-95 (Kuriu, Inoualef006; Blanpied,
Kerr et al. 2008), presumably because of the protein’s direatiaisn with the plasma
membrane or transmembrane proteins. Thus, the intermolecular bindiagaibld
molecules that is the foundation of PSD architecture is appareatlhsufficient to
maintain GKAP, Shank, and HomerlC in the absence of polymeriztimg &0, while
interconnected, the PSD is not entirely cohesive. Instead, ithmagrganized into
functional subsets that are partially autonomous, allowing dispersablaicules from
PSD subcompartments. Alternatively, it may comprise interlinkaaina, with
interfaces that require constant support from actin-driven procdglgesuring PSD
internal organization and determining the role of cytoskeleton fableshing this

organization are important goals for understanding synapse architecture.
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An important, additional mechanism for cytoskeletal regulationhef RSD is
clear from high-resolution time-lapse imaging of PSD morphologypr&ingly, even at
synapses in mature neurons (i.e., synapses that on average persisir daeeks
(Minerbi, Kahana et al. 2009)), the morphology of the PSD undergoes contrhange
on a time-scale of seconds to minutes (Blanpied, Kerr et al. 2(&8§) 1.1A).
Nevertheless, depolymerization of actin filaments rapidly hattgoing morphology
changes (Fig 1.1B), as does stabilization of filaments waplg&inolide. Notably, these
changes do not tightly correlate with changes in spine morphologgréuegulated by
changes in synapse activity (Fig. 1.1C). Thus, the PSD behavesaagasbody but as
a flexible matrix, the shape of which is continuously adjusted pyamics or
treadmilling of the actin cytoskeleton. Importantly, these adtiven changes in the
overall size of the synapse occur much more rapidly than fluohsaiin scaffold protein
copy number (Kuriu, Inoue et al. 2006; Blanpied, Kerr et al. 2008). Acagxdliit is
likely that morphological distortion acutely regulates the deneityPSD scaffold
molecules, potentially within subdomains (Blanpied, Kerr et al. 2008aBecthe local
density of PSD molecules at the nanometer-scale plays an anpode in receptor
confinement and mobility in the synapse (Ehlers, Heine et al. 200[ér Bnd Choquet
2008), actin-driven change in the shape of the PSD may influencaligmnent of

presynaptic and postsynaptic elements.
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Figure 1.1:Actin regulates the PSD scaffold, and acts at othedistinct locations
throughout spines.
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(a) Individual PSDs undergo morphological changes apamed by internal changes
scaffold protein density. Hippocampal neuron foureks in culture, transfected w
PSD-95GFP, and imaged by confocal microscopy. Color sshtevs the proportion «
total PSD95 molecules per 10 nnt in the image (spatial scale barurh). Panels (a)—
(c) adapted from Blanpieet al., copyright 2008 National Academy of Sciences, U
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Though NMDA receptors can attach to actin via lg&ngtermediate act-
binding proteinssuch as alpt-actinin (Wyszynski, Lin et al. 1997AMPARSs in the
synapse generally contact the cytoskeleton thr&R@P scaffold proteins (via P-95 to
citron or SPAR PRak, Yang et al. 20(), or via GKAP and Shank to cortac (Naishitt,

Kim et al. 1999) Bpix, or oligophrenin(Tada and Sheng 2006%iven that actin bot
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regulates PSD scaffold composition and drives changes in oveialsR8 and shape,
how might these aspects of actin function control synaptic AME&pter number? One
possibility is that this control stems from regulation of PSD mmsition and molecular
positioning. Importantly, AMPARs reach the postsynaptic membraneughr free

diffusion from extrasynaptic sites (Triller and Choquet 2008), but tmeg reach the
PSD, their motion is considerably slowed. Receptors are likedynezt within the PSD
both by direct interaction between binding partners such as PSBd9&targazin (Bats,
Groc et al. 2007), and by steric hindrance to free diffusion dueotedang within the

molecularly dense postsynaptic membrane. In fact, the motion of exegenous
proteins linked to the external leaflet of the plasma membrartendered by steric
obstruction when these molecules enter the synapse (Renner, Chogle?@d9).

However, this obstruction is reduced by latrunculin A (Renner, Choquat 2009),

suggesting that actin-mediated changes in scaffold densityotbetravior of membrane
proteins like receptors even in the absence of high affinity biniditegactions. Thus,
actin-mediated control of PSD scaffold density by component releassofAllChervin et
al. 2000; Kuriu, Inoue et al. 2006) or by flexing (Blanpied, Kerr e2@08) may tune the
ability of the synapse to retain AMPARs (Allison, Gelfand|etl898; Kim and Lisman

1999; Zhou, Xiao et al. 2001). .

Segregation of actin function in spine membrane subdomains
Perisynaptic membrane
Single-particle tracking has made clear that receptors outsgdsynapse, even

those very near it, for the most part diffuse nearly freathiwvthe plasma membrane
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(Tardin, Cognet et al. 2003; Triller and Choquet 2008). However, uspecific

circumstances, actin polymerization may directly restrict tiwtion of extrasynaptic
AMPARs. The regulation of spine or spine neck morphology by actinhmlp/to trap

membrane proteins passively within the extrasynaptic spine nmeml{Bloodgood and
Sabatini 2005; Ashby, Maier et al. 2006). However, the cytosketapnmore directly
influence the distribution of AMPAR in the extrasynaptic memhr&te instance, the
increase of receptors in the synapse during induction of long-teent@dton depends
on delivery of AMPA receptors to a unique “pool” near but outside thepsg(Yang,

Wang et al. 2008). Remarkably, whereas delivery of receptors fmttavas insensitive
to latrunculin, latrunculin application after the induction stimulus dsgsethe receptors
and prevents synaptic potentiation. While the precise moleculdnamsems by which
actin anchors this receptor pool near the synapse are uncisarpitlikely to be merely
through control of spine morphology. This is clear because treatment with lditnumo

minutes following LTP induction resulted in a loss of these permdymeeceptors and a
decrease in potentiation, but did not block the LTP-associated iacmeaspine size
(Yang, Wang et al. 2008). The site of this actin-dependent adation is unclear, as is
the role of receptors themselves in establishing the accumuldlioe. interesting
possibility is that GIuAl receptors themselves, through protein atiens with their C-

termini that are triggered by LTP induction, may help stabgizen filaments (Kopec,

Real et al. 2007).
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Non-synaptic spine membrane

The details of potential spine membrane specialization outsideP$i2 are
largely uncharacterized. However, one clearly defined spine sohregjithe endocytic
zone (EZ), a point of persistent accumulation of clathrin several édntiinometers
outside the synapse, where AMPAR endocytosis takes place (RlaSgiett et al. 2002;
Racz, Blanpied et al. 2004; Lu, Helton et al. 2007). Molecular pettonisathat displace
EZs from their normal close association with the PSD resullyimapses that contain
fewer receptors, are smaller, and undergo less robust LTP (LtonHet al. 2007).
Though strong roles of actin in endocytosis (Kaksonen, Toret et al. B0gB) suggest
that the cytoskeleton anchors or seeds the location of the EZ, latnudoek not alter
the perisynaptic positioning of the endocytic machinery within sgiBlesipied, Scott et
al. 2002). In fact, dynamin 3, an endocytic large GTPase, is regiareBSD-EZ
positioning, but its binding to the actin regulatory protein cortactithsigensable for this
function. Thus, this resistance to latrunculin may indicate thaPARI endocytosis in
spines requires actin polymerization only in sporadic bursts duriteynalization,

contrast to the need for ongoing polymerization to maintain the PSD.

If synaptic AMPA receptor stabilization and endocytosis are eaghlated by
actin polymerization, are there common molecules that coordinat tthesprocesses?
Recent evidence supports this idea. Rocca et al. [36] found thaARe&main protein
PICK1, previously known to regulate AMPAR trafficking, binds to aetnd inhibits the
Arp2/3 complex, and that this negative regulation is important for AM&ceptor

endocytosis. Importantly, the efficacy of PICK1 inhibition isosgly enhanced by

38



concurrent binding of PICK1 to the C-terminus of GIuA2. This causesahinhibition
of actin branching, and, potentially with contribution from the PICKARBdomain,
facilitates progression of clathrin-mediated endocytosis. ©@mmgi with this model,
ShRNA targeted against PICK1 blocked endocytosis of GIuUA2 porse to a chemical
LTD stimulus (Rocca, Martin et al. 2008). Thus, it may be that following LTD inaluct
PICK1 can facilitate rapid and efficient synaptic removal sigsequent endocytosis of

AMPA receptors.

An important question is where inhibition of Arp2/3 by the GIluA2-PICK1
complex takes place. One intriguing possibility is at the PS&tlly;, where inhibition of
ongoing Arp2/3-mediated branching could transiently destabilize &®ponents and
help free receptors for migration to the endocytic zone during. LHOwever, it is not
clear whether mobilization of receptors between the synapsdhandndocytic zone
during LTD is influenced by non-synaptic actin. Thus, alternativedysient inhibition
of Arp2/3 may facilitate extrasynaptic receptor mobility. Ardhpossibility is that actin
branching may act as a constitutive negative regulator of endscytaestablishment of
a cortical actin barrier; transient disassembly of thisigraloy inhibition of Arp2/3 at the
endocytic zone could facilitate the maturation of coated pitscthratin GIuA2. Testing
these hypotheses will require discrimination of actin molecularachics in spine

subregions.

Spine-localized endocytosis is well established, but the role of AP

exocytosis into the spine plasma membrane is under intense cotsd@Park, Salgado
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et al. 2006; Yudowski, Puthenveedu et al. 2007; Wang, Edwards et al. 2008akinp

et al. 2009; Makino and Malinow 2009). However, AMPAR and transfeaaoeptors
undergo activity-triggered exocytosis from large organelles tiirectspines of cultured
neurons at zones of clustered syntaxin 4 lateral to the PSD (Keribadidson et al.
2010). Actin directly binds syntaxin 4 (Jewell, Luo et al. 2008) and aézpiits plasma
membrane clustering (Low, Vasanji et al. 2006). Syntaxin 4 3 falsnd in Rab11-
positive endosomes (Band, Ali et al. 2002), though whether this &editor retards
exocytosis of these organelles is not known. Thus, whether actinglays at sites of
exocytosis near synapses in neurons remains to be determined, dindeitimvportant to

distinguish whether actin independently or coordinately regulates bottytexis and

endocytosis at distinct zones of the spine membrane.

Distributed sites of actin function during receptor trafficking

Intracellular mobilization of organelles and vesicles to, from, aitlimthe spine
requires myosin-based motors that move cargo along actin filanhdyasin transport is
directionally specific along the filament, and so the distributighin spines, the length,
and the orientation of flaments dictate the molecular requirenséritansport. Myosin
VI is required for efficient endocytosis in many cells (Has20663), and for clathrin-
mediated AMPAR endocytosis in neurons (Osterweil, Wells et al.)2@¥cause it
walks towards the pointed end of actin filaments, myosin VI could @esicles inward
from the membrane on filaments with barbed ends polymerizing amémsbrane, a
likely orientation. Because latrunculin does not obviate AMPAR eytdsis, it may be

that filaments required by myosin VI are more stable than thms#ved in securing
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receptors at the synapse (Cingolani and Goda 2008). In fact, gemeo& shorter,
branched filaments may compete with long filaments ideal fgnsm-based transport
(Cingolani and Goda 2008). If so, then the localized inhibition of Arp2/3fdtditates
endocytosis (Rocca, Martin et al. 2008) may do so by permittingssembly of longer
filaments that more easily transport myosin VI-driven endoasggicles away from the

membrane.

A number of potential myosins have been proposed to mediate ffineking of
endosomes in the spine (Correia, Bassani et al. 2008), including mybs{Wang,
Edwards et al. 2008) which walks toward the barbed end of actin filam€&hts, a
potential regulator of endosome traffic in spines is not mettedy density but the
orientation of polymerizing actin filaments within the spine héacddition to myosin-
dependent traffic, exocytosis may be regulated by other actin-depengsniEstecytosis
of GIuA1 AMPARSs requires the actin-binding protein 4.1N, which bindShoAl at
phosphorylated, membrane-proximal residues (Lin, Makino et al. 2009)ugedalN is
member of the large FERM domain actin/spectrin-binding familg, shggests a further
role of cytoskeleton in exocytic AMPAR trafficking. It will benportant to determine

whether this regulation occurs at the membrane or during prior organellezaiodii

Other organelles important for spine function, including mitochondria Aglatt

and Kittler 2010) and mRNA granules (Bramham and Wells 2007),lsoen@obilized

within spines, often via myosin-dependent transport. Regulation of atameht
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assembly, branching, and length at distributed locations withirpthe san thus actively

control spine organelle trafficking.

Actin in other regions of the spine

Ongoing actin polymerization has been implicated in the mainteransgine
function at other locations, including the spine neck and spine apparptns. rigcks
have traditionally been thought to contain linear bundles of actin filapand actin-
bundling proteins such as neurabin/spinophilin affect filopodia outgrowth ame spi
morphological maturation (Terry-Lorenzo, Roadcap et al. 2005). Howeaamntr work
has highlighted the presence of anti-parallel (Hotulainen, Lland. &089) or even
branching (Korobova and Svitkina 2009) networks in the spine neck, suggestinge
complex neck cytoskeleton. This actin network within the spine nedkely to play
several roles. First, because the orientation of actin filantetésmines the direction of
travel of specific molecular motors carrying cargo during igt(Correia, Bassani et
al. 2008; Wang, Edwards et al. 2008), heterogeneous filamentatioe may facilitate
motion through the neck based on diverse myosins. However, locations ickheheze
pointed ends of antiparallel filaments abut one another may asrtitters, since only
organelles carrying more than one kind of motor could transit thradbgbond, neck
morphology, presumably actin-dependent (Meng, Zhang et al. 2002), cotfimls
diffusion of both receptors (Ashby, Maier et al. 2006) and cytosnbecules or Ca

ions (Majewska, Tashiro et al. 2000; Bloodgood and Sabatini 2005).
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The spine apparatus, a specialization of smooth endoplasmic retiéolunth in a
subset of mushroom spines (Spacek 1985; Deller, Korte et al. 20033p@adsd with
dense, filamentous actin (Capani, Martone et al. 2001) and thegasttidin binding
protein synaptopodin (Kremerskothen, Plaas et al. 2005). Deletion of cyodiot
eliminates the spine apparatus and reduces hippocampal LTPr(Beltee et al. 2003),
though the precise role of the spine apparatus remains a mystéry filaments at the
spine apparatus are a candidate for what may constitute thdracteon of rather stable
spine actin that is regulated during LTP (Honkura, Matsuzaki €08B), and it will be
important to determine whether the bulky spine apparatus and ass@attefilaments

may regulate transit of organelles through the spine neck.

g. Summary and Hypothesis

The myriad of actin binding proteins present in the spine provide athwef
molecular tools whereby actin dynamics may be regulategsponse to different sets of
stimuli. The convergence of multiple signaling pathways onto multiggulatory
proteins of the actin cytoskeleton permits the regulation of &f@mwhich sub-serve a

variety of functions within the spine.

One possible model is a single network of filaments encompasgngntire spine,
which is regulated as a whole, thus affecting its functional rategarious locations
within the spine. However, the actin-dependent processes within derspities are
temporally and spatially heterogeneous. Furthermore, wherdasndtiction depends on

rearrangement of parts of the actin cytoskeleton, it is thedrwidespread alterations in
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the spine actin network are not required, as LTP induction is disgadimm spine
enlargement. Alternatively, actin structures within spines athear systems (Galbraith,
Yamada et al. 2007), may be regulated on nanometer spatial calegorm specific,

localized functions.

| propose a model in which actin networks within individual dendritic espimave
multiple points of control at distributed locations, allowing regafatof parts of the
network within specific spine subdomains. In particular, actin filtsenay be regulated
independently at the PSD, allowing localized cytoskeletal tstre€ which may be
involved in stabilization of synaptic AMPA receptors or PSD morphola@m
composition. | hypothesize that actin at the synapse is dynamk,that filament
assembly is regulated at this location by mechanisms exigtithgn the postsynaptic
density. This provides a mechanism for direct modulation of synagptic &nd function
by actin. By extension, | propose that regulated assemblyet sites within the spine
may be responsible for actin-dependent processes that do not dimectiyeithe synapse

proper.

A number of predictions can be drawn from this hypothesis. Firsedigied that
polymerization will take place at the PSD. Previous studiee haeasured actin
dynamics (Star, Kwiatkowski et al. 2002) or structural featwfepolymerized actin
(Okamoto, Nagai et al. 2004), but have lacked sufficient resolutialiistmguish actin
dynamics at subregions within the spine. To overcome the obstaglatial sesolution, |

have developed a collection of high resolution optical assays for ngag@ motion of
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actin and other molecules within spines. Specifically, | havezedtiliPhotoactivated
Localization Microscopy (PALM) to define the sites and raiésctin polymerization
within spines at high resolution. PALM is a single molecule imgd¢échnique that uses
photoconvertible probes converted at low density so that individual molecaebe
discriminated and localized in each fraifiegure 1.2) Each single molecule can be
localized with a high degree of accuracy (tens of nanometers). gfhtba acquisition of
many hundreds or thousands of frames and molecules, images candbecdeat
resolution far surpassing conventional optical techniques(Betzigr$at et al. 2006). |
have used PALM both to image the distribution of actin moleculds regards to the
postsynaptic density and to measure polymerization rates at tharRSelsewhere using

single molecule tracking PALM.

Second, | predicted that localized regulation of actin networks oe@msechanisms
that influence nucleation and polymerization, rather than through tegul®f
depolymerization at the pointed end. This would be reflected in méésaliferences in
actin retrograde flow rates at different subdomains of the spioe.instance, the
postsynaptic density, which requires ongoing actin polymerizationldiabe predicted to
have actin polymerization rates that differ from those atethéocytic zone, where
polymerization is needed only sporadically. | tested these prwichly measuring actin
flow at high resolution within individual spines and compare polymeorattes at the

PSD and the endocytic zone.
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A third prediction of the hypothesis is that specific actin bindidecules would be
localized to the PSD and responsible for regulating actin polyatem at this specific
location. | examined the role of cortactin, which through its -SH3 doarad its role in
activating the Arp2/3 complex, is a strong candidate mechanisnelshére nucleation
of branching actin filaments may be specifically regulated at tie Pt®sted this first by
measuring the effect of well-characterized cortactin mutantthe polymerization rates
of actin within spines. | also tested the prediction that contawtiuld bind sites within

the spine in the absence of polymerized actin.

Finally, actin polymerization is expected to have unique roles datifigpspine
subdomains. | sought to test the prediction that actin in the spine neck may aatrees a ba
to the diffusion of membrane molecules into and out of the spine. To plisbrthis, |
developed a method of rapid acquisition PALM to simultaneously me#seilecation
and motion of freely diffusing membrane-bound probes, allowing both preisation
of membrane morphology and molecular motion within the membrane. Further
development of this technique will allow determination of spine nemfphology before
and after the application of inhibition of actin polymerization, combineith w
simultaneous measurement of diffusion rates of molecules as tbeg through the
spine neck. Although not completed, these studies will allow me ¢ondiete the role of
actin in regulating spine neck diameter as well as its yhditinfluence the motion of

diffusing molecules in the spine membrane.
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Figure 1.2: Photoactivated localization microscopy is a sequeiat process
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molecule.(B) Emitted photons from single molecules form a priadile pattern whicl
can be fitted with a one or t-dimensional gaussian function, allowing prec
localization of the molecule in tw-dimensional spacgC) Using low intensity
photoconversion, single rlecules can be stochastically photoconverted ay Vew
density (top). Individual single molecules can be easily restifeom neighboring
molecules and localized using a gaussian fit of disribution of emitted photon
Following acquisition of manyrames and molecules, a higésolution image can [
rendered from the positions of all localized paintis living cells (bottom), single
molecules can be photoactivated and followed ovarltiple frames, providing
information regarding velocity, diffusic coefficient, and vectorial motic (pictured).
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2. Development of PALM for imaging neuronal morphology

The development of fluorescence microscopy, and especially ldreng and
improvement of intrinsically fluorescent proteins such as GFP, &lkasweed researchers
to visualize neuronal morphology and protein distribution at high resolution.
Advancements in confocal and multiphoton excitation allow the visualizabf
fluorescent proteins deep within tissue or even in the brain of ghamimals. Optical
microscopy thus provides researcher with a powerful set of todlsvestigate protein
dynamics and distributions within living cells. Using the examplaain, microscopy
has allowed the visualization of changes in actin densitgspanse to external stimuli,
the minute-to-minute reshaping of the actin cytoskeleton, and theune@@ent of overall

turnover and net motion of polymerized actin within spines.

However, the diffraction of light passing through optical elemdémsgs the
resolving power of optical instruments. Rather than being recordadiagle point, the
emitted photons from an infinitely small point source are blurred qiedaly into a
finitely-sized distribution known as the point spread function (PSRg PSF of a
circular optical system with rotational symmetry forms gatér distribution referred to
as the airy disk, which consists of a sharp peak surrounded by tattgrmanima and
maxima radiating outward. If two light-emitting points argHar apart than a minimum
distance dependent on the width of the optical system’s PSF, #mepec effectively
resolved. But if they are separated by less than this difiradefined distance, they
cannot be differentiated from a single point or object. The sizéePSF is directly

dependent on wavelength; Abbe defined the resolution limit in 1874 &ulihé/idth at
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Half Maximum of the central peak of the PSF, corresponding roughly2t Rayleigh
defined the resolution limit as the distance between the peak #SReand the first
minima; this distance is 0.BMNA. Thus, using emitted light from most practical
available fluorophores the resolution limit of conventional optical systes
approximately 225-300 nm. While this is more than sufficient forynegplications, the
small scale of many biological structures and organatlesdritic spines, has made it

difficult to differentiate features within them using conventional opticatagghes.

Thus, testing the predictions of my hypothesis required utilizationethods that
allow discrimination of spatial and kinetic properties of molexwhéhin spines at higher
precision than that possible by confocal microscopy. In partiduleasoned that | would
require the ability to resolve molecular motion within regionshef spine with spatial
scales on the order of 100 nm in living neurons. Thus, | focused on techthiguesre
amenable to live cell experiments, allowed the visualizationtcdgellular proteins, and

had the ability to resolve biological features with sub-100 nm precision.

A number of techniques exist that possess one or more of thesese®ALM
was attractive because it provides high precision localizatiomdividual molecules,
allows the visualization of molecular motion over time, and in cantoagther methods
of single particle tracking which rely on labeling of extthdar proteins with quantum
dots or other tags, | reasoned could be easily applied to the vagigalipf intracellular

proteins.
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With PALM (Photoactivated Localization Microscopy (BetzigttB@son et al.
2006) and FPALM (Fluorescence Photoactivated Localization Microsdqbi®ss,
Girirajan et al. 2006), endogenously expressed photoconvertible pratsatstb targets
of interest can be imaged in living (Hess, Gould et al. 2007; MaGidette et al. 2008;
Shroff, Galbraith et al. 2008; Frost, Shroff et al. 2010), one maeatila time.
Importantly, the use of endogenously expressed proteins, rather titeodgror dye-

labeling makes PALM an attractive option for studying intracellularepomatynamics.

Localization microscopy relies on the principle that although ligassing
through an optical system from a single point is blurred by diftnracthe point spread is
a predictable function. Thus, by fitting the distribution of collegikdtons emitted from
a solitary point source, one can localize the position of a fluaresu@ecule with a high
degree of accuracy. In PALM, a protein of interest such as eatirbe tagged with a
photoconvertible probe which does not fluoresce until it is activated. Bypgimterting
only a sparse population of molecules at a given time one can xesoadiecules as they
appear, localize their positions over multiple frames until threyersibly photobleach,
and then photoconvert a new population of molecules. Over many sequtyslos
photoactivation, localization and photobleaching, thousands of molecular posiions
be accrued, allowing the distribution of tagged molecules to be yespbes a single high

resolution image.

Photoactivated Localized Microscopy has been employed to investtbat

structure and dynamics of adhesion complexes (Shroff, Galbraith 20@7; Shroff,
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Galbraith et al. 2008; Shtengel, Galbraith et al. 2009), Bactereahbrane protein
distributions (Greenfield, McEvoy et al. 2009), and the mobility odgral membrane
proteins (Hess, Gould et al. 2007; Manley, Gillette et al. 2008)avke hremployed
modified approaches to investigate the function of neuronal proteinstramctliges at
high resolution in living neurons. | expected that specific applicabdisALM imaging
would provide a method for collecting structural and biophysical infoomanot
accessible by other imaging modalities within the living celle Precise localization of
individual molecules provides a means to create highly resolvadeisn This level of
resolution is also accessible by other methods such as Stichiatession Depletion
Microscopy (STED) (Nagerl, Willig et al. 2008; Ding, Takasa&kial. 2009), which
possess clear advantages relating to speed of image acquisitioavedipwombining
PALM with single particle tracking provides a means for stamdously acquiring
biophysical data on the movement of individual molecules and definingyhigéblved
maps of averaged molecular behavior. It is this author’s opinion that photoblefroning
the high intensity excitation and depletion lasers required forDSifiake biophysical
measurements of protein mobility using fluorescence recoverytioer methods
technically challenging from a quantitative standpoint. On ther dthad it would be
feasible to acquire high resolution STED images and subsequuamftyym a standard
FRAP or photoactivation experiment to measure turnover within a bounded segh
as a spine. While this would provide high resolution morphology, and penmit t
correlation of protein mobility within the spine as a whole to morphcéddeatures of
the spine such as neck width or diameter, we wished to measuran ghat@mics at

subdomains within the spine head. Similarly, although quantum dot tracksgface
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receptors is a powerful tool for measuring the mobility of memérmhbound proteins and
receptors within the cellular membrane, it is not applicable to intud@efroteins.
| thus have developed separate assays to utilizing PALM for:

1. Tracking mobility of intracellular proteins, including polymeripatdriven
retrograde flow of intracellular actin

2. High resolution imaging of neuronal morphology

3. High resolution mapping of surface protein mobility

The specific properties of the imaged molecules in each asgaiyed tuning of
both acquisition and analysis parameters. Localization error inugagingle molecule
techniques has been defined both experimentally and quantitativedgision of
localization of individual single molecules is easily calcedator experiments utilizing
guantum dots, or other slowly bleaching fluorophores, as frame to fchargges in
position of non-moving particles can be statistically analyzewriddtely, for techniques
with more rapid bleach rates, such as PALM, the half-width &fadtion-limited
structures or the average distance traveled by individual fixe@coes have been
utilized to provide a measure of precision. Alternately, matheataapproaches to the
estimation of precision have been defined by (Thompson, Larson 22081), wherein

the precision of fitted molecules can be calculated by the equation:

<(AX)*> = (S+&/12)IN + &is'b?/aN? Equation 2.1

Where Ax represents the error in localization precision, N is the numbghofons

within the spot, b represents the background noise, s represents thefwidt PSF, and
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a is the pixel size of the image acquisition system in nm. Tgrasision increases with
photons and decreases with background noise. It should be noted that this equation
underestimates the error of fit by approximately 30%. Howeakthough single
molecule localization and tracking is widely used to chart the omotf diffusing
molecules in living cells, none of these techniques account for pos$ibtes imposed

by the motion of diffusing molecules during acquisition.

| reasoned that the primary factors limiting our ability touaately track the
motion of rapidly diffusing molecules would be the rate of flux of phetfrom the
molecule coupled with the short imaging time necessary teepteéndividual molecules
from blurring over xy-space within a single frame. In contrast,ainchored or slowly
moving molecules such as actin, the limiting factor would be whetmdividual
molecules would move far enough that net motion could be distinguishednfrm®a

caused by the imprecision of single molecular localization.

In both cases, the number of emitted photons collected in each iftloences
the precision achieved in fitting molecular positions. Localizatiomofecules tagged
with dyes or quantum dots can be extremely precise due to thelimgbf photons
emitted from these dyes and molecules can be tracked over maangsfdue to the
stability and high photon emission of these agents. In contrast, thephayes used in
PALM bleach rapidly; the lower photon yield introduces an inherentfiartd error to
the localization precision while simultaneously placing a substartiastraint on our

ability to track particles over many frames.
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The fitting error and the track length thus set the lower dimftdetection using
particle tracking PALM. Although theoretical descriptions havenbderived of the
localization precision with respect to photon number, the characteristics of iited aptl
detection system, and background noise, these descriptions are caafim@cmoving
sources. | therefore asked how motion of molecules affects ouydbilibcalize them,
how the magnitude of the localization precision affects our ability to trext&cules over
multiple points in time, and how this motion would affect our abildyrénder a high
resolution map of neuronal structures. Because preliminary expesiraad published
data indicated that many fluorescent proteins used for PALM wellbleached after
imaging for only two frames, | was particularly concerned tvwdoauld be deduced from

two measurements of the same molecule’s location.

How does localization precision affect our measurement of molecular motion?

Though an analytical solution to these problems may be possible we,dery
approach was a numerical one. | began by considering the 2-dimerdiginbltion of
potential localizations of a single point representing a statiomaojecule. This
distribution was defined with a standard deviat@g corresponding to the inaccuracy of
localizing molecules with a finite number of photons (Fig 2.1A). dfinition, a
molecule located at the origin represented perfect localizatitin,the degree of error
corresponding to the distance from the origin. By measuring ttendesfrom the origin
for each of 10,000 generated pointBigre 2.1A, black barg, | found that

approximately 95% of the localizations were accurate to withép2*and 68% of the
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points were withinoi,c Of the true location, as expected for a normal distribution. The

mean of this distribution was approximately &g

To extend this consideration to the realm of tracking, | firstukated two
successive measurements in the location of this immobile molbguteeasuring the
distance between 10,000 randomly sampled pairs of points within thibutisin. The
histogram of distances peaked at &g&*and had a mean of 1.18% (Figure 2.1A, red
bars). Only 46% of localized pairs were less thawd:*apart, whereas 89% were within
2*o10c, and 97.5% were within 8%.. Thus, even for an immobile molecule, repeated
imprecise measurements give a non-zero estimate of itsoomatind the error in

localization inherent in each fit is substantially magnified.
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Figure 2.1: Masking of true motion by localizationerror
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distance apart.
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This error makes it difficult to discern motion over distancdescealose taoo,
and so | sought to determine the distance a particle had to mbeeattcurately tracked.
To accomplish this, | again created two normally distributed sefipsints, each with a
standard deviation afi,c, with the second centered at increasing distances from the initial
peak. For convenience | spaced the second distribution at multiptes afong the x
axis. | then plotted the measured point to point distances as a amst¢ggure 2.1B) or
cumulative distribution Kigure 2.1C). When the peaks were spacesd apart the
distribution of distances between points were remarkably sinuldéing distribution of
measured distances between pairs centered at the sanenloeéh a small increase in
mean from 1.19%, to 1.52%4.. Increasing the separation between the peaksdg.2*
created a distribution of point to point distances with a mean of @.265reater degrees
of separation resulted in further rightward shifts of distributbrmeasured distances,
which became increasingly evenly spaced on the cumulativebdistn plot Eigure

2.1C,D).

This has clear implications on the measurement of particle mofibe.
distribution of measured distances between peaks spaegd dpart largely overlaps
with the measured distance of a nonmoving peak. However, the nstancei between
points increases in a manner approaching linearity as the sepdratween the two
peaks increasesFigure 2.1D). Whereas 95% of the measured distances between
randomly chosen points from a single peak were withtwg*50% of points from peaks
separated by i, were greater than 3f.. 90% of points chosen from peaks separated

by 3*c1oc Were more than ..
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Taken together, these results suggest that as a population, d bequbssible to
differentiate particles moving as little as o2t from non-moving particles, with
increasing confidence in individual tracks as molecular motion asee past 3Fjoc. It
should be noted that the true motion of a population of molecules witinge af
distances traveled will be overestimated by an amount up tooyl.2tepending on the

proportion of molecules that move only a short distance.

How does localization precision affect our measurement of directionality?

One of my primary goals was to measure the direction of molecular motion withi
dendritic spines. Actin filaments are polarized, with preferenti@orporation of
monomers at one end driving polymerized actin along the filament fioa the site of
polymerization. | reasoned that measurement of the direction meteoubved would
provide insights to the locations where polymerization take plade@mwspines. Since
polymerized actin molecules move relatively slowly photobleachingd a
depolymerization limit our ability to follow the motion of single malles along
filaments for long periods of time, it was important to understtne lower limit of

movement required to accurately define the orientation of polymerizing filament

As the direction assigned to a tracked particle moving betvieen points
sequentially localized could be dramatically altered by poanditbf one or both of the
points, | investigated the effect of localization error on the eaagkigned to pairs of

points generated along normal distributions with peaks centeredrynhg distances
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apart Figure 2.2A). The xy positions of each pair of points was then adjusted sththat
first point was at (0,0), facilitating visualization of the angtehe vectors drawn from
the first point to the second point. Vectors connecting points chaz®npeaks centered
at the same location emanated in an apparently random patterrs the aseparation
between the two peaks increased, the vectors became incheadigiged with the true
angle between the center of each peak. To quantify the precisioncatavigles could be
determined, | quantified the percentage of pairs separatddl tbyl0%,c at 0.1* ojoc
intervals (100,000 intervals at each point) in which the angle ofvéntor (theta)

connecting the two points was accurate to within 45 degFegsré 2.2B).

When points were selected from peaks located at the same pdditenof the
vectors pointed within the correct quadrant, as expected for a rasidtsrhution. As the
separation between the peaks’ centers increased, the percehtages in which the
direction was accurately identified to within 45 degrees asw&d rapidly, reaching 100%
when the peaks were separated bg3* In addition, the standard deviation of theta
decreased rapidly as distance between the peaks increasedhentilé separation
reached 2%, distance apart, at which point the curve continued to approach zero at a
much slower rateFRigure 2.2C). Thus directionality of molecules that movesig. or
more can be assigned with greater than 85% accuracy, and petial saveraging

direction can be accurately assigned for even slower-moving molecules.
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Figure 2.2: Effect of localization precision on abity to discern directionality of
motion
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| applied this analysis to data collected from «mEos2 in Hippocamp:

neurons (see figure 3.5In fixed cellsl measured an average track distance of 81
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7.5 nm, which would correspond t@@. of 68 nm. In live cells at acquisition rates of 3.3
Hz, actin-mEos2 tracks measured 104.9 +/- 6.9 nm (&&R2*If all molecules moved at
the same rate within the cell (likely not the case), this avbel very close to the limit of
detection. To overcome the slow rate of actin motion, | collectedds at 0.5 Hz, giving
molecules 2 seconds to move between frames. This resulted in ameasured motion
of 144.01 +/- 9.4 nm, or 2.1&%., ensuring that real motion of individual tracks were
readily discernible, particularly as this is likely to represmolecules with a range of
movement rates. Jasplakinolide reduced the mean distance thaepart@mled to 91.1

+/- 6.9 nm (1.33%,c), nearly to the level of fixed molecules.

Thus, accurately tracking the motion of a molecule moving with rairary
velocity can be accomplished in one of two ways: by increasingldtalization
precision, or by increasing the time between measuremeritevioraolecules to move a

sufficient distance that their motion may be accurately measured.

How does molecular motion affect our ability to define the position of molecules?

In contrast to polymerized actin which moves relatively slowlynymaolecules
diffuse rapidly within the cytosol or the plasma membrane. Thudshanspan of one
image acquisition, they may cover hundreds of nanometers or evemaigihis results
in ‘blurring’ of the molecule as photons are emitted and collectediginout the image
acquisition. This has two primary effects on the detected imageeaholecule. As the
photons are emitted from multiple locations as the molecule madves ino longer be

considered a point source, and the detected photon distribution may pemdd® both
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the PSF of the optical system as well as the molecules loehB¥Wiotons from moving

molecules are thus spread across a wider distribution, with shorter peaks.

| reasoned that the blurring is dependent on both the speed of the maedul
the integration time of image acquisition. To understand how this raffgut our ability
to correctly localize a diffusing molecule, | modeled molecdiffusion as a random
walk in two dimensions. Molecules were forced to take a numbdep$,sbased on the
diffusion coefficient of the molecule and the desired integratiore t{nepresenting
exposure timefFigure 2.3). Using this approach, | found that molecules covered a wide
area in exposure times as little as 25 migufe 2.4). Both the area covered and the

distance between the initial and final positions increased with tf exposureRigure

2.5
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Figure 2.3 Molecules move large distances on tl time frame of image acquisitior
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A random walk was generated for a molecule withifeuglon coefficient of 1 um”~2/
over 25 ms. Randomly generated steps with an agesi&g r of 1 nm in any directic
were generated using the equation Steps = r4*(DC*1000000)*time/?), where DC is
the diffusion coefficient in u“/s, and time represents the amount of time ovechvtfie
molecule is imaged. The initial position of the emlle is noted by a green dot. The fi
position is noted by the red ¢

63



Figure 2.4: Calibrating the random walk
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Figure 2.5: Paths taken by molecules during randorwalks of varying timescale

=t 1 ms | =t 25ms 1

Ny
e

. o 1
e A T
A -3 T

~00 - T
o - =, L

-Em A0 100 aa o L] m 200 m doc m -y am ET) 10 o

= T o L L L

= 5ms |

Zm|- . oo

1o 4 um

ak

--pal

-20a -

-

Elos]

-5

s NG R e S e e T
Diffusion Coefficient 1 um”2/s, 1 nm steps

Parhs taken by molecules of varving diffusion coefficients. Scale bar — 2350 mm.

65



To examine quantitatively the effect of this motion on the acqumage of a
molecule, 1000 simulated photons were generated at a fixed rate dwriogurse of the
random walk. Each photon was given a randomly generated lodati@n normal
Gaussian distribution centered at the current position of the movingut®lgnd with a
standard deviatioo,ss = 250 nm to represent the diffraction-limited PSF of the optical
system. The photons were then assigned to 100 nm bins represamtie pixels. (The
molecule starting position was the center of one of theseragmesls.) With no motion,
the photon distribution formed a sharp peak which rapidly fell off innsitg. The
intensity of the center pixel was clearly decreased iitteesds 1 ms when the molecule
was modeled with D = im%s, with the shape of the distribution becoming visibly
blurred in as little as 5 ms and clearly unusable with integraimes of 50 msHigure
2.6). In contrast, the slower motion of molecules modeled with D =um¥s clearly
increased the range of exposure times over which the molecule beulthaged.
However, there was clear degradation on the quality of the onplgeton distribution

even at 10 ms.
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Figure 2.6: Motion of single molecules during imagacquisition affects photon
distribution
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To examine the effect that motion blur would I on imaged single molecules, rand
walks were generated for molecules with the desdrildliffusion coefficients an
exposure times. At equally spaced steps along thkk, w“photons” were randoml
generated with a 1 dimensiongpss of 250 nm. The distriltion of photons was the
plotted in 100 nm bins representing camera pi;



To determine how this affected the precision of our fit-derivedliation, 1000
molecules with diffusion coefficients of dm?s were allowed to travel for exposure
times ranging from 1 to 50 ms and localized by fitting siteadamages with an elliptical
Gaussian function. The precision of individually generated moleculesstiasated as in
Thompson et WebbEQuation 2.1) and was compared to that of unmoving molecules
(Figure 2.7A,C,E). For ease of comparison and generalizability, precision was
normalized to that obtained in the nonmoving condition without noise. The peh& of t
distribution of localization precisions of unmoving molecules waspshith a notable
right shift in as little as 1 ms of motion, with increasingghtward shifted, shortened
and broadened distributions with increasing exposure. Notably, at 25 amas 59
significant number of generated molecules could not be localized. Tdasgmeal data,
noise was added to the background of each molecule, with a resudivad-t® noise
ratio of 16.6 for nonmoving molecules. This resulted in a broadening ofat@oving
distribution Figure 2.7B, D-B), and increased right-shift and broadening of molecules at
increasing exposures. Furthermore, a number of molecules weidenttied to be fit.
Similar effects were seen on the ellipticity of the fittloése molecules, with increasing
ellipticity at higher noise or exposure lengtliksg(re 2.8). Thus, in practical terms it is
important to minimize exposure time to maximize localizatioacgion of rapidly

moving molecules.
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Figure 2.7: Motion blur affects localization precisior

Effect of Exposure Time on Precision

Effect of Exposure on Precision in absence of noise  Effect of Exposure on Precision with 10 noise (S/N = 16.6)

200 0
400+ — 1 S
a2ms
— 10 ms
a g2 25 ms
g 5 — 50 MS
3 -
2 200. g 100
Wﬁ
DA NE— g___mﬁfw_q
1 bd 3 4 5 6 1 2 3 4 5 6
Normalized Precision (s, ) ) Normalized Precision
Effect of Exposure on o in absence of noise  Erect of Exposure on o, With 10 noise (S/N = 16.6)
1000+ 1000+
800 800+
£ £
3 600 3 6004
o [&]
2 2
T 4001 T 400
= >
E £
3 =1
© 200 3 g0
D JI T T T T 1 0 J T T T T T 1
0 1 2 3 a 5 6 0 1 2 3 4 5 6
MNormalized Precision Normalized Precision
—— Clean
44 —e— 10 noise
3_
i'g 1000 iterations, 1 nm mean step size, 1000
'Té 2] photons, .01 or 10 noise
2‘.—3 Fitting: bpassinoise = 2, bpassabject =5,
. pkfndthresh=5, size = 20, centrd =9
s 14

Instant 1ms 5ms 10ms 25ms 50 ms
EIDDSU[E

Photon distributions were generated as in figu® Rlolecule were fit using a .
dimensional Gaussian. The precision was normalteethat measured for nonmovii
particles and lptted as a histogram in the upper pa. The panel on the right is tl
same as upper left, bwith the addition of noise (SNR of ~16Middle panel are
cumulative plots of normalized precision. The mes,. (normalized in this case

nonmoving, noiseless condition) of molecules imi for up to 50 ms is plotted in tt
bottom panelNote that ~25% of molecules were not identified fftting in the 50 m:

exposure.

69



Figure 2.8 Motion affects ellipticity of fit
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How does molecular motion affect our ability to define structural morphology?

The motion of moving molecules influences the localization precisibn
individual molecules, as well as our ability to accurately tthelkr motion. It will also
affect our ability to define neuronal morphology using large numbertoaalized
molecules acquired in living cells. There are at least two adweffects that molecular
motion is expected to have on the final distribution of localized poiirts, Broadening
of the distribution of photons (refer to above figures) will decregaselocalization
precision, directly decreasing our ability to resolve fine-sdelails of the final image.
Secondly, the actual motion of the molecules is biased awaytheradges of bounded
regions, so that while the molecule may be located at the édgeeatl at the beginning
of the acquisition, it will move away from the edge over the coafg@e acquisition.
Thus, the average position of a localized molecule will never beelbedtthe boundary
of a region; it will trend inward over time. Given sufficient éinthe average position of
any freely moving molecule exploring a bounded region by a randok withibe the

center of the region.

Importantly, using an elliptical Gaussian fitting routine, theali@aed position is
very close to the average position of a moving moledtigufe 2.9. In the absence of
noise, the location determined from the centroid of the moleculeeinpagformed
similarly, but the introduction of background noise degraded the cerdutistantially

compared to the elliptical Gaussian method.

71



Figure 2.9: Distance to center of mas
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The center of mass for a molecule in motion moweayafrom the starting position wit
time. 100 molecules with diffusion coefficients bfim%s were generated and allowec
diffuse for the indicated amount of til (Left Panel) The net distance traveled is sho
in black. The center of mass (shown in red) wasmddfas the average position of
molecule over the course of the w.

The distance between the localized pon and the center of mass was calculatec
each iteration. The average of 100 iterations @ (Right Panel) Using the Elliptica
Gaussian fitting algorithm, the distance betweeanltitalized position and the center
mass was 5 nm in the abserof noise and motion (Black squares). This diste
increased to around 10 nm with the addition of @diRed dots). Interestingly, tl
localized position tracked the center of mass iretht well. In the absence of noise, 1
centroid algorithm performesimilarly (blue triangles), but degraded signifidgrwith
the addition of noise (pink triangle

Thus, thebias toward localization of moving molecules towdn@ interior ol
cellular structuresnight be a primary limiting factor governing theilap of PALM to
accurately define the boundaries of a region dr Tel quantify this effe(, | constructed

a model in which molecules were generated at rangasitions within a boundec
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rectangular reign 100 nm wide and 1000 nm Ic, approximating a long spine ne.
Molecules were allowed tmovefreely within the boundaries of this region accagito
their diffusion coefficient and a specified amouwoft time corresponding to came
exposure timesFjgure 2.1(a). Molecules with a diffusion coefficient of im%s moved
freely within the boundaries of the region and ageeted, over longer exposure tin

occupied a larger region within the bounda

Figure 2.1Q Effect of molecular diffusion on distribution of localized positions
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With increasing exposure time, individual randorgbnerated molecules with diffusi
coefficient of 1 urfis traveled across an increasing fraction of a Hedrregion (A). Tc
examire the effect of this motion on our ability to defithe morphology of the bound
region, the localized positions of molecules rangogenerated inside a 100 nm wi
rectangle are plotted in B. In the absence of emptmolecules are evenly distribul
across the width of the rectangle. In contrast, dis¢ribution of localized positions

73



molecules diffusing for 10 ms appeared narrower and was dendest @nter of the
bounded region.

Each molecule was then localized using an elliptical Gaugsiang algorithm
and the position of each molecule was mapped. In the absence of motialyéseof the
rectangle were well defined and the density of molecules @lasvely even across the
bounded region Rigure 2.10H. Following 10 ms exposures however, the localized
positions were clearly further from the edge of the bounded regisulting in increased
apparent molecular density at the center of the rectangle, andtla thinner-appearing

region.

| quantified the decrease in width at timescales from 1 to 1&@®yndrawing
histograms with the integrated molecular density across theh willtthe rectangles
ranging in width from 50 to 150 nm. For each simulation 0.067 molecul@¢#6#00
molecules in a 100 nm wide rectangle) were generated aweedllto move freely within
the confines of the rectangle. Individual molecules were lochlimeng a fit of their
Gaussian distribution and the halfwidth of each density histograsnrmeasured={gure
2.17). In each case, the histogram appeared wider and shorter irgtiedndition with
a gradual decrease in width and increase in height as the expiosirgas increased (n
= 5 simulations for each condition). Thus, when imaging was modeled @sims
exposures of molecules with a diffusion coefficient pint’/s, the measured halfwidth of
regions 150 nm in width was diminished by approximately 25 nm; Thesurezh
halfwidth decreased by more than 80 nm when molecules were alloweal/¢l for as
little as 10 ms. Modeling image acquisition using probes with slogEusion

coefficients resulted in more accurate measurement of thensiioms of the region. This
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emphasizes the need for rapid imaging in applioatio which one wishes to define f

boundarie®f free diffusion

Figure 2.11 Quantification of width underestimation with incr easing exposure
lengths
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Molecules with diffusion coefficients of gm?s (Left column), 0.5um%s (Middle), or
0.1 umzls (Right) were generated within the bounded regeé as in Figure 2.8. Th
density of localized molecules across rectanglés i in width (Top row) or 75 ni
(Middle row) plotted as histograms for exposurasgmag from 0 to 50 ms are show
The halfwidth of the bounded regions is quantifiedhe bottomrow, using a diffusior
coefficient of 1.0um?/s (Left), 0.5um?%s (Middle), or 0.Ium?/s (Right). With increasin
exposures there is a clear decrease in the appaidthtof the bounded regio



To illustrate these effects on imaging spine morphology, | agaideled the
diffusion of molecules within a 2 dimensional bounded region, this tafiretl as a 500
nm square spine head connected to a dendrite of 500 nm diametempina aeck 100
nm wide and 1 pm londr{gure 2.12). Molecules with a diffusion coefficient of im?/s
were generated and allowed to diffuse within this spine, amé stdsequently localized.
After even 5 ms exposure, the spine neck and spine head appeared ththradmamatic
thinning of the spine head observed following 50 nm exposures. This agaivasizes
the need for either extremely rapid acquisition parameterspwesimoving molecules

for imaging neuronal morphology.
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Figure 2.12 Modeling the effect of diffusinc moleculeson measurements of a
dimensional spine

100 nm rieck, 500 nim head,
500 nm dendrite, 100 molecules

Instant

The effect of motion on distribution of localizedblacules within a spine was mode
using a bounded region consisting of a 500 nm ggspine head, a neck that was 1
nm long and 100 nm wide connected tdendrite that was 500 nm wided 1500 nm
long (Top Lef). Plots of the paths taken by individual moleculesh a diffusion
coefficient of 1 urf/s and an expost duration of 1 ms are shown in top ri. Localized
positions of molecule$ollowing exposur durations 0, 5, and 50 ms are shown
bottom panels As with the simple rectangle, the distribution lotalized molecule
within the spine neck and head was clearly thinvidr increased exposure duratic

This clearly applies to the imaging ofndritic spines. Imaging membrée-bound
photoconvertible proteins would allow simultaneaesolution of neuronal morpholog

and the measurement of diffusive properties of gingt within various membrar

77



locations. However, it is clear that the drawback of using mobitecles is the apparent

decrease in width of bounded structures, as discussed above.

Imaging neuronal morphology using PALM

| reasoned based on the above information that using very rapidsiaoqui
parameters, imaging of a membrane tagged photoconvertible probe altmwidthe
measurement of spine neck width at high resolution while simultalyeallswving the
measurement of the effective diffusion coefficients of molecu®ving through this
confined space. To overcome motion blur caused by the rapid motiozebf thiffusing
membrane molecules (with diffusion coefficients ~ 1%sin | designed and built a
PALM scope in the lab optimized for rapid acquisition with shoritation pulses. To
accomplish this, | utilized TTL gating of the AOTF controllittge excitation laser to
initiate the excitation pulse. Gating was triggered by the sf the camera frame. This
allowed the length of the excitation pulse, the delay with régpecame initiation, and
the frame length to be independently controlled. Millisecond diamtaequired high
excitation intensity, which was achieved by expanding the incidahmated laser to
only ~2.2 um before focusing on the back plane of the objective for obligaetGial
internal reflection) sample illumination. With the length of ieaton pulses uncoupled
from theacquisition frame duration we could achieve high acquisitiame rate
(routinely 100 Hz of 15 x 50 um with 100 nm per pixel) and short excitation pulses of 0.5

to 10 ms.
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| transfected hippocampal cultures with either membrane bound nyCberr
mEos2 and imaged neurons aged 10 to 18 days. 15,000 images were acqeael of
neuron at 50 or 100 Hz using 4 ms excitation pulses. Molecules watzdalcby fitting
the distribution of photons to a 2 dimensional Gaussian and imagesendesrad based
on the distribution of localized molecules within 50 nm pix&lgre 2.13. Neuronal
dendrites were clearly visualized, with spine-like protrusions dimgisf thin necks and
bulbous heads protruding from the neuronal dendrite. Images wereeskpmiimageJ,
and morphological characteristics were measured using theidtalfof hand drawn
linescans 250 nm in width. Spines averaged approximately 1 um ih I@ngure 2.14,
blue) Nearly all spine necks were less than 250 nm in diamEtgurge 2.14, red,
demonstrating the advantage of this method over diffraction-limigatoaches in

determination of spine morphology.
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Figure 2.13 Imaging neuronal morphology at nanometer resolun using
SMtPALM

15,000 images were acquiredcultured hippocampaleurons expressing membr-
bound PAmCherry at 100 Hz usin¢g ms excitation pulses.
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Figure 2.14:Measurement of spine neck geometry using rapid acdgition and short
excitation pulses
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Spine length (blue) and neckwidth (red) were messusing line profiles of localize
molecule distributions in ImageJ. Nearll measured spine necks were less than 25!

Discussion

Single molecule localization allows the position odividual molecules to b
pinpointed with accuracy far in excess of the nesoh of the optics through which tl
molecules are being viewed. This has permittedilddtatudy of the behavior of sing
molecule motion in living cells. PALM and STORM expd this basic method to allc
the localization of thousands and thousands of cotds within minutes, permittin

superresolved images to be rendered from the distribudiblocalized molecules. | wi
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disregard STORM for the purposes of this discussion, as the requneitions are
prohibitive to live-cell imaging. PALM, on the other hand is anbdmao live cell
imaging, allowing both single molecule tracking and super resolutienabgenously

expressed protein in living cells.

| sought to define characteristics of suitable probes for PAhkbing within living
neurons. | reasoned that the optimal imaging conditions would be deterivy the goal
of a particular experiment. In my experience, there have beeprimary goals when
imaging single molecules using PALM. The first is the d&bni of structures or protein
distribution at high resolution. Several requirements must be melfitbthis goal. First,
a sufficient number of molecules must be imaged to accuratelgedsfructures at a
given level of detail; essentially Nyquist sampling craemust be met. Second, the
localization precision of individual molecules must be finer tharddsered resolution of
the final image. This requires that a high number of photons betedllfom individual
molecules with minimal background. Background can be limited usimg sémples,
TIRF or oblique illumination, or photobleaching of background fluorescence. High
numbers of photons can be generated through use of bright, photostable flucepitore
either long exposures or high intensity excitation. Finally, imgghould be optimized
to limit morphological changes occurring within living, moving cellbug, the optimal
imaging strategy may be to image as rapidly as possildeHtieve imaging times on the

order of seconds.

82



Conversely, if the goal is to accurately track the motion of iddai molecules, then
one must carefully consider the expected behavior of the molecuies minimum
distance that can be accurately determined depends on thedtoalprecision achieved
in a given experiment, as repeated imprecise measurementsseithble true molecular
motion. Thus, it is critical to collect many photons in each framde at the same time
it must be realized that each molecule will emit a fimteanber of photons before
bleaching and these photons must be budgeted across multiple frantbat she
molecule may be tracked. Anchored or slowly moving molecules remqure time to
move beyond the limit imposed by imprecision in molecular locatimatwhereas rapidly
moving molecules will diffuse beyond an arbitrarily defined kinag radius between
frames, causing them to appear as multiple separate, untrackeztules. Thus,
interframe delays must be optimized so that molecules moendargh that their motion
is detected, but not so far that it becomes difficult to idemtify track molecules which

are present over multiple frames.

Molecules at either end of this spectrum provide unique challenggegly Snobile
molecules approach immobility and are difficult to distinguish froolecules in fixed
samples. Thus, imaging will be primarily restricted by tindéhereas the collection of
sufficient frames and molecules to render high resolution imagesly simple in this
condition, the long interframe delays necessary to allow moletule®ve a perceptible
distance may be prohibitive to collecting sufficient numbers of édsaand molecules in
tracking experiments. On the other hand, the rapid motion of frei@sidg molecules

appears to allow both the accumulation of large numbers of individual @oidtshe
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measurement of molecular behavior with frame rates as high0@sHz. However,
although the factors influencing protein localization of slowly movemyd fixed
molecules is well-described, it was not known how motion-blur indugedapidly
moving molecules during image acquisition would influence our abilitpcurately
localize individual molecules. Additionally, as my data setseroftincluded a
preponderance of molecules tracked over two to three frames Ipfotebleaching, |
wanted to determine the minimum factors needed to determine witlraag the

direction and velocity of individual molecules using single molecule lodaliza

My data demonstrate that our ability to localize moleculesitiea in our ability to
track them; poor localization precision results in exponential isese@ time required
for a molecule to move the minimum detectable distance. Theaserin distance
measured distance traveled with increasing true distanceadagahitially slow, largely
due to the initial error derived from random sampling of points genkmat@und a
Gaussian distribution. In some ways, this underestimates our dbilheasure protein
motion, as the initial error is in all directions. This is appafeaxh my analysis of the
ability to correctly determine angle of motion from two randoméneyated points
centered at increasing distances apart. Antiparallel vectoeswéually eliminated with
just 2*c of true separation. This indicates that while significardrezkists from repeated
sampling, both the angle and velocity of vectors drawn from two poarisbe drawn
with confidence when molecules are given sufficient time to m3%c between

frames.
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Once again however, the precision with which we can determine nothenbpsition
of molecules, but the angle and velocity of their motion, is detethidigeour ability to
properly localize them. | demonstrate in this work the deletegffast of motion during
image acquisition on localization precision. The rapid loss of shagyered photon
distributions leads to a rapid loss of pointing accuracy, even inkitbenee of noise.
Noise is unavoidable in biological imaging due to autofluoresceree,imperfect
contrast ratio of photoconvertible molecules, and shot-noise. A fexgigon of rapidly
moving molecules fail to be detected at 50 ms exposures, even ihsgca of noise.
With the addition of noise the peak of individual molecule photon distoibsitivould
likely diminish quickly to become undetectable. This is striking gseat deal of single
molecule tracking of membrane bound molecules and receptors isnpedfarith 50 ms
exposures. While quantum dots and other dye-based probes are bright traiubpey
are easily detected despite their motion, they could certairiycbbzed more accurately

using shorter exposure times.

Perhaps more surprising is the effect that motion of diffusingootés during image
acquisition has on determination of morphology. This effect is adaien the tendency
for molecules located at the very edge of a bounded region at th&anibf tracking to
move inward. Molecules located within the boundaries of the region &avequal
chance of moving in any direction. As molecules are localizad their center of mass,
ie the center of their occupied territory during imaging, mdes that start at the very
edge will be on average localized at a position a certain dest@anay from the edge,

based on their diffusion coefficient and the time elapsed. Molecuiteslly located at
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the center of the region will on average be localized at their startingplocas they have
equal chances of moving in all directions. The net effect of tlas k& that objects
rendered from the localized positions of moving molecules will appeatier than they
actually are. This effect is minimized by use of slowly mgvimolecules or very short

exposure times.

These were the factors that | considered when designing @stogre to image
neuronal morphology in living cells using freely diffusing membrhaoand probes. In
doing so, we accomplished a number of objectives. First, we weré¢oatrlaximize the
delivery of high intensity excitation over a minimum area. Besitheseasing the
intensity of incident excitation light, this has the added benefibbflluminating nearby
regions of the cell; this limits phototoxic effects while sitankously ensuring that a
supply of unphotobleached membrane proteins is located in a neatioy wdrthe cell,
waiting to diffuse freely into the region being imaged and repiepisotobleached
molecules. Although | have not quantitatively measured the effgctmpression is that
this significantly increases the number of frames that |amdlect before depletion of

photoconvertible molecules.

Second, using very rapid excitation pulses that are controlled indeplntiem
frame acquisition length, | am able to image and accuratelyizectkely diffusing
membrane molecules with excitation pulses as short as 0.5 ms. &ttes@ely short

pulses do not allow localization of all but the brightest of mEos2ont¢s. In general
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using our set up 4-5 ms pulses provide large number of localizables path good

precision.

Using this set up | was able to image dendritic spines from 1da$&ld neuronal
cultures. Importantly, the vast majority of spine necks weretless 250 nm in width,
highlighting the importance of super-resolution techniques in actumaéining spine
morphology. My early experiments have also suggested that | wablgeto accurately

measure effective protein diffusion coefficients as molecules diffusagh spine necks.
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3. Independent Regulation of actin polymerization at discrete ites within the
spine.

INTRODUCTION

Synapses are inherently plastic, and undergo persistent changes itrdoggths
and postsynaptic composition which are thought to underlie many forespefience-
driven learning. Remarkably, plasticity at individual synapseasot coupled to changes
at nearby synapses (Malenka and Bear 2004). Such autonomy app&reuibsible
because dendritic spines, the micron-sized dendritic protrusionaréhite site of most
synaptic contacts in the brain, contain molecular machinery to itp@enodification

independent of neighboring spines (Newpher and Ehlers 2009).

A critical component of this machinery is actin, the major dygletal element of
dendritic spines known to play a variety of roles regulating #Hynapse. Most
prominently, actin has long been recognized as the principle detetnohaspine
morphology (Caceres, Payne et al. 1983; Penzes, Cahill et al. 2008i,is clear that
regulation of actin drives spine structural plasticity over tsoales of minutes to hours
(Matus 2000). Rapid morphological change is possible because actin wfimes
undergoes continuous turnover, driven by the broadly conserved mechanism of new
monomer addition at the barbed end of existing filaments, and refnorathe pointed
end (Star, Kwiatkowski et al. 2002; Honkura, Matsuzaki et al. 2008; Hiod¢ulaand
Hoogenraad 2010). Except in the cases of synaptogenesis or syrsgssembly, the
physiological role of actin-driven changes in spine morphologyr@isingly unclear. In

fact, it is probable that control of spine morpholq@y se is not the most important
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function of ongoing actin polymerization within spines. This isrcfeam observations
that spine morphology is in many cases dissociable from plasbicgynaptic strength
(Zhou, Homma et al. 2004; Bagal, Kao et al. 2005; Sdrulla and Linden 200¥W, Wa
Yang et al. 2007), whereas ongoing actin polymerization igarior the induction and
maintenance of long-term potentiation (Krucker, Siggins et al. Zo@gzawa, Saitoh et

al. 2003; Rex, Chen et al. 2009).

On the other hand, accumulating evidence suggests that actinapleysety of
other, specific roles in spines, most notably at the postsynapsityl€SD). A number
of actin binding proteins interact with neurotransmitter receptor?®D scaffold
molecules (Cingolani and Goda 2008; Penzes, Cahill et al. 2008), supgbetingtion
that actin serves to “anchor” receptors in the synapse. Howeigeuption of actin
polymerization with latrunculin results in a reduction of AMPAg@ors in synapses
(Zhou, Xiao et al. 2001), suggesting that this role of actin may inwlyimamic filaments
instead of static anchorage. Consistent with this, ongoing polyatierizexerts direct
control over the structure and composition of the PSD itself, both isygrongoing
structural rearrangement (Blanpied, Kerr et al. 2008) and aimaiimg a defined subset of
scaffolding proteins within the PSD (Allison, Chervin et al. 2000ril Inoue et al.
2006). Actin filaments have in addition been suggested to regulateAMRA receptor
exocytic mobilization and internalization (Osterweil, Wellakt2005; Correia, Bassani
et al. 2008; Wang, Edwards et al. 2008), actions which are likslncli from effects at
the PSD. Thus, actin polymerization serves multiple roles in spinesgulate synaptic

function, in particular by regulating components of the synapse directly.
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Despite the importance of actin polymerization in controlling syadpnhction,
the nature of perisynaptic actin remains undetermined. Electronsoopy has provided
a static picture of branching actin filaments, which reach tirout the spine and appear
to interact with the PSD (Landis and Reese 1983), but has note@vaay potential
dynamic nature of these structures. Conversely, numerous studienvesegated the
regulation of actin in spines of living neurons (Star, Kwiatkowskile2002; Okamoto,
Nagai et al. 2004; Honkura, Matsuzaki et al. 2008; Hotulainen, Llaiah €009), but
generally lacked the resolution for measurement of actin dysaatispine subregions.
Further, though actin regulates AMPAR internalization, and endocytogiany systems
is actin-dependent (Merrifield, Feldman et al. 2002; Kaksonen, Tadiredl. 2006),
whether actin is directly associated with the endocytic zometislear. Thus, it is not
known whether actin at the PSD or endocytic zone is staticymwandic, and more
generally whether actin polymerization in single spinesgsileted globally throughout

the spine or more precisely within functional spine subdomains.

A major obstacle to discerning the spatial organization of actiynpeoization
within spines is their small size. Here, | reasoned thakitrg single molecules of
intracellular proteins within the small confines of living neurons adaesolve spine
organizational substructure by surpassing the limits imposedfpgction. Using single
molecule tracking PALM to track single actin moleculeshia $pines of living neurons, |
find that spines contain highly localized but spatially diverse &dcpolymerization,

frequently but not exclusively at the PSD.
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EXPERIMENTAL PROCEDURES

Hippocampal neuronal cultures were prepared from E18 rats (Blaepiad,
2002). Transfections were performed using Lipofectamine 2000 after @A in
culture and imaging was performed 48 hours later. Multiphoton photoamtivats
conducted on an LSM510 Meta (Zeiss), using 820 nm excitation from daMai
Ti:Sapphire laser (SpectraPhysics) and a 60x, 1.4NA objective. PAldding of fixed
neurons expressing actin-tdEos and GKAP-Dronpa was conducted absea$
described (Shroff, Galbraith et al. 2007). sptPALM was carriedbgutnodifying the
approach of (Manley, Gillette et al. 2008). For tracking singli@ acolecules (Tatavarty,
Kim et al. 2009), images were acquired using 150 ms exposures38&ims or 2 s as

noted.

Following acquisition of sptPALM images, widefield images of PSD6b-
clathrin-cerulean were acquired using a Xenon lamp and approjtiate &t multiple Z
positions surrounding the sptPALM focal position, deconvolved in ImageJ, andesbmm
Molecules were localized by fitting a 2D elliptical Gaassfunction to a 9x9 pixel array
surrounding the peak, and locations were assembled into tracks ushgdvailable
algorithms (Manley, Gillette et al. 2008). All subsequent amalygs written in Matlab.
Molecules were segregated into those which were tracked owkiple frames, and
those which appeared in a single frame only. The distribution of ttami@ecules
representing polymerized actin was calculated based on the densiojecules within a

search radius of 1 camera pixel (111 nm). Local mean velocities and locaafesmwere
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calculated using the first and last points of tracks originating mviths radius. Velocities
and vectors were mapped only in pixels with 3 or more tracks otiiggnatithin the

search radius.

Transfections and cell culture

Hippocampal neuronal cultures were prepared at embryonic day I8iabsas
described(Blanpied et al.,, 2002). Glass coverslips (Warner Instrumeats) coated
overnight with poly-D-Lysine (Sigma) and incubated in Neurobasal umediGibco)
supplemented with B27 (Gibco), glutaMAX1 (Gibco), 5% FBS (Hyclpnahd
gentamycin (Cambrex). Neurons were transfected with Lipofesta2000 after 13-21

days in culture, and used for experiments 48 hrs thereafter.

Plasmid constructs

Actin-GFP was obtained from Beat Imhof, and the GFP sequeaseraplaced
with PA-GFP(Patterson and Lippincott-Schwartz 2002). tdEos-paxillia & gift from
Jennifer Lippincott-Schwartz. The tdEos sequence was removedsarted in place of
the GFP sequence to make actin-GFP. mEos2 (McKinney, Murphy 2009) was a
kind gift from Sean McKinney. The coding sequence of mEos2 wadedser place of
EGFP in EGFP-C1, and then inserted in place of GFP to makenaEbns2. GKAP-
dronpa was created by inserting dronpa (a gift from MicBa&idson) into GKAP-GFP
(SAPAP2-GFP, a gift from Guoping Feng). The GFP sequence of9BSEFP (a gift

from David Bredt) was replaced with cerulean (a gift from BRizzo) to make PSD95-
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cerulean (Rizzo, Springer et al. 2004 constructs were confirmed by sequencing.

tdTomato was a gift from R. Y. Tsien.

Confocal photoactivation experiments

Actin turnover kinetics in individual spines were measured on a Z&8#84510
Meta imaging system (Zeiss) using a 60X/1.40 Plan Apo oil irsime objective.
Coverslips were held near 37 degrees using a Tempcontrol Miactog warmer
(Zeiss). Live cell imaging medium contained 120 mM NacCl, 3 mM,KG mM HEPES,

2 mM CaC}, 2 mM MgCh, and 10 mM glucose with pH adjusted to 7.35. Jasplakinolide
(Invitrogen) or latrunculin A (Invitrogen) were added from 5 mM stank®MSO to this
media to a final concentration of 5 uM for specified experim&bER was imaged with
excitation from a 488 nm Ar ion laser, and mCherry and tdTomatoeexeith a 543 nm
HeNe laser. Activation was achieved with a SpectraPhysiggdviditanium Sapphire
laser tuned to 820 nm. Laser power and scan speed for activationagyasted to
achieve > 90% activation in fixed cells expressing actin-P&R-@kth one scan of the
region (Fig. Slasc17.5 mW; 6.4 psec/pixel scan). Regions were drawn to fully
encompass individual spines but exclude the dendritic shaft. Imagescoltrcted at 1
Hz when only the green channel was being imaged, excepatfanculin or PA-GFP
experiments, which were imaged at ~ 3 and 10 Hz, respectivelyribgoes in which
both the green and red channels were imaged were acquired at appelyxdnsecond
intervals. As a control in whole spine activation protocols, a secondgttiotttion step

was placed at the end of experiments to ensure that photoactivetiamed to a similar

93



level. Spines which did not photoactivate to similar intensity (wi80%) were assumed

to have drifted out of focus and were excluded.

Monomer incorporation assay

Actin flow has been measured most accurately using totatnaiteeflection
fluorescence speckle microscopy (TIR-FSM), but dendritic spiaee a small volume
incompatible with the analysis required. Our alternative approachtisal mapping of
monomer incorporation using photoactivation, which | termed the “phreckkglya In
these experiments, regions encompassing entire spines weratsdlyuactivated as
above at 820 nm, and then bleached rapidly under 488 nm excitation. Imaging a
photoactivation scan settings were identical to those used in prgvidascribed
photoactivation experiments. | calibrated our laser power and sttamgsedo achieve
nearly complete bleaching (11 iterations, 5.1 pusec pixel dwedl, ©9% laser power). A
second photoactivation of the same region was employed after 1@ts/&teathese new
monomers. This delay was necessary for changing dichroics amedlample time for
ongoing treadmilling of actin filaments to result in the losgxaéting monomers within
the spine and incorporation of new unbleached monomers. Simultaneous iacqafsit
green (PA-actin) and red (tdTomato cell fill) images allowsdo track the movement of
these newly incorporated actin monomers, while simultaneously atjous to monitor
changes in spine morphology. A third activation pass was addedsatodfest the full
recovery of intensity and measure fluorescence decay rategesmaere analyzed offline

using Metamorph (Molecular Devices, California).
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PALM acquisition

For PALM experiments, 25 mm coverslips were washed for 3 hourd:itx%ratio
of ammonium hydroxide:hydrogen peroxide:water and briefly flamiéd mvethanol. To
provide fiducial markers to monitor drift during image acquisition, 50gatd beads
(Microspheres-Nanospheres, 790116-010) were diluted 1:20 in EtOH and drigtieonto
coverslips prior to overnight Poly-D-Lysine coating. Imaging vp&sformed on an
Olympus 1X81 inverted microscope with a 60X/1.49 PLAN Apo oil immersiojective.
Coverslips were held near 37 degrees with a warmed air stnecitine imaging well was
covered to prevent evaporation. Fluorescence emission was detectednwiXon
DV887ECS-BV backthinned EM-CCD camera (Andor Technology) placed afteX
magnification optic and a 1.2X relay lens. The 16.0 um pixels ofaime@ thus covered

111 nm in the imaging plane.

Transfected cells were located in TIRF by exciting using 488eraitation and
monitoring green fluorescence from the unconverted state of mEosihcilease the
depth of penetration of 561 nm excitation while still maintaining loackground

fluorescence, | adjusted the incident angle of excitation to achighgue illumination

(Sako, Minoghchi et al. 2000). It was often helpful to bleach background red fluorescenc

before beginning acquisition of PALM or single-molecule tracking images.

For two-color fixed-cell PALM (Shroff, Galbraith et al. 2007)filst acquired a
series of images of actin-Eos, employing continuous 150 ms expo&if&snm

excitation was 12 mW entering the objective. 405 nm activation poaginitially set at
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~50 uW, and gradually increased over the course of imaging to maantav density of
activated molecules. When the rate of Eos molecule appearelhde tinproductive
levels despite strong 405 nm illumination, GKAP-dronpa was imaged folijpw
sustained exposure to 488 nm light to convert photoactivated dronpa molecthies
dark state. Green fluorescence of sparsely activated Dronpanaged using continuous

400 ms exposures and 488 nm excitation of 4 mW.

Fixed-cell PALM images were analyzed to measure the positi each molecule
and the uncertainty in its position based on the number of photons ablfeate it
(Thompson, Larson et al. 2002). The resulting imad@g. (3.7 show a probability
density map of the likelihood of finding a molecule in each 5 nm ouygiet by using
color to encode both uncertainty and the density of molecules. The oraxounalization
error of molecules included for display was 30 nm (actin-tdEos)O® nm (GKAP-

Dronpa).

Image acquisition for single-molecule tracking

In our adaptation of single-particle tracking PALM (sptPALMgclquired a series
of images of the red fluorescence from converted actin-Eos dy@ngdic brief
exposures to 405 nm laser light. The 405 nm light was kept exyrehimel(generally ~5
to 50 uW) so that it photoconverted actin-mEos2 molecules in sudhremaers that
individual molecules were well separated (<<1 molecule per spinggme). | used a
long frame exposure time of 150 ms, reasoning as have others (\Wataabkktchison

2002), that molecules bound into actin filaments are expected to beelglanmobile
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and be present at similar locations in repeated frames umyilltleach or leave the
filament, as compared to G-actin monomers which are known to bey rfeaely
diffusing (Pollard and Borisy 2003). Freely diffusing actin taggech Witiorescent
proteins has a diffusion coefficiebt of between 10-30 pffs (Pollard and Borisy 2003)
and photoactivated PA-actin exits the spine in less than 1 secoadifgl treatment
with latrunculin (Fig. S3C,D). Over the course of a 150 ms exposwkecules with a
diffusion coefficient of 10 ufts would move an average of ~2.4 pnfé<z 4DAt). The
probability that a molecule with a diffusion coefficient@fhas diffused a distance bf
or more in timeAt is P(L, At) = exp(L%(4DAt) (Saxton 1993). Over the 150 ms
exposure, 94.4% of free actin monomers would have diffused over a pathuoh and

therefore would not form a localizable spot.

To further ensure that freely diffusing molecules were not thckenserted a 2-
sec gap between frames, during which time, freely diffusingeouts will on average
travel 8.9 pum (&> = 4DAt). In addition, when assembling tracks followed by single
molecules from positions localized in consecutive frames (see hdldwmited to 444
nm (4 pixels) the radius over which a molecule could move over consefratives and
be assigned to a single track. The probability of a molecu® ®f10 puni/sec moving
beyond a 444 nm radius in 2 seconds is 99.4%. Thus, our acquisition settatysedff
prevent the localization and tracking of freely diffusing monomeisebler, coupling
our tracking radius with a frame rate of 0.5 Hz provides enough fm polymerized
molecules to travel beyond our localization error, and allows traakingplymerized

actin with flow rates as high as 13.3 pm/minute.
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To visualize the postsynaptic scaffold following single-molecutacking
acquisition, | acquired widefield, diffraction-limited images &D®5-cerulean. Because
not all synapses were assured to lie within the zone of obligunlation, the widefield
images were acquired at 3 focal planes near the coverslip treat PSD-95 puncta.
Two dimensional deconvolution of each plane was performed in ImageJ
(http://rsb.info.nih.gov/ij), and the maximum intensity projection of estabk was used
to provide a 2-dimensional view of PSD location.

These imaging parameters appeared to protect cell health.dVaetage of TIR
and oblique illumination is that the low incident angle of light redticeverall photon
dose experienced by the cell. Furthermore, using 561 nm excitatiappaopriate for
Eos and other red molecules further reduces cell auto-fluoesceékfter PALM
imaging, cells were visualized using the green fluorescenceingbnverted Eos
molecules to ensure viability. No cellular blebbing was observedenirmaged or
surrounding cells. Moreover, | did not observe changes in molecule behaviothever
course of imaging Kigure 3.6) and molecule dynamics were altered in all cells by

jasplakinolide.

Analysis of single-molecule dynamics

Single-molecule localization and analysis was carried out in MME (The
Mathworks, Inc., Natwick, MA). To identify potential molecules, tlavrdata was
bandpass filtered, and thresholded to select high-intensity peaksen3are that

neighboring molecules did not cause errors in localization or trg@gcuracy, care was
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taken to keep the density of photoconverted molecules low, and peakexekraed if
other peaks existed within a 9 pixel radius in the same fraheeloCation of molecules
was deduced by fitting a 9x9 pixel array of the raw imada slarrounding the peak with

a 2D elliptical Gaussian function:

PSF (XY, AW, Wy, B) = Aexp(-[(x-Xo)” /2W+( y-Yo)* I2W°])+B  Equation 3.1

wherex, andy, are the coordinates of the molecufethe amplitude of the intensity
distribution, wy and wy are the width of the ellipse in the respective axes, Butte
background signal intensity. All variables were treated adfifteey parameters. The low
density of photoconverted molecules made it very unlikely that two wenlst
simultaneously within the same diffraction-limited spot (i.e.aatistance below our
ability to resolve them as two individual peaks). Peaks were desgavhich were poorly

fitted (Wx or wy > 5 pixels) or eccentric (x/fgr y/x > 1.3).

Tracking software was written in MATLAB, based on availallgorithms
(Manley, Gillette et al. 2008). To minimize the inclusion of naales not bound within
filaments, a maximal frame-to-frame displacement of 444 nm peamitted within a
track, and frames without tracked positions terminated a track n@efluorophore
“blinking” was included via interpolation). Net distance and velocigrevcalculated
from the first and last localized point in each track. Net degtaincreased with the
amount of frames in which molecules were tracked. | noted that yapidving

polymerized monomers could be tracked at 3.3 Hz, but not at 0.5 Hz if the tracking radius
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was less than 444 nm (data not shown). Thus, the 444 nm tracking appiesred to
allow the tracking of all polymerized molecules, while spiteventing the tracking of
freely diffusing monomers. Fiducials, which were distinguished flonalized Eos
molecules as having track lengths greater than 30 frames, deatedgshat stage drift

was insignificant over the time courses for which individual molecules tnaarieed.

Maps of polymerized actin density and velocity were constructed usscaled
pixels of the indicated size. At each pixel, | calculated botlié&msity and mean velocity
of molecules whose tracks initiated within a 111 nm search radicesnggra pixel). To
ensure that mapped pixels represented an average, | calculatedlappdd averaged
velocity only in pixels with a local density of three or moaxked molecules. Local net

flow was calculated as the vector average of molecules within the seditch ra

Pharmacology

Latrunculin A was applied from 5 mM stocks in DMSO to cells in live-cell imggin
medium at a concentration of 5 UM, and photoactivation experimenis acgeducted
between 2 and 15 minutes following application. To test the effeetspfgkinolide on
whole-spine actin turnover rate, images were recorded at 1 ldwifod) photoactivation,
imaging medium was replaced with medium containing 5 uM jesulade, allowed to
incubate for 5 minutes, refocused, and photoactivated once again. Actin turnover
measured in spines allowed to incubate for 5-15 minutes in jaspldeinsithiowed a
similar rate of decay following photoactivation (data not shown). Fglesmolecule

tracking experiments, jasplakinolide was diluted to 1:2 working cdretgon, and
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pipetted into the imaging well on the microscope. Image acquisitisresamed after 5

minutes.

Distributed Sites of Actin Polymerization Within Single Spines

To identify regions of actin polymerization within dendritic spinesansfected
cultured hippocampal neurons with actin tagged with photoactivatablef&A&Ratin).
Actin molecules in single spines were labeled selectivelyMoyphoton photoactivation.
Photoactivation within the targeted region was complete withglesactivation Eigure
3.1A-C). Photoactivated PA-actin exited the spine rapidly, followingnge tcourse
described well by a single exponential decay (7.94 £ 0.70 s; r2 = 0.991 £ 0.001, n =
32) with 4.1 + 0.6 % remaining after 96 seconds. We, like others (Honkaiga 2008;
Star et al., 2002) find that this rate is far slower than thagidh of monomeric PA-actin
(Figure 3.1D-F or PA-GFP Figure 3.1G), and instead reflects treadmilling cycles of
actin polymerization (elongating filaments through addition ofmactonomers to their

free, barbed ends) and depolymerizatieiggre. 3.1H,1).
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Figure 3.1: Measurement of actin dynamics in individual dendritc spines reveals :
net polarized organization of spine actin cytosketen with behavior consistent with
retrograde flow.
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(A) Photoactivation was proportional to laser powere Tdser was tuned to € nm and
laser power was measured at the objective. Subnadvactivation within the targete
regions was achieved using 3.4 mW or 11.7 mW. Syulesd photoactivation ste|
resulted in increased fluorescence intensity. A51mW photoactivation achieve
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essentially complete photoactivation, as indicated by failure sobsequent
photoactivation steps to increases fluorescence intensity furtherl7.5 mw
photoactivation step was added after a series of three activdéips ® achieve a
saturating level of photoactivation 4column, labeled Max)(B) Intensity within
targeted region as in A. At submaximal laser power, subseghenbactivation steps
(arrows) resulted in further increases in intensity (top)xiMam photoactivation was
achieved with 17.5 mW (bottom). At this setting, photobleaching wasnaisimal, as
revealed by the lack of decrease in fluorescence followingrakuactivation stepgC)
The mean intensity in the region following the first photoacirastep normalized to
the mean intensity following the final saturating photoactivatiop. $i2) Treatment of
neuron expressing actin-GFP with latrunculin A (5 pM), which inhipdiymerization,
resulted in loss of actin-GFP from dendritic spines within 5 minytes Repeated
photoactivation steps (arrows) in a cultured hippocampal neuron expréAiagtin
treated with latrunculin as in D revealed rapid turnover of freely diffusimpldeerized
actin. (F) Plot showing mean intensity of PA-actin following each photoactivagiep
from three neurons as in B. For the best single-exponentialit,0.72 +/- 0.13 5(G)
Freely diffusing PA-GFP rapidly exited the spine following phaivaton witht = 264

+ 38 ms, n=5,(H) Photoactivation was targeted to an individual dendritic spine of a
neuron expressing PA-actin and tdTomato as a cell fill. The &tEment-stabilizing
drug jasplakinolide was added (5 uM) for five minutes before phototiotivaas again
targeted to the spine. Bottom panels show time course of intdosiy following
jasplakinolide was slowed by when depolymerization was reductd jagplakinolide
(top right panel series). Scale bar, 1 {nPlot of the time course of actin loss from the
photoactivated spine in D, before and after jasplakinolide. Represergabveells. Red
lines show single exponential fits to the data, witlx 23.5 s andt = 96.6 s.(J)
Fluorescence time-series in a single spine from a neuron sixgédTomato (red) and
PA-actin (green). Activation with 820 nm light at time 0 s wasaled over the entire
spine head but not the dendrite shaft. Equal sized regions encomphssamjire spine
head drawn at the tip and base (red and blue boxes, respectivetypmadyzed in E.
Scale bar, 1 um(K) PA-actin intensity following photoactivation of entire spines,
measured within the spine tip (red), the spine base (blue) aritble spine head (gray).
Mean + sem of n=32 spined.) Decay time constants in all spines measured in tip and
base regions. In 26 of 32 spines, the decay was faster in the tip<GQ1p(paired
sample t-test)(M) Velocity calculation from kymographs of PA-actin distribution over
time following targeted photoactivation at the spine tip. Uppeirteige shows PA-actin
in a single spine following photoactivation at its tip. The fluoeese intensity profile in
the spine along a line from tip to base (vertical line) is showntowe in the upper right
kymograph. Fluorescence along a line perpendicular to this (horizioais shown on
the bottom. Note that the vertical kymograph clearly shows the-diependent
translocation of the actin distribution. A line estimating the peekn@e line) had a slope
of 1.1 um % 0.04 um/min. No lateral shift was apparent in the horiz&gptabgraph.
Scale bars, 0.5 um. Time scale arrows, 3(N3.Fluorescence intensity profile along
vertical line in A, measured over time, revealing a shift ofnisitg in the direction of the
spine base. Intensity was normalized to the peak at each time Igetntelocity was
measured from the distance from the tip at which the intensisy580% of its maximum.
Representative example shown; mean of n = 8 was 0.7 + 0.3 puni@icumulative
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intensity along vertical lines as in A, displayed at 4 s (blaaok) 24 s (red) after
photoactivation. Net rightward shift at 50% between 4 and 24 secondseacatia rate

of 0.5 £ 0.1 um/min(P) Additional data accompanying Figure 1E-G. Jasplakinolide (5
MM) substantially prevented incorporation into spine filaments fofigwinitial
photoactivation and bleaching steps.

The rate of decay was faster at the spine tip than in the cEigarg 3.1J,K; ttip
= 17.55 *+ 1.42 sgcenter = 20.50 + 1.09 s; two sample t test p<<0.01), and nearly all
spines (26 of 32) exhibited faster fractional loss of PA-actthetip Figure 3.1L). To
determine whether this difference in kinetics was due to dcotggly slower
treadmilling of filaments in the spine center, | sequentiaigedted the tip and center of
individual spines. Following tip activation, | observed a delayed peahterisity at the
center which occurred 9.3 = 1.6 s following the peak at theé~tqu(e 3.2A,B). Overall,
fluorescence at the center diminished dramatically more sltvaly at the tip (time to
50% intensity: 37.20 £ 5.70 s vs. 10.55 + 0.91 s; N=9, p<<0.01). In contraswifail
targeting of the centefF{gure 3.2C,D) of the same spines, | observed neither a delayed
peak at the tip, nor a tendency for tip kinetics to be slowash{er = 19.55 + 2.73 stip
= 18.66 + 2.51 s). Following spine tip activation, | measured PA-akiorelscence
intensity move toward the center at speeds between 0.5 gn@rhin and 1.1 + .04
um/min (Figure 3.1M,0), consistent with the speed of polymerization-driven actin flow
(Schaefer, Kabir et al. 2002; Danuser and Waterman-Storer 2808),suggesting
(Honkura, Matsuzaki et al. 2008) that actin dynamics at the s$ipirgrive flow toward

the center.
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Sites of actin polymerization are important points of regulatontrol over the
cytoskeleton, so measuring these sites is necessary foyiokgripine organization. To
test whether overall flow is driven by addition of monomers prefeiéy at the tip, |
designed an experiment to measure relative rates of monomeparetoon throughout
the spine without the spatial bias of targeted photoactivakaure 3.2E-G). Whole
spines were first photoactivated but then immediately photobleachaelas of roughly
the time constant of actin turnover (19 s) then permitted the spirgfiltowith new
monomers which can become polymerized, and the spine was again phadidctiva
Because non-polymerized monomers diffuse rapidly out of the Spigeré 3.1FD-G),
the pattern of fluorescence intensity following the second aictivatveals sites at which
new monomers were incorporated into filaments during the paus@suneel intensity at
the tip and the center in each spine through this assay, and plotssd \thkeies
normalized to the region intensity following initial photoactivatiéiggre 3.2F,G). In
each spine, relative incorporation was greater at the spine tiaththe center. Overall,
incorporation was 71.7 +6.4% complete within 19 sec at the tip but only 58524 at
the center (n=9, p=0.014, paired sample t test). However, reincoogporaas not
restricted to the spine tigrigure 3.2E) but broadly distributed within the spine head,
apparent in some cases along its circumference. Reincorporasdoiacéed by addition
of jasplakinolide Figure 3.1P. Thus, this assay directly confirms that the spine tip is a
site of ongoing actin polymerization, but clearly suggests tbi a@ynamics within

spines are more spatially heterogeneous than can be resolved using coitiasaiopy.
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Figure 3.2: Heterogeneous actin polymerization rates within sigle spine:
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ongoing polymerization. Actin in single dendritigises was entirely photoactivated ¢
then photobleached. After a pause to allow addiliainactivated monon's to enter the
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new monomer incorporation within whole spines, reated from the time cour:
(measured in Fig. 1b) of actin loss from whole spirfollowing photoactivation. ,

p=0.014.
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Tracking the Behavior of Single Actin Molecules within Living Neurons

To obtain higher resolution than achievable through traditional light microscopy, |
turned to photoactivated localization microscopy (PALM), which usességgiential
localization of activatable probes at very low spatial denttyprovide nanometer
resolution of macromolecular structures (Betzig, Patterson 20@6; Hess, Girirajan et
al. 2006). | reasoned that tracking polymerized actin molecules walltnv
measurement of orientation and dynamics of filaments withinsthall confines of
dendritic spines. Importantly, whereas the image of any indivitiaéécule is diffracted
to a broad peak as expected by the PSF of the microscope objdativerrdr in our
estimate of the location of the molecule is expected to be mualesr-10x smaller)
than the width of this blurred image (Thompson, Larson et al. 2002). mgacidividual
molecules over time in a living cell provides not only nm-scalalipation but also
direct observation of molecular motion within the cell. | therefacguired single-
molecule images of actin in the spines of cultured neurons by adaptprgvious

approach (Manley, Gillette et al. 2008).

Cells were transfected with actin fused to mEos2, which fhom® green until

exposed to UV light that irreversibly converts its emission td. r&s expected,

transfection with actin-mEos2 did not affect spine number or head=sqed 3.3A-D).
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Figure 3.3: Actin-mEos2 expression does not alter spine morpholog
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(A-B) Cultured neurons 13DIV were -transfected with tdTomato and the indice
constructs. After 48 hrs, the cells were fixed dmel tdTomato was imaged. Plentif
mature spines were observed in neurons expresasigmnstruct. Scalebar, 25 | (C)
Spine ead area did not differ in neurons expressing tdatomalong with either GFP
Actin-mEos2. Regions from projected confocal stacks dinty the spine head but r
the neck or dendrite shaft were drawn and the waesacalculated after thresholding
50% of the maximum pixel intensity value within eachngp n = 769 spines, 12 neurc
(gfp) and 875 spines, 15 neurons (e-mEo0s2), from sister coverslips in 2 cultu (D)
Replotted data from Fig. 2G. Tracks are displayedimique colors, and the sting
position from each track is shown in red. Scale a0 nm

Molecules were activated with very low intensity540m excitation, providing rough
0.010 to 0.025 molecules pepum2 in a given frame. Using oblique excitat
illumination, moleculescould frequently be followed by eye over consecutivanfes
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before their stepwise disappearan€gy(re 3.4A,B). | adopted several strategies for
preferentially measuring the dynamics of polymerized a¢iee Supplementary
Methods), most notably a long frame exposure time (Watanabe anudddit2002) with
gaps between frames. By acquiring time-lapse datasetinthatled 100s or 1000s of
images, | were able to compile trajectories for tens of thmssaf localized molecules
within transfected cellsFjgure 3.4C-G), many of which were tracked over multiple
frames. Consistent with the distribution of phalloidin staining ofctifzain neurons
(Allison, Gelfand et al. 1998), tracked molecules were primadlyndl in spines and

spine-like protrusions from the dendritic shatft.
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Figure 3.4: Single actin molecules tracked with PALM have systaatically polarized
trajectories within dendritic spines
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(A) Time series from sequential images, showing a mé#ewhich appears at time = (
and persists for 6 frames before disappearing.eSua,200 nm.(B) Overlays showing
the molecule when it first appeared (red) and chea the ensuing frames (green) bet
its disappearance. The final image shows the posdf the molecule at time = 0 s (re
and 10 s (green) superimposed over the metensity image of all 1531 frames (blt

(C) Mean intensity projection of all 1531 frames prasd diffractio-limited image of
the neuronal dendrite. Scale bar, C&E, 5 (D) High magnification of boxed region

D. Dashed line represents the bordethe image in E. Scale bar, D&F, 250 | (E) The
local density of polymerized actin calculated ae tbtal number of molecules whi
appeared within a radius of 111 nm (1 camera piaef) that were tracked over two
more frames (green) or localizedonly a single frame (red). Output plotted in 2718
bins (1/4 the search radit (F) High magnification view of the highlighted regiom k.
The dashed line in D, F, and G represents the neutlif this imag« (G) The first
localized position (red) ancast localized position (green) of molecules trackedr a
distance greater than 111 nm are displayed. Trasksoncentrated in the spine he
and point predominantly away from the spine memér&cale bar, 250 nn(H) Net
distance traveled by molecs in a representative cell plotted as a functioheftime
since their appearance. 150 ms exposures werectaallat 0.5 Hz (triangles) or 3.3 |
(circles). 1978 frames were collected at 3.3 Hayimch 7608 molecules were localiz
in only a single fame, and 3278 were tracked over 2 frames or mé2b frames wel

collected at 0.5 Hz, in which 12708 molecules weoalized for a single frame and 36
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were tracked for at least 2 frames. Of these, 54.9% waenleettdor 2 frames, and only
3.1% persisted >5 frames. Following jasplakinolide (open circles), fifeOdes were
collected at 0.5 Hz, in which 2599 molecules were localized in aesirghe and 1921
were tracked for at least 2 frames. Of these tracked mekc14.0% persisted at least 2
frames, and 12.8% persisted >5 frames. Fiducial beads showedmldtien (gray
symbols).

To quantify the distribution of localized molecules, | mapped theiriyewghin
subresolution spatial bins (111 nm bins, 1 camera pixel). The moledetesity of
tracked molecules provided a map of the polymerized actin distrbutvithin
unperturbed, living neurongrigure 3.4E,F, green. Importantly, the distribution of
untracked molecules (those appearing in only one frame) in additiealed the extent
of the cell cytosol, providing a map of cell morphology derivemmfrsuper-resolved
molecular localization informatiorF{gure 3.4E,F, red. Within spines identified from
these maps, the trajectories of tracked molecules showepengity for inward

polarization often readily discernible without further analyBigifre 3.4G).

To quantify molecular dynamics, | plotted the mean distanceslgdvby each
molecule as a function of its time since appearan€gufe 3.4H). Because
photobleaching limits the number of frames for which molecules can be imagetgebtra
populations of molecules over short and longer periods by acquirirgegmnaith first a
rapid (3.3 Hz) then a slow (0.5 Hz) frame rate. The distanceldchy®y molecules
tracked at 3.3 Hz over 2.1 s was essentially the same as neslé@adked at 0.5 Hz over
2s(8B3Hzat2.1s:137.5+12.6 nm; 0.5 Hz at 2.0 s: 137.0 £ 6.9 nm, n = 11), verifying our

tracking criteria. Molecules tracked over longer periodsmé& moved greater distances,
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as expectedThe initial slope of thi relationship is expected to reflect the aver

velocity of molecular motion along filamer

Figure 3.5: Single molecule motion describes the behavior of pmnerized actin
monomers
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(A) A neuron expressing ac-mEos2 wasmaged sequentially at 3.3 Hz and 0.5

Following the addition of jasplakinolide, the nemnwas again imaged at 3.3 Hz and
Hz. Each black point represents the distance teavll a tracked molecule. Red circ
represent the mean distance traveof 100 consecutive tracked molecules. Note tha
time-dependent increase in molecule motion is abrogddyd the addition o
jasplakinolide. (B)Local mean net distance traveled by localized mdéscwithin cells
which were consecutively imaged at 3.z and 0.5 Hz before and after jasplakinolidt
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=7) as in A, and separate cells which were fixed in 4% paraformaldekefalie imaging
at 0.5 Hz (n = 7). Two-way ANOVA; ** P < 0.001. (C) Molecule veloaiap of the
same neuron before (left) and after (right) jasplakinolide. Madéevelocity decreased in
all spines following treatment. Inset: High magnification okpresentative spine from
indicated region. Scale bar: 5 um, inset 1 um. (D) Local melaity was calculated by
averaging the velocity of each track originating within a 111lradius of each 55.5 nm
output pixel (as in A). Local mean velocity was decreased in 1414 @ cultures)
following jasplakinolide (averaged per pixel). **, p < 0.001. (E) Represisetexample
showing average time over which molecules were tracked (omdsgtracked at 0.5 Hz;
same cell as S6a,b) before and after addition of jasplakinolad# point represents the
average track length of 100 tracked molecules. (F) The maanotrer which molecules
were tracked increased after the addition of jasplakinolide in 1eglld (8 cultures).
Paired t-test; ** p < .0001. (G) Analysis of all tracked moleclle®re and after the
addition of jasplakinolide (14 neurons, 8 cultures). Total molecules ttabkéore
jasplakinolide was 172,879. Total molecules tracked after the additi@smakinolide
was 96,240. The fraction of tracks persisting over the designated naifyrames is
plotted.

Tracks in images acquired at 3.3 Hz revealed that molecules noovaderage
38.8 nm/s (2.3um/min). This value is considerably higher than the measured bulk flow
velocity (Figure 3.1M-0), suggesting that bulk flow obscures faster flow rates along
individual fibers of different orientations. However, the slope deean longer tracks
(13.5 nm/s between 2 and 8 s), and approached 0 for the longest tractasnb@tand 14
sec long (0.9 nm/s). The asymptote of 205.4 + 11.7 (mean length of fracks frames
in length at 0.5 Hz, n = 14 neurons) is potentially explained if film&ithin spines
rarely extend beyond this length, similar to a confinement radiuasibieg a limited area
over which an otherwise freely diffusing molecule can roam, asedefrom single-
molecule mean squared displacement over time (Saxton and Jacobson 1997).
Alternatively, these data may reflect that flow velocity onnepifilaments is
heterogeneous, such that slower moving molecules remain onefiilanior longer

periods of time.

113



| tested whether our analysis selectively tracked the motion gimgoized actin
molecules by examining the effects of jasplakinolide, an actamént stabilizer.
Jasplakinolide greatly restricted the motion of tracked mole¢Eigare 3.4H), reducing
the distance traveled during the initial 2 s (130 nm to 76.6 nm) lhasvine slope of the
relationship between 2 and 8 s (13.5 nm/s before; 8.7 nm/s after jasptii.
Jasplakinolide reduced the mean distance traveled by tracked tesldoua level
indistinguishable from that seen in fixed cells (i.e. from theuevahrising from
instrumentation noise) at both rapid and slow frame r&igsie 3.5A,B; Figure 3.6A-
C). The fraction of molecules that traveled beyond 100 nm was alseadedrfollowing
jasplakinolide to a level similar to that seen in fixed c@figure 3.6D), and the mean
net distance for tracks 5 to 8 frames in length was reduced to 18®Inim (from 205.4
+ 11.7 prior to treatment, p << 0.01; paired t test, n = 14). Maps ai tneal molecular
velocity were created by averaging the velocity (net distemack duration in sec) of all
molecules which originated within 111 nm (1 camera pixel) ofi &&c5 nm output pixel
(Figure 3C). Mean local molecular velocity was reduced by jasplakindideughout
each of 14 neurons-igure 3.5C,D; Figure 3.6E-F 53.2 £ 11.2 nm/s before, 24.8 + 7.3
nm/s after, n=14, p <<.01). The value after jasplakinolide was edBentia
indistinguishable from that in fixed cells (24.6 = 2.3 nm/s, r&gure 3.6G), indicating

that any remaining motion was within the limit of our detection.

If continuous polymerization is responsible for driving most actin flow along

spine filaments, depolymerization and subsequent free diffusion of molecules would be
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expected to terminate tracks. Indeed, the mean persistence of trackedlesdjiec
seconds) increased after jasplakinolide treatment in 14/14 Egjle ¢ 3.5E-G, Figure

3.6H).

115



Figure 3.6: Movement of single acti-mEos2 molecules derives from polymerizatic-
driven flow
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(A) Net distance traveled by each molecule tracked%iHz, plotted in chronologici
order before and after addition of jasplakinolided( arrow). Red circles represent
mean distance traveled by consecutive groups oftfdifked molecules. Blue trian
represents mean net distance traveled for 7 ag#sl in 4% paraformaldehyde (81.&
7.5 nm). (B) Cumulative probability plot of molecule net distantraveled. Tracke
molecules were binned into 10 nm groups based omlis@nce traveled for each ¢
and averaged. Data represents the mean distribfdro52704 tracked molecules in
cells before and 34272 tracked molecules followjmgplakinolide, and 26392 track
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molecules in 7 cells fixed in 4% paraformaldehyde. The 50% protyafali fixed cells
was 38.5 nm, presumably stemming from the imprecision of single-moleculieatioa.
For molecules in live cells tracked at 0.5 Hz, the 50% probability a9 nm, which
was reduced to 46.0 nm following jasplakinoli¢€) Red dots represent the percent of
groups of 100 tracks which traveled more than 100 nm before and afteddhien of
jasplakinolide (individual points shown in AD) Percent of groups of 100 tracks which
extended more than 100 nm in a representative fixed(E¢IMolecule velocity map of
the same neuron before (left) and after (right) jasplakinolide. Molecueityetiecreased
in all spines following treatment. Inset: High magnification oé@aresentative spine from
indicated region. Scale bar: 5 um, inset 1 (f#h.Maps of net flow, calculated as the net
motion of all molecules originating within a 111 nm radius. Like mean molecudeityel
net flow was higher in all spines before jasplakinolide (I&@ntafter (right). Inset: High
magnification of same representative spine from indicated resfiows that restricted
regions of high velocity flow within individual spines disappear follogvireatment.
Scale bar: 5 um, inset 1 uifs) Local mean particle velocity within cells which were
consecutively imaged at 3.3 Hz and 0.5 Hz before and after jasplakirfole 7) as in
Figure 3A, and separate cells which were fixed in 4% parafdehgtie before imaging
at 0.5 Hz (n = 7). 2 Way ANOVA; ** p < 0.001H) Local net distance was calculated
by averaging the net distance traveled for all tracksratgig within a 111 nm radius of
each 55 nm output pixel. Local net distance decreased in each of 44neelsured
before and after application of jasplakinolide. **, p < 0.001L.The probability that a
localized molecule would be tracked in subsequent frames increaseavirfgl
jasplakinolide. Paired t-test; ** p < 0.001.

Together with the rapid time constant for turnover of photoactivafeddin
(Figure 3.2, these data indicate that many tracked molecules rea@nthef filaments
and are depolymerized before photobleaching, consistent with a populatismomf
filaments within spines. The strong effects of jasplakinolide onecutdr velocity
suggest that polymerization drives the large majority ohdtdw in spines. It is likely
that the remaining motion (above the error-derived values in figks) ceflects the role

of myosin-based contractility.
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Resolution of Perisynaptic Polymerized Actin

To measure the distribution of actin near synapses, | used tao-EélLM
(Shroff, Galbraith et al. 2007) of fixed neurons co-transfected aatim-tdEos and the
postsynaptic density protein GKAP (Welch, Wang et al. 2004) thggeh the
photoswitchable green protein dronpkiglre 3.7A-C). Molecules of each were
photoactivated, and the locations and localization uncertainty weredtoteencode the
probability of finding a molecule at any position (Betzig, Ratie et al. 2006). The
resulting images showed areas of high actin density abutting bx@PS§napses both in
spines and on the dendritic shafigure 3.7B). Line profiles through areas of interest
confirmed the low probability of finding actin molecules within tifeDPitself Figure

3.70).
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Figure 3.7: Spatially restricted distribution of polymerized adin visualized with
PALM near synapses.

=1

[ Actin
I
[ I3
,_/. y I'\/. '\ /\_

"0 250 500 750
Distance (nm)
II\l
1
myimn
| u.ld| L,' \-'\\

Molecular
probability density
[==]
on

[=]
(=]

=1

j,\/.-"\' \
0 250 500 750
Distance (nmj)

Molecular
probability density
_(D (=]
[=] (53]

-
ha
|

w
—a
—.—
—
——
—.
—.—
—a—

Ly

w
1
-

Percent tracked molecules
[=>]
—a—

F-Actin

0 250 500 750 1000
Distance from PSD center (nm)

25

S3|NJa|jowW paxyoel ]

(A) Two-color PALM image of acti-tdEos and GKARdronpa in a fixed neurol
Moleculeslocalized with error less than 30 nm (Ac-tdEos, red) or 100 nm (GKA
Dronpa, green) are shown mapped with a pixel siZzeron. Scale bar, 1 pu (B) Closer
view of synapses on a spine (top) and shaft (bgttshowing lines along whic
measurements wermade in C. Scale bar, 500 r (C) Relative molecular densi
probability of actintdEos (green) and GK/-Dronpa (red) along 76m wide lines (3(
pixels) shown in B. Dotted lines highlight the widdf the profile at a probability of O
(top, 121 nm; botm, 87 nm).(D) The local density of polymerized actin calculats
the number of tracked ac-mEos2 molecules within a 111 nm radius. Local dgt
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(green) was plotted at Y4 this scale (27.8 nm bins), and overlaid diffthetion-limited
image of PSD-95-cerulean (red). Scale bar, 5 (Ep.Plot showing the distribution of
tracked actin-mEos2 molecules with increasing distance fromcémter of PSDs
identified by localization of PSD-95-cerulean puncta (n = 4 neuronsP&&). Three
synapseqF-H) from D, revealing a characteristic cuplike subsynapticastructure.
Scale bars, 500 nm(l) Actin distribution at a shaft synapse showing a ring-like
distribution (left) encircling the PSD (middle). Scale bar, 500 @reen color bar
represents local density of polymerized actin in A-E.

To examine polymerized actin density in relation to the PSDvindicells, |
acquired single-molecule time lapses of actin-mEos2 followedlifigaction-limited
images of PSD95-ceruleafrigure 3.7D), and compared the molecular density maps
created from tracked actin molecules to the position of PSD@ficed. This analysis
revealed a striking peak density of polymerized actin near the Egure 3.7E).
Examining individual images confirmed that polymerized actin densdg notably
higher near the edge of the PSEglure 3.7F-H), even in the case of morphologically
complex PSDs. Some actin molecules were localized overlagmd® 8D, though the
finite thickness of the optical section precludes determining whékiese molecules
were above or truly within the PSD. These observations using PALM thus confirm EM of
fixed cells showing filaments near or touching the PSD (Fifkova and D8B%; Capani,
Martone et al. 2001). Further analysis (see below) extends rkmdés significantly by
demonstrating directly that such perisynaptic actin is highhadyc rather than merely a

stable or structural scaffold.
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Heterogeneous Actin Dynamics Within Spine Subregions

Tracking single molecules permitted us to measure the spatietogeneity of
actin dynamics across the inner extent of spines, by mappingctistics of molecules
whose tracks began within defined spatial bins. Molecular velocag strikingly
heterogeneous within spineBigure 3.8A). Most notable were distinct regions of high
velocity motion. Such regions were typically found along restriptations of the spine
membrane. The narrow lateral extent and the depth into the teglbmargue against the
possibility that they represent an edge effect, since socéffact should be uniform
along the membrane and not affect molecules farther interiorthieaerror in molecule
localization. In fixed cells and neurons treated with jasplaidapimean local velocities
decreased to the level of localization-error-derived background ibigare 3.8B).
Vector plots representing local average molecular direction and tyeleeie constructed
to map flow at high spatial resolution. This local flow was ovehmigly directed
inward from the spine membranEidure 3.8C,D). The interior of all spines comprised
dense actin of somewhat slower velocity and notably reduced flogv, most easily
explained by heterogeneous filament orientation. Perhaps mibstghy, at irregular
points along the membrane, regions of inwardly directed, high net yelogte
observed, which | take to be sites of dramatically enhanced pahatien. These sites
presumably underlie the distributed monomer incorporation observed followimgsed

confocal photoactivatiorF{gure 3.2E-G).
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Figure 3.8: Heterogeneous actin dynamics within individual spies
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bar, 200 nm; vector, 100 nn (E) Actin velocity map and(F) locally aveaged
molecular movement vector plotted superimposed awalltracked molecule dens
(green) and the deconvolved widefield image of -95-cerulean (red). Some but not
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foci of high velocity motion are closely associated with theapge. Scale bar, 250 nm;
vector, 200 nm/s. Color bar represents tracked molecular density for F.

Surprisingly, the inward orientation of flow was observed even at tépimgp of
the spine neck. Actin within the spine neck has been difficultsimive in live cells, but |
found that the high sensitivity and spatial resolution of single-cutdetracking enabled
measurement of molecular motion along filaments in the néigkie 3.8C,D,H. This
provides direct evidence supporting the existence of dynamicfaatrents in the spine
neck. Further, all spines with a clearly identified neck contametecules with a net
inward flow, though overall, roughly one-half as many actin madés flowed outward
through the neck as flowed inward (67+5% of filaments inward; n = I®sgrom 13
neurons in 4 cultures). Maps of actin molecular velocity in masgseevealed multiple
foci in broadly spaced regions of the spirfag(re 3.8E). To examine filament
orientation within these regions, | constructed vector plots of lo¢dlave direction and
magnitude Figure 3.8C,D,B. This analysis indicated that foci of high velocity motion
were associated with more strongly congruent directionalityaifast local flow vector.
Though not all regions of relatively highly correlated motion dio&c were within
regions of high velocity, such association was seen in neady all00 foci examined.
Importantly, by overlaying vector plots of net flow with widédiemages of PSD-95-
cerulean, it was clear that foci of high velocity motion ofteaurred near or overlapping

with the diffraction-limited image of the PSBigure 3.8Fand see below).
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Distribution of focal sites of polymerization within spines

To quantitatively assess the distribution within spines of focas ©ift enhanced
polymerization, | identified these regions first by thresholdiaghecell’s velocity map
(Figure 3.9A-C; see Experimental Procedures). Spines contained on average 1.7 + 0.6
foci (n = 68 foci in 30 spines in 5 neurodgure 3.9C,D). All foci were eliminated by
application of jasplakinolide, and rescaling the threshold based oaxthemely low
velocity following jasplakinolide did not rescue the number of foci, comnfig their
dissipation in the absence of normal polymerizatibigyre 3.9D). Foci were found
distributed widely through the spine, with a preponderance in the latetigl regions of
the spinesKigure 3.9F). The large majority were within 150 nm of the spine membrane
(Figure 3.9P), (the location of which was deduced from the distribution of allined
actin molecules). Like others (Honkura et al., 2008), | found thaatbeage velocity of
actin flow was weakly correlated with the size of the spligure 3.9G correlation
coefficient=0.43, p<0.05, n = 28). More notably, however, larger spingsnioae foci
(Figure 3.9H; correlation coefficient=0.67, p<0.01, n = 28). To examine this fyrthe
compared the number of foci in spines from neurons overexpressithgircicerulean,
which has no effects on spine size (Blanpied et al., 2002; Petahj 2009), with those
overexpressing PSD-95, which is known to increase synapse stremjtbpime size
(Bredt and Nicoll 2003). PSD-95 overexpression increased the number oy fb6é-fold
(p<0.05, n = 24 and 27 spines from 4 cells each for PSD-95 and clatspectigely).

These data indicate that the subspine actin velocity landscapearesimricate in large
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spines, and suggests that as synapses strendtlegnadquire unigt organizational o

functional complexity.

Figure 3.9: Widespread distribution of focal points of high vebcity flow within
spines.
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motion with respect to the membrane (n = 68 hot spots, 30 spines, 5 neurons
cultures).(G) The average spatial mean velocity within individual spines isetka
with spine size (n = 32 spines, 6 neurons, 6 cultu(elg)Larger spines contained a
greater number of foci (n = 32 spines, 6 neurons, 6 cultures).

Differing actin polymerization dynamics at the synapse and endocytic zone

Sites of enhanced polymerization could be randomly distributed withespnd
thus presumably mediate only morphological change, or could be tied toofahc
domains such as the synapse or the endocytic zone (EZ). To uistirigetween these
possibilities, | first examined spines from neurons triply fiested with actin-mCherry,
PSD-95-GFP to mark synapses, and clathrin-cerulean to mariZtfRld&npied, Scott et
al. 2002). Intriguingly, confocal images of these spines suggestetiehdensity of actin
near PSDs was greater than near the Efufe 3.11A), but the limited resolution
prevented detailed analysis of actin dynamics in relatioeath structure. | therefore
measured the distribution of polymerized actin via smtPALM iati@h to widefield
images of clathrin-cerulean acquired after tracking. Striginghe distributions of
thousands of tracked (polymerized) molecules surrounding the cener BZtwas quite
different than that surrounding the PSBigure 3.10A). Whereas the peak density
occurred only 300 nm from the imaged center of the PSD, tracked mcliecules
showed no prominent peak density even withipmd. | therefore examined directly
whether polymerization foci occurred preferentially near syempsr the EZ, by
overlaying maps of foci derived from single-molecule trackinity widefield images of

the PSD or EZKigure 3.10B,Q. PSDs typically were found with one or more actin foci
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on or almost directed opposed to them. On the other hand, actin foaregpdess
frequently to abut the EZ marked with clathrifigure 3.10Q. | calculated a nearest
neighbor distribution by measuring the distance from the centeachf BSD or clathrin
punctum to the nearest actin polymerization focus. A histogram ale timearest
neighbors Figure 3.10D revealed that actin foci lay significantly further frahe EZ
than from the PSD (median distance 565+43 nm for clathrin vs. 420+14 foi9RSD
p<0.05). Furthermore, the most striking difference in the distributA@ssin the closest
bin: a significantly greater fraction of PSDs were assediatith an actin polymerization
focus within 250 nm (p<0.05, t-test). This closer relationship was apgpals in the
left-shifted cumulative nearest neighbor distance (Fig. 3.10E; p<OM@&%Whitney U
test). To confirm this automated analysis, | manually countaddascore whether they
overlapped 1 or more image pixels with thresholded images of PSE¥soiThe results
were very similar Figure 3.10F, indicating that actin foci occurred at PSDs with

roughly twice the likelihood as at EZs (p<0.01).

To test in an independent way whether the behavior of polymerizéa ac
molecules in the vicinity of the PSD or EZ differed, but withowingl on definition of
discrete foci, | analyzed the mean molecular velocity ohantispatial bins surrounding
the functional markers. Molecules whose tracks began closest syriapse (i.e. their
tracks initiated within the borders of the PSD as determined diemanvolved, widefield
images of PSD-95-cerulean) or those within a 300 nm annulus arourfiSihehad
significantly higher mean velocities than molecules whose trackated further than

300 nm away from the synapsgiqure 3.10G. In contrast, molecules whose tracks
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initiated within the boundaries of the EZ were no faster than thyasg immediately
outside the EZ or more than 300 nm fromRFigUre 3.10H). Accordingly, even though
the average molecular velocity across the entire cells did négr dibr neurons
expressing PSD-95-cerulean or clathrin-cerulean, the velocity of medeguthe synapse
was significantly greater than those at the Efre 71; p<0.01, t-test followed by

Bonferroni correction for multiple comparisosgure 3.11B-D).
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Figure 3.10:The PSD and the Endocytic zone show distinct pattes of
polymerization dynamics
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(A) The distribution of tracked ac-mEos2 molecules peaked within 300 nm of
center of localized PSDs. In contrast, the risehef distribution curve of aci-mEos2
was less steep in the vicinity of localized endmcybnes (n = 148 PSDs, 4 neuron:
cultures; 354 clathrin spots, 4 neurons, 2 culi. (B) PSD-95€eerulean (blue) showed
high degree of colocalization with both the diaitibn of tracked act-mEos2 (green)
and localized focal areas of high velocity particietion (red) (C) In contrast, clathri-
cerulean3 (blue), was generally located distantnftbhe peak of tracked ac-mEos2
distribution and did not appear to colocalize wabalized focal egions of high velocit
actin particle motion(D) Histogram of the distribution of distances from dbzed
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PSDs(black) or endocytic (zones) to their nearest associatadpoint of high velocity
actin motion. A significantly higher fraction of PSDs had assedi&oci within the first
250 nm (p < .05, t test). The average PSD was closer to a fobughofelocity particle
motion than the average EZ (420.0 +- 14.4 vs 565.5 +- 42.3 nm, p < .05 (HEeSthe
cumulative distribution plot showed the distribution of foci with distainom the EZ
was significantly right shifted with respect to the distributioom the PSD (Mann-
Whitney U test; n = 148 PSDs, n = 354 EZ, 4 cells edehPSDs and endocytic zones
were manually examined for association with localized high vgléoti. To avoid false
negatives in regions where the dendrite was out of tirf, PSPs ex@mined only if they
colocalized with tracked actin molecules. PSDs were twidkely to be associated with
a high velocity foci than EZs (p < .05, t test; n = 100 PSDs, 4onsu# cultures, 148
clathrin spots, 4 neurons, 2 culture&}) Plot showing the average velocity of tracked
particles originating within thresholded PSDs, within 300 nm of ®B,Rr elsewhere in
each of 10 cells. Tracked molecules originating at and nearSBenfdved significantly
faster than molecules originating elsewhere in the celk (®5; paired t test with
Bonferroni correction).(H) Plot showing the average velocity of tracked particles
originating within thresholded clathrin spots (EZ), within 300 nmhefEZ, or elsewhere
in each of 13 cells. Tracked molecules originating at and neatZhdid not behave
significantly differently than molecules originating elsevéhar the cell (p > .05, t test
with Bonferroni correction)(l) Plot comparing actin velocity at the PSD or EZ, within a
300 nm radius, or elsewhere in the cell. The velocity of trackstoh anolecules
originating at the PSD was significantly higher than thatratked actin molecules
originating at the EZ (p < .01, t test with Bonferroni correction)
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Figure 3.11: The postsynaptic density is associatedith regions of high velocity

actin motion.
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(A) Scanning Confocal images of PSI-gfp (green), actimnCherry (red), anclathrin-
cerulean (blue) reveal that while the three molkesare distributed within the spine he
PSD95 often appears to be more closely associatadclesely apposed regions of hi
actin density. (B)f'racked actin molecules within individual cen which either PSD¢-

cerulean or clathrin cerulean3 were divided intougis based on whether they origine
from regions within 300 nm of thresholded PS-cerulean (black squares) or 300

of clathrincerulean3 (red triangles). Molecules originatint the PSD travele
significantly farther than molecules originating #te EZ. Comparing molecul
originating at all points in individual cells reved that expression of PSD95 or clatr
did not significantly alter actin dynamics elsewdén the cel (C) Renormalization o
tracked molecules to their location at time = f&gealed that motion between 2 an
seconds was also enhanced at the PSD comparesktehelre in the ce (D) Plot of the
mean of fitted curves for each cell (C) again réagdhat actin motion was significant
enhanced within 300 nm of the PSD compared to élsesvin the cell. The EZ was r
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associated with high velocity actin motion (* p < .05, ** p < <.01, ANQWA= 26 cells
expressing PSD95, 17 cells expressing clathrin-cerulean3).

DISCUSSION

| have used a variety of confocal and single-molecule trackiegsorements to
analyze actin dynamics within the submicron dimensions of single living dergpities.
Our results make clear that spines contain a dense and higtaynayperisynaptic actin
network, tightly localized foci of polymerization both at and avrayn the synapse, a
dense central core of heterogeneous filament orientation, andiktierfts in the spine

neck frequently oriented with barbed ends toward the dendritic shaft.

Dynamics of perisynaptic actin

| find continuously polymerizing actin immediately apposed to the s@agnd
the density of actin flaments reaches a peak within 300 nm dP$ie center. Recent
indications that filament structure observed by EM is highly iseasto fixation
conditions (Urban, Jacob et al. 2010) emphasize the need for furteecell
measurement of cytoskeleton behavior and function. Nevertheless, thbutie |
observed is consistent with EM localization of filaments neaalnstting the PSD
(Caceres, Payne et al. 1983; Capani, Martone et al. 2001). IndéevaFet al. (1982)
found filaments with barbed ends oriented toward the PSD, as wdilaasents of

differing orientation near the PSD, even running parallel to it, kvigcconsistent with
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the highly localized and heterogeneous organization | have obserkied.cdmplex
assembly pattern likely arises from the concentration of the Aidm2ihching nucleation
factor only ~200 nm from the PSD edge (Racz and Weinberg 2008)ydner fsuggests
that the perisynaptic actin network is a uniquely nimble collectiohigtily dynamic

filaments.

The tight synaptic association of the cytoskeleton presumablyliesdés role in
maintaining synaptic glutamate receptors (Allison, Gelfanal.et998; Kim and Lisman
1999; Zhou, Xiao et al. 2001). I find that polymerization-driven flow alfilaghents at
the synapse is faster than elsewhere in the spine, suggéstingdeptor “anchoring” by
the cytoskeleton may in fact involve an active process mediate@olynerizing
filaments, not stable ones. Dynamic perisynaptic filamentspatsode a straightforward
explanation for the pronounced, actin driven morphological distortianntiost PSDs
undergo on a continual basis (Blanpied, Kerr et al. 2008).Direct cyetskeontrol of
the morphology of the synapse proper, rather than the spine in gersralpntribute to
subsynaptic receptor positioning with respect to sites of neurotithes release

important for synaptic strength (Raghavachari and Lisman 2004).

Indeed, the latrunculin sensitivity of PSD scaffold protein aant@llison,
Chervin et al. 2000; Kuriu, Inoue et al. 2006) suggests that actimdeptk receptor
anchoring may stem from cytoskeletal interaction with thetgmms of the PSD rather
than receptors directly. As actin polymerization also regsilétte lateral diffusion of

membrane proteins into and out of the dendritic spine (Richards, Ded?abl®004), it

133



is tempting to speculate that a dynamically regulated cytetskesurrounding the PSD
may restrict the territory explored by freely diffusingceptors, potentially gating

receptor exit or entry to synapses (Yang, Wang et al. 2008).

Roles of polymerized actin in spine subdomains

Using targeted photoactivation | observed as reported previously (Honkur
Matsuzaki et al. 2008) that spines possess a general tip-t@tasttion of actin flow.
However, both an optical monomer-incorporation assay and single-moleackeng
revealed that this does not result strictly from prefereptidymerization activity at the
spine tip or at the synapse. Rather, sites of high polymerizatbwity are broadly
distributed and found at spine tips, in lateral domains, and even inraheageck. These
distributed sites likely represent points of regulated control aeendnt density, length,
and turnover. Thus, the tip-to-base flow structure that can be resoéveelatively low
resolution confocal microscopy appears to be an emergent phenomenonaghat a

more intricate and functionally revealing underlying organization.

Synapses but not endocytic zones were prominently associatechesth foci, |
take this nonrandom distribution as clear evidence in favor of the ndtainattin
dynamics regulate spine function through specific mechanisms fasideinfluencing
spine morphology. Indeed, larger spines were not merely expanded vesEismall

spines: they were more intricate, containing more foci. Thus, dleda that for spines,
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strength is associated not merely with size but with orghoimd complexity that may

support computational sophistication.

The high resolution of PALM allowed us to identify unexpected clamatics of
actin dynamics within two clearly identified subdomains awvrayn the synapse. The
endocytic zone (EZ), a region of clathrin assembly reliably ipogitt 100s of nm away
from the synapse (Blanpied, Scott et al. 2002; Racz, Blanpied 20G4; Lu, Helton et
al. 2007), is an important potential site of actin polymerizatiothiwithe spine.
However, by a number of tests, foci of polymerization were noeblasssociated with
clathrin puncta within the spine, and the velocity of actin monomefitaoments near the
EZ was not different than the surrounding spine milieu. This iscpéatly surprising
given that the endocytic zone contains numerous actin-binding molechiels likely
regulate endocytosis (Engqvist-Goldstein and Drubin 2003; Yarar,riVateStorer et
al. 2005; Rocca, Martin et al. 2008). However, consistent with aeliirtonic role of
actin polymerization at the spine EZ, clathrin puncta are nosshsabled or disrupted
during latrunculin application (Blanpied, Scott et al. 2002), whereasAMPeptors and
PSD scaffold proteins are quickly lost (Zhou, Xiao et al. 2001; Kuniyée et al. 2006).
Our results are thus consistent with the idea that actin pobatien at the EZ is either
highly transient during endocytosis (Merrifield, Feldman et al. 2002ven negatively
regulated in spine subregions (Rocca, Martin et al. 2008). PAL&tsofhe possibility to
resolve whether actin de/polymerization during induction of long-tdgpression occurs
at the synapse, at the EZ, or at intervening points of the meentsesversed by receptors

destined for endocytosis.
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Platinum replica electron microscopy recently identified thes@mce of the
Arp2/3 branching nucleator and a network rather than a bundle of fitaraethe point
of emergence of the spine from the shaft (Korobova and Svitkina ,20@§jesting that
filament organization within spine necks is not a simple bundle. €&ults confirm and
extend these observations by providing live-cell measurementsatimgicchat mature
spine necks contain a complex filament organization of mixed diredily. The
molecular basis for this remains to be determined, but functiotfadlymixed orientation
of neck filaments suggests that myosins which translocate ta dihearbed end or
pointed end of actin filaments could mediate vesicular traffic o#mt from the spine
head (Osterweil, Wells et al. 2005; Correia, Bassani et al. 2008g, Edwards et al.

2008).

Regulation of filament length through depolymerization is medibayedytosolic
proteins that are unlikely to discriminate between filamentanating from different,
distant locations. On the other hand, there are a number of mechéyismhsch active
spatial regulation of polymerization would allow filaments of uniceregth or structure
to be organized at discrete locations. At the synapse, for instance, cqtiactio, Liu et
al. 2001; Hering and Sheng 2003) and Abpl (Haeckel, Ahuja et al. 200@&)tnath
the PSD protein Shank through SH3 domains and activate the Arp2/3 coifiplsx.it
will be essential to measure within the spine the distribution ofejprs that control
polymerization, the mechanisms of their positioning over both shorbagdime scales,

and potential means of compartmentalizing regulatory signaling cascades
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Dynamics of spine filament organization

On average, the distance traveled by tracked actin molecalesmsed with time
for only approximately 8 seconds, reaching a plateau near 200 nm, tsugdleat the
large majority of filaments are shorter than 200 nm. Consistehtthis interpretation,
both classical and more recent EM methods show a filamentons nattvork which
stretches throughout the spine head, but with few filaments ertentiambiguously
longer than 250 nm (Fifkova and Delay 1982; Rostaing, Real et al. 2006bdva and
Svitkina 2009). Furthermore, immuno-EM localization of actin-binding pustevithin
dendritic spines shows that the branch regulator Arp2/3 concentrdates &0 nm of
the spine plasma membrane (Racz and Weinberg 2008) the filaevenirg protein
cofilin concentrates within 200 nm of the plasma membrane (Racz ambgyg 2006),
suggesting tight regulation of filament dynamics near the mameb Thus, one
significant difference between the actin networks of dendsfioes and lamellipodia is
the considerably shorter filament length that exists in theespead. Because neural
activity is well known to regulate spine actin dynamics (Saviatkowski et al. 2002;
Okamoto, Nagai et al. 2004; Cingolani and Goda 2008; Honkura, Matsuzdk2€08;
Penzes, Cabhill et al. 2008), one intriguing interpretation of thierdiice is that a
network of short filaments optimizes both the temporal and spaé&aponse

characteristics of actin within the spine following receptor activation.
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Filament dynamics in the spine interior were complex, with fretiyéigh single
molecule velocities yet little correlation of the local dtren of motion. Interestingly,
both photoactivation and particle tracking indicated that few firampenetrate from the
spine head into the spine neck. This suggests that the deep iotdherspine near the
spine neck represents a zone of depolymerization where filagwntsrge from broadly
distributed regions of the spine head and neck. One potential ingulicati such an
organization is that depolymerization of filaments at this point dvodiler coordinated
regulatory control over both spine morphology and diverse actin functions spithe
The actin severing protein cofilin is enriched in spines (Rac2\/éeitiberg 2006), and
with its regulators LIM kinase and slingshot is known to exert pmveontrol over
spine morphology (Meng, Zhang et al. 2002) during long-term depression (Zhou, Homma
et al. 2004; Wang, Yang et al. 2007) and potentiation (Rex, Cheln 2009). Such

control may be facilitated by attacking filaments at this key orgaaimd point.

Single-molecule tracking of intracellular proteins

The high contrast ratio of activated to non-activated fluorescehc@Eos2
(Shroff, Galbraith et al. 2007) has allowed us to track single culge with very high
precision in the x-y plane. Spine geometry thus permitted deteramnat molecular
motion with highest confidence along the spine’s most peripheeshbrane, where
internally directed flow is parallel to the plane of focus. In toldj spine necks are thin
enough to be contained within the illuminated volume, and the predomioariofivards

the head is unlikely to be contaminated by 3d ambiguity. Within the spinteal core,
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filament orientation is clearly more complex and irregular, ibulso more difficult to
determine unambiguously due to the existence of axially orientaehdiits in which
molecular velocity will be underestimated. Future advances in tigu¢kbls may allow
detailed analysis of molecules in three dimensions. Accuratea8iling of molecule
motion within living spines or other cell regions will complemeriteotemerging 3d
super-resolution techniques such as STED (Nagerl, Willig et al.)20@8igh creating
volumetric instead of planar maps through optical and analysitategies for 3d
localization will naturally require a dramatic increase in tibtal number of molecules

tracked, at the expense of temporal resolution.

Our results demonstrate that single-molecule tracking offegs pbtential to
dramatically facilitate analysis of signaling moleculssaffolds, and other critical
proteins whose dynamic behavior has remained obscure due to intetiateorphology
and highly compartmentalized function. Antibody-based methods to $magle proteins
in the plasma membrane have been remarkably successful (Sakohthinegal. 2000;
Borgdorff and Choquet 2002; Ehlers, Heine et al. 2007). However, trackiagatar
proteins has presented a very steep challenge, because astilaoeli generally not
suitable to label single proteins within cells whereas bulk-espe GFP-tagged proteins
cannot easily be discriminated as single molecules. Massivebligla dual-probe
(Subach, Patterson et al. 2009), single-molecule tracking with Papbéars to provide
a general tool for mapping the dynamics of key constituentsnapsgs and other small

domains of many cell types.
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4. Regulation of spine actin dynamics by Cortactin

Disruption of ongoing actin polymerization leads to a loss of synadPA
receptor currents (Allison, Gelfand et al. 1998; Zhou, Xiao et al. 268@dpled with a
rapid and selective loss of actin-dependent scaffolding moleawes the PSD. This
implies that interactions between filamentous actin and the poptsyrsxaffold are
required for maintaining the composition and/or architecture of thepsg. Furthermore,
the enhancement of actin polymerization near the PSD implies rttedecular
mechanisms exist to regulate filament assembly at the pegisy density. Such a
mechanism would require proximity to the PSD as well as tHeyata bind to and/or
influence the polymerization or structure of growing actin filameAtnumber of actin-
binding molecules exist at the postsynaptic density, including Abptactio;, CamKiII,
and alpha-actinin. Two of these molecules, cortactin and Abpl, havkilibheta bind to
PSD scaffold protein Shank through SH3 domain dependent interactionsprBtains
further bind actin and Arp2/3, an important cellular regulator of bramnatieation.
Cortactin, and more recently Abpl has been shown to play a crbtalin the
determination of spine number and morphology (Hering and Sheng 2008aiHen,

Llano et al. 2009).

In this study, | sought to examine the hypothesis that dortaegulates the
spatial distribution of branched filament nucleation near the PSpredicted that
cortactin would localize to the PSD in the absence of polynteragin in an SH3
domain dependent manner. | further predicted that mutations disruptingtehection

between cortactin and shank would alter the stability of the spine @etwork. If
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cortactin functions as a molecular link between the PSD and timecgtoskeleton, then
disrupting the interaction between cortactin and shank would altestabgity of shank
at the PSD, as well as altering the recruitment of polynckraadin to larger spines.
Finally, | predicted that disrupting the link between the PSDthadactin cytoskeleton

would disrupt the association of large PSDs with larger spines.

Methods
Photoactivation experiments: Single spines of neurons were photoadtwith a

titanium:sapphire pulsed laser tuned to 820 nm. Photoactivation whstsal so that
nearly 100% of photoactivateable GFP was photoconverted in a singlzagingtion

step. Spines were selected based on red fluorescence from cesedptdTomato. A
second photoactivation step was included at the end of experiments. girdg that
photoactivated to within 30% of the initial photoactivation levels vesralyzed. Other
confocal experiments were conducted on an Olympus IX81 inverted microstdbpa

spinning disc confocal (Yokagawa) and a Hamamatsu Orca-ER camera.

Results

| reasoned that cortactin may influence spine actin dynamacdiréctly test this
prediction | co-expressed actin-paGFP and either full length tnuncation mutant
lacking an SH3 domain (cortactis®H3). Individual spines were selected and timecourse
of fluorescence loss following photoactivation of the actin inlsisgines was measured
. In control neurons expressing red fluorescent protein tdTomato, aGFPpaapidly

left spines with a timecourse fit well by a single exponérfiaggure 4.1A). Although
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spines expressing fulkéngth cortactin showed similar actin turnover sages contro
spines, actippaGFP turnover was dramatically increased in spofi@gurons expressir

cortactinASH3 Figure 4.1B).

Figure 4.1: Photoactivated PA-GFP tagged actin molecules display rapid turnove
kinetics in dendritic spines
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(A) Cells were transfected with tdTomato cell fill aptotoactivateab-GFP tagged
actin. Following photoactivation, targeted spinesiteed green fluorescence, whi
rapidly decreased with a principle time constant25 second(B). A smaller fractior
(141%) left the spine with a much faster time const#n2.7 seconds(C) To evaluate
the role of cortactin in regulating actin turnovese transfected photoactiveatable C
tagged actin and either full length cortactin otrancated mutant lacking th-SH3
domain. Transfection of the truncated mutant resulin more rapid loss «
photoactivated actin from dendritic spines (tonrate 13, wt cortactin n 10, cortactin-
deltaSH3 n = 12).
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| reasoned that the presence of binding interactions with shank stajiilize
cortactin in the spine. To test this prediction, | expressed photdatiieeGFP fused to
wild type cortactin or cortactinSH3 (Figure 4.2B). Photoactivated cortactihSH3-
paGFP exited the spine more rapidly than either full-length oosgito null
cortactin(W22A). Furthermore, a significantly smaller fractodrihe activated cortactin-

ASH3-paGFP remained at the end of 100 seconds.

The relative instability of cortactinSH3could be due either to the destabilization
of the actin cytoskeleton or due to the loss of interactions aP®i& To distinguish
between these possibilities | expressed fluorescently taggedr&giient of cortactin,
which lacks the ability to interact with the actin cytoskelefbine SH3 fragment was
targeted to spinesFigure 4.2B). Thus, the SH3 domain of cortactin interacts with

binding partners in the spine.

| reasoned that the increased turnover rates in spines ergressitactin-
deltaSH3 could be due to loss of localization to the PSD or other bipdimwgers, and
that expression of the SH3 domain alone could work as a dominant negative on
endogenous cortactin within the spine, displacing it from the PSD or siteerwhere it
may localize in an SH3 domain-dependent manner. | measured actifgafaover in
spines of neurons expressing either the SH3 domain or control spipesssrg
tdTomato as a cell fillKigure 4.2C). As in neurons expressing cortactin-deltaSH3, the

rate of actin turnover was increased by the SH3 domain aloggesting that SH3
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domain specific interactions are indeed critical for the préyestion of cortactin on the

spine cytoskeleton.
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Figure 4.2: The Role of Cortactin SH3 domain in mediating acti-independent
interactions within spines
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(A) To examine the role c—SH3 domain interactions in stabilizing cortactinthin
dendritic spines, | ctransfected neurons with tdTomato and photoactmée GFF
tagged cortactin. Photoactivation was targeteahdividual spines and fluorescence v
measired following photoactivation. Full length corte-paGFP fluorescenc
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disappeared rapidly from the spine. A cortactin phosphorylation mutdmvée
similarly to full-length cortactin. In contrast, the —SH3 domagkilag cortactin was lost
rapidly from the spine(B) To examine the sites of potential SH3 domain interactions
within spines, | expressed the SH3 domain of cortactin tagged wittddBR@rescence
was detected in a punctuate pattern with numerous puncta correspangpigets(C)
To determine the effect of SH3 domain interacting proteinsainilsting the spine actin
cytoskeleton, | co-transfected neurons with actin-paGFP and the@hid@in of cortactin
(n = 14 of each). Actin-paGFP turned over significantly fasténimvspines of neurons
also expressing the cortactin SH3 domain. To examine the role &HBedomain in
stabilizing cortactin within dendritic spines in the absence ofrpetized actin, we co-
expressed actin-citrine and either full-length corta¢i) or cortactin-deltaSH3E).
Following several frames to establish baseline, latrunculin A \applied to
depolymerized the actin cytoskeleton. Following actin depolymesizatctin-citrine
was rapidly lost from the spinehed®-H). Wild type cortactin fluorescence also
decreased, but to a lesser degree than actin (@$5H). Compared to wild type
cortactin, a much greater proportion of truncated cortd&j,H) was lost following
actin depolymerization.

These findings suggested that cortactin is localized to dendiives both
through interactions with the actin cytoskeleton and SH3-dependentctiiesawith
proteins such as Shank. To directly define the relative degreditth each of these
mechanisms mediate spine-targeting, | designed an experimemthich neurons
expressing both actin-citrine and cortactin-dsRed or cortaetta$H3-dsRed were
imaged by confocal microscopy before and after the applicati@ctf-polymerization
inhibitor latrunculin Figure 3.2D-H). Latrunculin treatment caused a rapid loss of green
actin fluorescence from spines. Spines expressing full-length cortaigfuré 3.2D,F,H)
lost approximately 50% of their actin fluorescence within 15 minofesatrunculin
application. Interestingly, this loss of actin from the spine wagpled to a loss of a mere
10% of cortactin fluorescence. In sharp contrast, while spines of neexpngssing
cortactin-deltaSH3 lost about 60% of the original green actin dho@nce, the red

fluorescence from cortactin-deltaSH3 dropped to 60% of the oridgaval (Figure

146



3.2E,G,H). These findings suggest that whereas cortactin-deltaSpthds on the actin
cytoskeleton for localization to spines, full-length cortactin cateract with other

binding partners within dendritic spines.

Discussion

The spine actin cytoskeleton is a dynamic, constantly chamsgiagture and yet
this ongoing, active recycling of the individual polymerized molecwathin the
network of filaments is critical for the stability of the comitios and structure of the
postsynaptic density. The timescale in which AMPA receptors espkcially the
latrunculin-sensitive subset of postsynaptic scaffolding moleculeslost following
inhibition of actin polymerization by latrunculin implies that fupnc@l interaction
between the cytoskeleton and the postsynaptic density occurs daedthe synapse.
Moreover, it implies that the required filaments are not ststtiactures. Instead, it
appears that dynamic, polymerizing subsynaptic or perisynapiit fleiments are a

critical component of the synapse.

The spine actin cytoskeleton is polarized (Honkura, Matsuzaki.eR(4l8;
Hotulainen, Llano et al. 2009; Frost, Shroff et al. 2010) and polymerizationuisted) at
discrete locations within the spine, including the PSD (Frost, Setatf. 2010). Despite
the abundance of actin binding molecules at the synapse, there @ty painformation
regarding the mechanisms involved in the regulation of actin polyatem at this

location, or for that matter in the spine as a whole. Our datmsstent with a model in
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which cortactin acts as a linker between the PSD and the gttiskeleton, regulating

the elaboration of branching actin networks near the synapse.

Cortactin is targeted to spines, where it acts to staliligeactin cytoskeleton in
an SH3 domain dependent manner. Expression of cortaStt8 destabilized spine actin
networks. Furthermore, cortactkBH3 itself turned over more rapidly within the spine,
suggesting fewer stable interactions within the spine. Thatotttectin SH3 domain was
targeted to spines suggests the presence of mechanisms by whachrc@s targeted to
spines independent of polymerized actin filaments, such as ShartterFsupporting the
role of the SH3 domain in the targeting of cortactin to spines hadfinding that
cortactin remained in spines following latrunculin in an SH3 domainrdkgee manner.

Future studies will directly test the role of shank-cortactin interactions.

A number of other actin binding molecules are emerging as poteagjalators of
actin polymerization at the postsynaptic density, including Camkamoto,
Narayanan et al. 2007; Okamoto, Bosch et al. 2009)and Abpl (Hotulaieo, ¢f al.
2009). CamKlIl bundling of actin filaments has been demonstrated in \atrd,
expression of activation mutants of CamKIl alter the stahbalitthe spine actin network
in cultured neurons. However, although CamKIl exists in large dienwithin the PSD
(Chen, Vinade et al. 2005) there is the potential that it is sptegtic CaMKIB alone
that stabilizes the actin network. Thus it is not clear that synaptic Cdmictions in the
regulation of the actin cytoskeleton. Abpl has been shown to altex spyrphology

through an SH3 domain and shank dependent mechanism. Like cortactin, Abpl als
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binds F-actin and the Arp2/3 complex. Thus, Abpl and cortactin have apparent
overlapping or competing responsibilities at the synapse. Itb@ilimportant in future
studies to elucidate the relative roles of these two proteinsegulating actin

polymerization at the synapse, particularly during synaptic plasticity.
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5. Discussion

The spine actin network is essential for the function of the sgnagpabilizing
scaffold molecules and glutamate receptors within the postsymigpisity. Disruption of
ongoing actin polymerization within the neuron has previously been showaffetct
synaptic function within minutes; however the location of functionah dithments, and
indeed the mechanism by which they exert a stabilizing effecynaptic structures has
not been investigated. Prior studies have been hampered by thespatell scale of

dendritic spines, and fundamental limitations of light microscopy.

In this study, | have demonstrated that PALM microscopy isltaps resolving
molecular motion with fine precision. Using confocal microscopywel as PALM, |
demonstrated that the motion of polymerized actin molecules withmesjs polarized,
resulting in their motion from the membrane toward the cerma¢ of the spine.
Importantly, velocity varied, with discrete foci of high velocftgw originating from
locations that were distributed across the spine membrane withigthest velocity flow
associated with the PSD. My results are consistent with a Imodehich actin
polymerization is independently upregulated at specific subdomainsheofspine
membrane, driving enhanced motion of polymerized molecules on filarmegitsating

at these points.

Importantly, actin filaments originating at the the synapse disglaiger velocity
flow in relation to the endocytic zone and elsewhere in the spins. sStigigests that

polymerization of actin networks is selectively upregulatetiaisynapse. Although this
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does not rule out the possibility that actin networks distant fromP®B may exert
effects on receptor trafficking or motion through the spine neck, tisenge of
polymerizing filaments directly at the synapse does support Vipetiesis that a
functional interaction exists between the PSD scaffold and ttosksjteton. | propose
that this interaction has bidirectional effects in that the R&&y directly regulate
filament structure, and that the cytoskeleton may in turn tirecifluence the

composition and function of the PSD.

This idea is supported by a growing body of evidence. First,apiel foss of
scaffolding molecules following depolymerization of the actin dygteton (Kuriu, Inoue
et al. 2006) suggests a direct effect on scaffold stability.hsl@sms involving protein
trafficking or insertion into cellular membranes would likely acaawer longer
timescales. Furthermore, actin polymerization has direct effdmith on PSD
morphological plasticity (Blanpied, Kerr et al. 2008), and the onotif receptors within

the PSD (Kerr, unpublished).

It remains puzzling how a cytoskeleton that is constantly mosmpreadjusting
can be a stabilizing force on PSD composition and simultaneously rdovehological
plasticity of the scaffolds. The nature of the interaction betmactin filaments and the
PSD remains unknown. The force vectors exerted on the PSD by paymeactin
networks undoubtedly depend on the orientation of the individual filamentgydiigoh
of assembly, the distribution of sites at which PSD associattd lainding proteins

interact with the actin network, and the affinity with which #win binding proteins
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interact with both the PSD and the cytoskeleton. It is possiblethiat may exert axial
force on scaffolds at the base of the PSD, thereby promotingrtexctions with PSD
molecules more proximal to the synaptic cleft. Similarly,anivforce at the lateral edges
of the PSD may compress the scaffolding molecules, preventimdatezal release from
the synapse. Conversely, laterally oriented filaments along thenbeixtent of the PSD
could provide sheer force theoretically stabilizing the PSD dgaipushing molecules
from the lateral edge of the PSD toward the center. Intrlmateching networks oriented
in this manner could potentially provide a web preventing the eschperge PSD

scaffolding molecules.

6. Future Directions

In this work | developed techniques allowing the measuremehedfistribution and
behavior of intracellular proteins within living neurons with previouslyttamzable
precision and applied these techniques in the description of the structure antibregtila
the actin cytoskeleton within individual dendritic spines. Ongoing expaisnwill
utilize these techniques to investigate the structure and functigmotdin networks
which support synaptic function both at the PSD and elsewhere within tilesgmes.
Important questions remain regarding the mechanisms involved ingil@tren of actin
polymerization at the PSD, both by cortactin and other actin birghoigins known to
be present at or near the synapse (See Appendix). | will famusgliscussion into three

parts: regulation of the synaptic structure and function by atih its regulatory
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molecules, regulation of protein trafficking by the actin cygbston, and further work in

optimizing super-resolution imaging techniques in the study of synapticdancti

The composition of both the scaffolding molecules present at the d&@8Dthe
receptors anchored within the synapse are regulated by ongtimg@gmerization, but
the mechanisms by which actin functions in this regulation remeiksown. Ongoing
studies will help elucidate the role of actin in affecting bothsthesynaptic distribution
of AMPAR and scaffolding molecules within the postsynaptic dengdytest the role of
actin binding proteins in the regulation of synaptic structure we tplaitilize mutations
disrupting the interaction between cortactin and shank and measuesuatteng changes

in synaptic strength, composition, and size.

Actin may play roles in the trafficking of various proteins aajo-laden vesicles to
and from the synapse. Single molecule and single particle imagaohgiques will be
useful in studying the manner in which vesicles are transported fnicrotubule
networks within the dendritic shaft into the spine, as well asalleeof actin filaments in
this process. Similarly, further investigations into the regulatwdénongoing actin
polymerization at sites of endocytosis will provide valuable chlesit the mechanisms
by which actin is regulated and functions during this process. ¥iaalin structures are
likely involved in the regulation of trafficking of both membrane prigeand receptors,
as well as freely diffusing intracellular molecules, eitliyr directly affecting the
movement of these molecules through diffusional barriers or madyldte structure

and/or content of the spine neck. Investigating the role of ectimodulating spine neck
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geometry, while simultaneously monitoring the effect on protaotion across this
potential barrier requires super-resolution imaging of living scedhd may be
accomplished using single-molecule tracking PALM. However, due thnieal
challenges of accurately measuring protein mobility withialsbounded regions a more
straightforward approach would be to utilize stimulated emissionetiepl (STED)
microscopy to measure spine geometry with high reolution combindd RRIAP or

photoactivation to quantify the loss of target molecules from the spine head.

All of these studies will be greatly aided by further optiation of super-resolution
techniques. Significant obstacles are currently posed by inaéefuatophores for
multicolor imaging, incompatibility of PALM with live tissue oslices, and
speed/resolution trade-offs of three dimensional imaging and nicadkiis likely that the
future will bring an increased selection of fluorophores withredbk characteristics:
better green proteins for single molecule imaging, improved brigiipteston yield over
currently available PA-TagRFP or mEos2, and far-red or blue psoteseful for three
color imaging. Working with the molecules currently availablevould be possible to
perform 3 color super-resolution imaging using PA-CFP2 and PA-mClue PA-
TagRFP coupled with far-red quantum dots or dyes targeted to esynfateins. These
experiments are limited by low molecular yield or spettifiof the third marker and are
somewhat complicated by alignment procedures necessary to nacfmu optical

aberration or rotation of specific filters for each color.
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Multidimensional PALM is possible, but limited by difficulty aesding for drift,
and relatively small range in the z axis over which molecudesbe reliable localized.
Furthermore, the relative imprecision of localization in the iz enay be limiting in its
usefulness in single particle tracking of photoconvertible proteinstadtieir relatively
low photon vyield. Furthermore, the need to collect multiplanar imagag be a
significant time-loss in live cell experiments. Thus, the dgwekent of novel methods
for multiplanar simultaneous acquisition and improved z-resolutionbeilhvaluable to

the application of these techniques to the study of neuronal function in living cells.

155



7. Appendix

A number of actin-binding proteins exist within the PSD. Many, uiticlg
cortactin and Abpl, may participate in the elaboration of branchitig aetworks.
Following is a discussion of PSD associated actin binding proteithstheair known
effects on synaptic function (also see figure 5.1 for a discussigera@ral mechanisms

by which actin binding proteins may actively or passively influence@lat structure).
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Figure 5.1: Mechanisms of spatially restricting actin regulatian.
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Current Opinion in Meurobiology

(a) Treadmilling of actin mediated by addition of morensat filament barbed ends (i
arrow) and depolymerization by cofilin (blue wedgg)or near filament pointed enc
Polymerized actin molecules and binding proteirmwvflalong the active filament
monomers are added. Gray arrows indicate directiahrate of flow.(b) The pointed
end of many filaments probably lie deep in the spinterior, and depolymerizir
molecules are free to diffuse in the cytoplasm. sTheven localized activation

signalling pathways near the spine membrane is likelydalrén a widespread alterati
of filament structure. For example, regulation ofilm activity (by phosphorylatio —
yellow circle). (c) Conversely, sites of ongoing monomer incorporatiear the spie
membrane are likely to be important sites for laea regulation of filament structur
because rates of monomer incorporation may be atedrby anchored or membre-
associated factorg(d) Sites of assembly require profilin (yellow boxesyhich is
enriched near the PSD. This represents one knovammge of a potentially large
strategy for spatial regulatio(e) Spatial pattern of branch formation is determingc
localization of the Arp2/3 complex (blue complewhich has binding partners Abpnd
cortactin that bind the PSD scaffold Shai(f) Localization of signaling molecule
including Kalirin-7, a RhoGEF which binds P-95, may be responsible for the spa
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segregation of downstream actin regulatory pathwéysA number of actin-binding
proteins such as CaMKIl are localized at the PSD through spdwmifding to PSD
scaffolds. Their ability to bind to and be transported away fromntambrane by a
growing actin filament may be a mechanism for controllingnimmber and composition
of signalling molecules at the PSD. In addition, these moleadagpete with other
actin-binding proteins for sites on the growing filamehi). A number of molecules,
including CaMKIl and alpha-actinin, are localized at the synamse] through

association of multiple actin-binding domains, have the ability to buaatie filaments.

(i) Actin-binding proteins compete for binding sites on growing filamentais, the

preferential decoration of filaments near the synapse with mekesuch as CaMKIl or
cortactin may represent a protective mechanism which allowsimggoflaments to

penetrate more deeply into the spine interior before they are severed ioy cofil

Cortactin and Abp1l

Cortactin is an 61 kDa F-actin binding protein that localizes tdathellipodium and
other sites of dynamic actin assembly where it is thoughgnteance actin assembly
through activation of the Arp2/3 complex (Weed, Karginov et al. 2000}a&or binds
F-actin through the"of 6 tandem repeat regions, and the Arp2/3 complex through an N
terminal acidic region. Src-phosphorylated cortactin forms a comytexN-WASP and
WIP(WASP interacting protein) through adaptor protein Nck (Tehraomakevic et al.
2007). Thus cortactin facilitates the activation of Arp2/3 by WAS® may direct the

nucleation of new branches within the cell.

The fact that cortactin also interacts with PSD scaffoldimadecule shank (Naisbitt,
Kim et al. 1999) suggests that it, like Abpl, may coordinate the kpatabution of
new branch formation to sites near the PSD. Cortactin is ¢éargetspines, in a manner
primarily reported to be dependent on the actin and arp2/3 binding (Herth&heng

2003), although the latter could be potentially explained by decreasedntration in F-
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actin due to lack of Arp2/3 activation. The observation that the SH3 dowes not
involved in spine targeting would indicate that the cortactin-shankactten is not
important physiologically, although | have observed both expression oft@ht8o in
spines as well as a stable core of cortactin that remainspines following
depolymerization of the actin cytoskeleton by latrunculin A, suggeshat cortactin
does indeed interact with some stable proteins in the spine sudhails. $urther
supporting this notion, using EM tomography, Rostaing et al (2006) dentedsthat
cortactin localized to the cytoplasmic face of the PSD milai distances from the
synaptic cleft as shank. The same study also found that coreautinactin were
translocated out of spines following the application of 50 uM NMDAcaigh it is
difficult to assign causality to cortactin since so much ofspgne targeting was

determined by the presence of F-actin.

How might cortactin influence affect cytoskeletal structure iateraction with
the PSD? It is interesting to suppose that specific moleculds as cortactin mediate
force generated at circumscribed portions of the PSD. The PSildicey molecule
Shank has been localized by EM at the edge of the PSD (Valtftlzand Weinberg
2001), where the synaptic fraction of spine cortactin is also found (&at Weinberg
2004). Thus, cortactin may be primarily responsible for regulating-8&i3keletal
interactions at this region. The behavior of PSD associatedtortallowing binding to
an actin filament is unknown. It is possible that on binding a growmtig &lament,

cortactin may stimulate the Arp2/3 complex to initiate brancheaticin while remaining
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bound to the PSD, or it may dissociate from the PSD and travel thathgrowing

filament.

Abpl is another protein which may coordinate actin structures ne&Sethrough
interactions with the F-actin and Shank (Haeckel, Ahuja et al. 206&}estingly,
whereas overexpression of cortactin, which directly complexes lvath Arp2/3 and
WASP led to longer spines with no change in spine head sizen¢Hend Sheng 2003)
overexpression of Abpl, which activates the Arp2/3 complex only indirdetbugh
release of WASP autoinhibition, dramatically increases thetHemagd complexity
specifically of mushroom spines (Haeckel, Ahuja et al. 2008). Thiparticularly
interesting since it suggests that overexpression of Abpl leadsihcraase in stable
filaments traversing the neck. Whereas the spine head areaowagiantified in the
Abpl study, overexpression of mutant forms of cortactin possessirapilitg to bind
actin but lacking the SH3 domain resulted in long, thin spines. Onélgoszplanation
for the difference in the effects of the two proteins is atéigspatial regulation of actin
filament behavior by cortactin, with a more promiscuous spread bpflActivated
WASP. Conversely, Abpl has a strong preference for binding to Hemhed filaments
(Kessels, Enggvist-Goldstein et al. 2001). As this preferencebmayediated by affinity
for ATP-actin, and as the time constant for conversion to ADIR-&con the order of
seconds, it is possible that Abpl actually remains associatedagtith flaments very
near the PSD. Regardless, as the two proteins bind the sarae darpe PSD, the

possibility that they work in competition for binding sites within the PSD is untrgy
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As these two proteins remain likely candidates for signalingotiganization of
specific actin structures near the PSD, and as these protanglay principle roles
linking the postsynaptic density to the actin cytoskeleton, it willirbgortant to test
whether they mediate the stabilizing effects of the dynaantt cytoskeleton on the
PSD. Does elimination of these molecules interfere with anadhofidMPA or NMDA
(Rosenmund and Westbrook 1993) receptors at the synapse or the stdbadtn-
dependent PSD scaffolding molecules such as Shank? Finally, is gn§3b
restructuring dependent on tethering of the actin cytoskeleton tdP&i2 through

molecules such as cortactin and Abp1?

Coronin

Coronins are a conserved group of actin binding proteins that bind actintaratt
with the Arp2/3 complex (Uetrecht and Bear 2006). Coronin 1la waslfssbvered as a
57 kDa protein that immunoprecipitated with actin-myosin complexes Holgtos,
Bradtke et al. 1991) and formed crown like clusters and is reegefss phagocytosis in
yeast (Maniak, Rauchenberger et al. 1995). In mammalian d¢&lgotonins re targeted
to the leading edge of migrating cells where they intenatit both slingshot and the
Arp2/3 complex (Cai, Marshall et al. 2007). Whereas PKC phosphorytat@shin is
inactive and allows Arp2/3 mediated actin assembly to proceed unhdndere
dephosphorylation by slingshot leads to attenuation of Arp2/3 mediatedassembly.
Furthermore, binding of Arp2/3 by coronin destabilizes and altersrihle af Arp2/3
nucleated branch points (Cai, Makhov et al. 2008). Simultaneously, corsnin i

responsible for the recruitment of slingshot to the leading edu,tlaus supports
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activating dephosphorylation of cofilin by slingshot. Taken togetheset data suggest
that localized activation of coronin may mediate the delicateanbal between
polymerization and depolymerization in dynamic actin networkshodlgh they are
abundantly expressed in neurons of the brain, the role of coronins in thesbratually

unstudied (Hasse, Rosentreter et al. 2005).

Alpha-actinin

Alpha-actinin is an actin bundling protein which forms a dimer witinabinding
domain at each end, which allows it to crosslink and bundle actmedrits (Sjoblom,
Salmazo et al. 2008). In dendritic spines, alpha-actinin is lodaézehe PSD where it
binds competitively with Ca-CaM to the NMDA receptor, and is likely to attenuate
calcium mediated inactivation of the NMDA receptor (Wyszynskn ket al. 1997;
Wyszynski, Kharazia et al. 1998). In addition, displacement of alpinararom the C
terminus of the NR1 subunit is necessary for binding of autophospharyla&#Ki|
(Merrill, Malik et al. 2007). It is also found at the spine apparathere it binds
synaptopodin and is likely to be partially responsible for the thindets of polymerized
actin observed in this location (Wyszynski, Kharazia et al. 199Bai@aMartone et al.
2001; Kremerskothen, Plaas et al. 2005). Expressed alpha-actiniredsctdi spines
require both actin-binding and the spectrin repeat region. Furthermerexpression of
alpha-actinin increases the length and density of dendritic spines nmanner that
required both the actin binding domain and the spectrin repeat regluoh ws
responsible for the binding to NMDA receptors (Nakagawa, Endleal.e 2004).

Although all these studies implicate a role for alpha-actininnikiig synaptic NMDA
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receptor signaling to polymerizing actin, the observation that ardmall fraction of
alpha-actinin immunoprecipitates with the NMDA receptor (MerWMalik et al. 2007)

make this difficult to test directly.

Formin/Diaphonous

The formin family consists of 15 members, of which diaphanous isbdst
characterized (Schonichen and Geyer 2010). They range in size fro22QZMa which
function as dimers (Chesarone and Goode 2009; Chesarone, DuPa@d&d)ato bind
actin-profilin complexes through C-terminal interactions. A flagknegion in the C
terminus also binds a number of plus end microtubule binding proteins, incladohg
Binding Protein 1 (EB1). Formins stimulate the rapid nucleation afigstr actin
filaments which may grow at rates exceeding 1 um/s. Tiatena continued stimulation
of nucleation at the barbed end, formins therefore function as molenotars which
travel processively toward the barbed end of actin filaments, sinadtisly catalyzing
the addition of new monomers (Higashida, Miyoshi et al. 2004) and preventingdss ac

of capping proteins.

A number of formins contain Rho binding domains, through which they act
downstream of Rho signaling. One family member, Delphilin has twd B&mains
through which it may interact instead with the Glutamate Recef¢tta?2 subunit
(Miyagi, Yamashita et al. 2002), through which at least one isofisritargeted to
postsynaptic sites (Matsuda, Matsuda et al. 2006; Matsuda, Matswada 2006). A

longer isoform localizes to the soma and dendritic shaft and ssagiate with recycling
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endosomes, thus mediating interactions with the actin cytoskeletbrmamotubules.
Phosphorylation of Serine 1 and Threonine 2 regulates the interactioeebeelphilin
and the glutamate receptor, and thus this interaction may beatesdjuh an activity-
dependent manner (Sonoda, Mochizuki et al. 2006). Consistent with a poskbid
these family members in receptor cycling and endocytosis, anateenber of the
Formin family Daaml is localizes in a punctuate pattern atbagdendrite, soma, and
spines (Salomon, Haber et al. 2008), and is involved in the endocytosis of EphB s2ceptor
(Kida, Sato et al. 2007). Formins are likely to be involved in prosessguiring
extremely high velocity actin filament nucleation, so itngriguing that they may be
involved in endocytosis through rapid bursts of polymerization that maygruyshil an
internalized vesicle away from the membrane, clearing tidoatic zone. mDia2
localizes to the tip of filopodia and to spine heads of mature spreockdown of this
protein leads to a decrease in the density of filopodia and thin gploadainen, Llano
et al. 2009), suggesting that it is important in the formatioprofrusions with specific
actin structures, namely those protrusions with a high densityorgf bnbranched
filaments, and that its importance is diminished in spines contagtaiprate branched
networks under the control of the Arp2/3 complex. It is possible llegetstructures are
maintained by actin flow of higher velocity than that present @&une spines, although

this has not been directly compared.

Synaptopodin

Synaptopodin is a dual alpha-actinin and actin binding protein expresseghat

levels in neurons where it appears to be important in anchoring of eshapla
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reticulum-like organelles such as the spine apparatus (Delletie Kbal. 2003) and the
cisternal organelle of the axon initial segment (Bas Orthuliz et al. 2007). Although
the function of both these organelles is largely mysterious pihe apparatus represents
a specific domain within the head of many mushroom spines whiaksisciated with
thick sheets of bundled actin filaments (Capani, 2004). Synaptopodin &€Rrpreas
required for the existence of the spine apparatus, which norfigalin close proximity
or may be directly connected to the PSD. The fact that synaptopc#lingamice show
deficits in the expression of long term potentiation thus implies ghtative calcium
release or other function of the spine apparatus may be involved inndGEtion or
expression. Synaptopodin is localized primarily in large spinesiigl Korkotian et al.
2009) which exhibit enhanced AMPAR responses to glutamate uncaging than
synaptopodin-lacking spines. Finally, caffeine stimulation of cudtureurons has been
shown to elicit intracellular rises in calcium near thessdethe spine apparatus and an
associated recruitment of AMPA receptors, providing evidencetthats as a reservoir
for calcium that may be released through activated Ryanodinepfes. Interestingly,
the same study demonstrated that synaptopodin containing spinesegistant to the
effects of latrunculin, suggesting that the spine apparatus enagdociated with a stable
core (Honkura, Matsuzaki et al. 2008) of F-Actin. If the spine appaiatinvolved in
plasticity induction, the association of such a stable pool with thee gpparatus may
explain the fact that spines with large stable pools may mgeeto more robust spine

enlargement during LTP induction protocols.

Drebrin
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Drebrin is an actin-binding protein expressed strongly in the braere it targets to
spines (Hayashi, Ishikawa et al. 1996). It has been reported t@imayead of effects on
spine morphology and plasticity mediated through interactions withnaber of actin
binding proteins including myosin, tropomyosin (Ishikawa, Hayashi et al.; 1#/ashi,
Ishikawa et al. 1996), alpha-actinin, gelsolin (Hayashi, Ishikawal.e1996), profilin
(Hayashi and Shirao 1999), Ras (Biou et Matus, 2008), and other proteins.
Overexpression of wild type drebrin leads to lengthening of spinagadti and Shirao
1999), and may destabilize mature spines in a ras dependent mamoeBiBikhaus et
al. 2008). Overexpression of Drebrin in the latter study resultel@mdrites with a large
proportion of thin dendritic filopodia, whereas drebrin knockdown resulted in an
increased percentage of spines with globular heads. On the other hatiokr astudy
reported that drebrin was responsible for PSD clustering andtiversion of filopodia
into spines (Takahashi, Sekino et al. 2003). The precise mechanismbwld¥ebrin
regulates the spine actin cytoskeleton remains poorly understood, gnohvoke its
inhibition of myosin, which may have direct effects on spine morphology,(Hu et al.
2006) or indirect effects on synapse maturation through inhibition of myesivered
cargo (Correia, Bassani et al. 2008; Wang, Edwards et al. 2008). fldrerdies in the
reported effects of drebrin are likely due to differences in espye levels as low levels
of protein may still remain under active regulation by endogenouseapstsignaling
pathways, whereas higher levels of drebrin (or any actin birghotgin) has the ability
to bind more actin filaments in a non-specific way, displacing other actin bindingngrote

or affecting the gross structure of the actin network.
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CamKll-beta

The role of CamKIl in the regulation of synaptic function and piagtis enormous.
CamKIll forms a dodecameric barrel-shaped complex that mesa2@rexm tall. It is
densely localized to synapses, where it localizes principallg single layer on the
cytoplasmic face of the postsynaptic density (Petersen, Chei. €003), through
interactions with densin and the long cytoplasmic tail of NMDA chiznfidnese CamKiII
molecules are thus ideally positioned to influence the function of sgnApdDA
receptors and scaffolding molecules while simultaneously Iodthie PSD to the actin

cytoskeleton through beta subunits contained in the complex.

CamKIl beta is an actin binding protein which can bind both F-actine@®y, Lasda
et al. 2006; Okamoto, Narayanan et al. 2007; Lin and Redmond 2008)Sartabria e
Waxham, 2009) and G-actin (Sanabria, Swulius et al. 2009). Only theidmform
associates with actin structures, and this association is inflddnyg alternately sliced
isoforms (O'Leary, Lasda et al. 2006), although the dodecameauctwstr of CamKIl
dictates that most complexes will contain both alpha and betarns®fand therefore
possess at least some actin-binding ability. CamKIl beta burmdidsstabilizes actin
filaments in vitro and in living cells (Fink, Bayer et al. 2003; @k¢o, Narayanan et al.
2007; Lin and Redmond 2008; Okamoto, Bosch et al. 2009). In spines, CamKIl beta
knockdown leads to a lengthening of protrusions, which may be rescueddsg kdead
mutants of CamKIll. Overexpression of CamKIl or mutants contaitiiagactin binding
domain and have the ability to oligomerize stabilize actin dyoemieasured by FRAP

(Okamoto, Bosch et al. 2009). Taken together, these observations suggest that a: bundling
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requires only oligomerization of the CamKIl actin binding domains, and b: Caalgdia
kinase activity is sufficient to compensate for the loss ahiKih beta kinase activity.
However, the kinase activity is important in the regulation ohdmtindling by CamKI|
as activation and autophosphorylation of CamKIl by calcium/calmodulgshawn to
inhibit the bundling activity of CamKIl on actin filamenis vitro. CamKIl beta
expression also has been shown to stabilize other actin struchalesling filopodia.
Interestingly, it was shown in this study that constitutivetyive CamKIll (T287D)
stabilizes actin dynamics to similar degrees as wild tyemKIl, whereas a
phosphorylation null mutant (T287A) destabilized actin turnover in thesetustes
(Andersen, Li et al. 2005). This evidence is supported by the stioulaf new
protrusions by injection of autophoshorylated CamKIl (Jourdain, Fukunaaja 2203).
Taken together, these studies suggest the possibility that Cand{i stabilize actin
dynamics in spines or other structures through mechanisms distnt its bundling

activity, perhaps through sequestration of monomers or through capping activity.

CamKIl translocates into spines following NMDA receptor stirtiata (Shen and
Meyer 1999),and interestingly CamKIll alpha recruitment prece@esuitment of
CamKIll beta, suggesting that the two isoforms have different birghngers and may
play distinct functional roles within the spine. CamKIl kinasevégtiis necessary for
NMDA and integrin-signalling mediated spine remodeling (Shi andlIE20©6), and
chronic blockade of network activity coupled with actin-depolymeopathay result in
loss of CamKII from spines (Ahmed, Zha et al. 2006), again suggetat CamKII-

actin interactions are functionally relevant. However, the siteeand nature of CamKaII
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mediated influences on actin structures remains to be fully understood. Is the/ polaa
of CamKIl beta — actin binding to link the actin cytoskeleton to the postsynaptiold@aff
Or does CamKIl mediate effects on actin structure at gite=s than the PSD. Finally, as
most of the studies on the effect of CamKIl on actin dynanmcseurons have been
performed using expression of proteins, it will be important to eemhe acute effects

of blocking or activating CamKII kinase activity on the actin cytoskeleton.

Myosins

The myosins are a large family of actin-based motor proteingse activities,
coordinated with the cytoskeleton, function in a wide range of functiomgding the
production of contractile force and processive transport of cargo.iiMypsssess two
actin binding “heads” which allow them to move “hand over hand” alongmpmized
actin filaments (Yildiz, Forkey et al. 2003). In addition, myosin &h coligomerize
through interactions of a coiled coil domain, allowing them to geneoatgactile force
through actions on multiple actin filaments (Woolner and Bement 20089t Myosins
move toward the plus (barbed) end of actin filaments; myosirs \&ni unconventional
motor whose movement is directed toward the minus (pointed) end (gnahloul et
al. 2005). A number of myosins have been implicated in the regulafi@ynaptic
function, including nonmuscle myosin llb (Naisbitt, Valtschanoff et al02@yu, Liu et
al. 2006) Myosin Va (Takagishi and Murata 2006; Correia, Bassari 20@8; Lise,

Srivastava et al. 2009) but see (Petralia, Wang et al. 200bsimYyb (Wang, Edwards
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et al. 2008), and myosin VI. The latter, which moves away from ites sf actin
polymerization, is implicated in playing a role in endocytosis.ebisf in stimulus—
induced AMPAR internalization coupled with the ability of myosint¥linteract with
AP-2 and SAP97 suggest that they may help to pull AMPAR containing endosomes away

from the endocytic zone (Osterweil, Wells et al. 2005).

Myosin Va is mutated in the human hereditary neurological skse&riscelli
syndrome type 1; Mice carrying this mutation lack a spine apsaeatd display deficits
in the induction of LTP and LTD (Takagishi and Murata 2006). Thus, pbssible that
myosin Va plays a role in the transport or anchoring of smooth Efiher organelles
within spines. Another observation suggesting a tethering role headirtding that
expression of myosin Va dominant-negative enhanced the exocytosims¥¢ dere
vesicles in neurons (Bittins, Eichler et al. 2009). As myosin Vgsees toward the plus
end of actin filaments, and thus presumably toward the extracethganbrane, and
because the depolymerization of actin filaments with latrunculmickied the effect of
dominant negative myosin Va, it was concluded that myosin Va ngralttions to
tether dense core vesicles to actin structures away frorméingbrane. Another study,
examining the role of myosin Va in delivery of recycling endosgnused the same
dominant negative fragment of myosin Va and observed deficits in taymighivery of
GluR1 during LTP. Furthermore, myosin Va interacts with Rabl11 (&enaf recycling
endosomes), and expression of the dominant negative myosin Va taibsetrine
incidence of Rabl1l puncta in spines (Correia, Bassani et al. 2008). Alttreiguthors

concluded that myosin Va actively transports recycling endosam@sspines during
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LTP, it cannot be ruled out that myosin 5a actually serves tethar, preventing
endocytosed vesicles from leaving the spine. Evidence that another memtie

myosin V family, myosin Vb, is involved in endosome trafficking hae dleen reported.
Myosin Vb also interacts with Rabll, and appears to traffic wathsterrin receptor-

containing endosomes (Wang, Edwards et al. 2008).

It is thus possible that both motors interact with recycling endosopegbaps at
distinct points in the recycling process. The ATPase activity actin-binding of both
proteins is activated by calcium (Li, Jung et al. 2006; Wang,afdkvet al. 2008), and
slows the processive motion of myosin Va on F-actin (Krementsov, érsova et al.
2004). The plus end polarity of myosin V raises the possibility tHaituca influx at the
synapse may result in stable myosin Va or Vb-actin complextése dase of the spine
that may be carried into the spine head by treadmilling aihélas directed into the
spine head. On the other hand, calcium-bound myosins in the spine head adrbe
to the base of the spine by the same mechanism, depending on thatiornewit actin
filaments in the neck. It is possible that once there, they coutttiags with recycling
endosomes, and [assuming steep enough gradient of calcium concentriatieenbdbe
spine head and dendritic shaft] processivly move back into the spidaloeg the same
filaments (Wang, Edwards et al. 2008). Neither mechanism is ctalypkatisfying as
they fail to explain a) the positioning of recycling endosomébleabase of spines under
basal conditions or b) are vesicles directly transported to the s@mdrane by either of
these motors or do the myosins disengage from their cargo in thehgade allowing

them to reach their target (presumably syntaxin-4 rich exozgte (Kennedy, Davidson
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et al. 2010) unaided. Taken together however, they do reveal a stromgpartant role
for actin filaments in the spine neck, and open the possibility thatateon of filament

orientation may be an important factor driving cargo delivery into and out of spines.

In contrast to the proposed roles of other myosins in delivering or amghzargo
stores to sites near the synapse, myosin Il is thought to playcusal role directly
impacting the cytoskeletal network (Ryu, Liu et al. 2006). Inhibitiomgbsin Il activity
by blebistatin causes a rapid restructuring of the shape of mustspioes, with the
appearance of numerous filopodia-like processes which protrude from tiee hegad.
Thus, similarly to its roles in the lamellipodia of migratioglls or in growth cone,
myosin Il is thought to form a contractile core in the centesmhes, cross-linking
filaments, regulating the tension of the actin network, and perhaplatiag disassembly

(Medeiros, Burnette et al. 2006).

Spire/ WH2 Homology Domain containing proteins

The discovery of the Arp2/3 complex and the formin family of acti@mient
nucleators provided a mechanism for cells to catalyze the asseibew filaments
from freely diffusing monomers, a process that occurs orderaghitude too slowly in
the absence of nucleating factors. With the discovery of a thirdyfafmactin nucleators,
the WH2 homology Domain proteins, it is clear that they are not albhe.first
members of the group, spire, was shown to nucleate the formation of umdatanc
filaments from pyrene-labeled G-actin (Quinlan, Heuser eR@5). Spire contains 4

WH2 domains, which are all necessary for maximal filamesgerably. The protein also
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contains an N terminal Kinase non-catalytic C lone domain (KIN@jain, a Spir-box
which may be a target of Rab GTPases, and an FYVE zinc fng#f at its c-terminus
which directs it to subcellular membrane compartments. Spiesacts with formins
through a c-terminal spir-interactive motif, and may inhibit fernmediated actin
nucleation (Chhabra and Higgs 2007). Spir-1 is expressed primarilyeifiotebrain,
where it displays strong staining in the pyramidal cell lafethe hippocampus and the
pyramidal cell layer of the cerebellum (Schumacher, Boraeskil. 2004). Obviously,
much work will need to be performed to elucidate the potential afléss new family

of actin flament nucleators at the synapse.

The vast numbers of regulatory mechanisms that exist with spgies provide
an actin cytoskeleton that is an intricate and highly organizedwteué\lthough much is
known about the biochemical function of various actin binding moleculesctin a
polymerization in vitro or in other biological systems, littlekisown about how they
interact within spines and at the synapse. Much work remains tanitle@ehow actin
polymerization is regulated on fine spatial scales within ghi@ees and how these

processes may be modulated in response to external input or synaptic stimuli.
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