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Abstract

AMPA receptors (AMPARs) mediate synaptic transmission and plasticity during learning,
development, and disease. Mechanisms determining subsynaptic receptor position are poorly
understood but are key determinants of quantal size. We used a series of live-cell, high-resolution
imaging approaches to measure protein organization within single postsynaptic densities in rat
hippocampal neurons. By photobleaching receptors in synapse subdomains, we found that most
AMPARSs do not freely diffuse within the synapse, indicating they are embedded in a matrix that
determines their subsynaptic position. However, time lapse analysis revealed that synaptic
AMPARSs are continuously repositioned in concert with plasticity of this scaffold matrix rather
than simply by free diffusion. Using a fluorescence correlation analysis, we found that across the
lateral extent of single PSDs, component proteins were differentially distributed, and this
distribution was continually adjusted by actin treadmilling. The C-terminal PDZ ligand of GIuA1
did not regulate its mobility or distribution in the synapse. However, glutamate receptor activation
promoted subsynaptic mobility. Strikingly, subsynaptic immobility of both AMPARs and scaffold
molecules remained essentially intact even after loss of actin filaments. We conclude that
receptors are actively repositioned at the synapse by treadmilling of the actin cytoskeleton, an
influence which is transmitted only indirectly to receptors via the pliable and surprisingly dynamic
internal structure of the PSD.

Introduction

At excitatory synapses, the nanometer-scale organization of presynaptic and postsynaptic
structures defines the functional coupling of synaptic transmission. Though the PSD and the
presynaptic active zone are tightly apposed and typically well matched in size, glutamate
diffusion from sites of exocytosis and the low affinity of AMPA receptor (AMPAR)
activation create a steep dependence on the spatial relationship between the point of
glutamate release and the postsynaptic receptors (Lisman et al., 2007). Thus, not all synaptic
receptors are activated by every release event (Liu et al., 1999; McAllister and Stevens,
2000; Yamashita et al., 2009), and release at different sites throughout the active zone may
initiate opening of different subsets of postsynaptic receptors (Lisman and Raghavachari,
2006). For these reasons, the distribution of AMPARS within a synapse is broadly thought to
influence synaptic efficacy (Xie et al., 1997; Franks et al., 2003; Raghavachari and Lisman,
2004; Lisman et al., 2007). Nevertheless, mechanisms of receptor positioning within the
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synapse are poorly understood, and whether these processes are dynamic in living synapses
is unknown (MacGillavry et al., 2011).

An important consideration is whether receptors can move freely within the confines of the
synapse (as in a corral), or remain immobilized (Ritchie et al., 2003; Bressloff and
Earnshaw, 2009; Opazo and Choquet, 2011). This has been addressed most directly by
tracking the motion of single receptors bound to antibodies carrying quantum dots or other
tags (Triller and Choquet, 2008). Such observations have indicated that extrasynaptic
AMPARSs are essentially freely mobile (Choquet, 2010), whereas synaptic AMPARs are
nearly immobilized for times ranging from seconds to minutes, remaining confined within
nm-scale subdomains of the synapse (Bats et al., 2007; Ehlers et al., 2007). However,
because antibody labeling preferentially samples receptors that exit the synapse to the
plasma membrane, where antibody access is higher, it is not clear whether these
observations apply to all receptors, and the results have been difficult to confirm with other
techniques. AMPAR lateral diffusion has also been measured via Fluorescence Recovery
After Photobleaching (FRAP) (Ashby et al., 2004). This approach has revealed that ~20 —
60% of the cell surface AMPAR population in spines is labile, exchanging on a time scale of
5-20 min (Ashby et al., 2006; Sharma et al., 2006; Bats et al., 2007; Heine et al., 2008;
Frischknecht et al., 2009; Martin et al., 2009; Arendt et al., 2010). The disparate time scales
of results from FRAP and single-particle tracking experiments leave open many questions of
synaptic AMPAR regulation. Notably, the degree of intrasynaptic mobility of stably
incorporated receptors has not been reported, and FRAP has not been used to examine
receptor mobility within the synapse.

Here, using high-resolution photobleaching we determined that motion of resident AMPARS
across the synapse is rare, suggesting that a postsynaptic matrix stably positions receptors.
Exploring the molecular mechanisms of this matrix, however, we find that the distributions
of the major scaffold molecules underlying the receptors are continually adjusted by actin
treadmilling, revealing an unforeseen level of dynamics within the dense PSD complex.

Materials and Methods

Neuron culture, cDNA, and transfection

Dissociated hippocampal neuron cultures were prepared from embryonic day 18 male and
female rats as previously described (Frost et al., 2010). Cells were grown 3—4 weeks in
culture and transfected ~36 — 48 h before experiments. cDNAS were obtained or produced as
follows (with original sources): SEP-GIuAl, SEP-GIuA2, and SEP-GIuA2 1-880 (R.
Huganir, Johns Hopkins University School of Medicine, Baltimore, MD); mCherry (mCh)
or PATagRFP-tagged PSD-95 by subcloning PSD-95-GFP (D. Bredt, Eli Lilly and
Company, Indianapolis, IN) at HindlI1-EcoR1 into N1 versions of the fusion protein
constructs; Membrane-mCh by subcloning mCh into Membrane-YPF (Clontech); GKAP-
mCh by subcloning from GKAP-GFP (SAPAP2, G. Feng, Massachusetts Institute of
Technology, Cambridge, MA) into mCh-C1; Shank3-mCh by subcloning Shank3 (P.
Worley, Johns Hopkins University School of Medicine, Baltimore, MD) into mCh-N1 at the
HindlIlI-EcoRl sites; Homerlc-mCh by subcloning from Homerlc-GFP (P. Worley) to
Nhel-Agel sites of mCh-N1; mCh (R.Y. Tsien, University of California, San Diego, La
Jolla, CA); PA-TagRFP (V. Verkhusha, Albert Einstein College of Medicine of Yeshiva
University, Bronx, NY); Ruby-Lifeact (R. Wedlich-Soldner, Max Planck Institute of
Biochemistry, Martinsried, Germany). Individual coverslips were transfected with 0.5-0.75
g of cDNA for each expression construct using Lipofectamine 2000 (Invitrogen).

J Neurosci. Author manuscript; available in PMC 2013 March 13.
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Live-cell confocal microscopes

Live-cell imaging was performed on two confocal microscopes. Experiments for
morphology quantification (see Figs. 2, 5A-£, 6) were performed on a spinning disk
confocal system (Andor Technology). This system consisted of a CSU-22 confocal
(Yokagawa) with Orca-ER CCD camera detector (Hamamatsu) mounted on the side port of
an Olympus 1X-81 inverted microscope with laser excitation provided by a 5W KrAr laser
(Coherent, Inc.) and emission filters (Semrock) positioned by a motorized filter wheel
(Sutter Instrument Co.). Imaging was performed with a 60x 1.42 numerical aperture (NA)
oil-immersion objective with additional 1.6x magnification in the light path and 1.2x
magnification placed between the confocal and the camera, yielding a final effective pixel
size of 56 nm. In some cases the 1.6x magnification was omitted, yielding a pixel size of 90
nm. Z-stacks of images were collected at each time point with zstep size of 0.5 um.
Acquisition was controlled by iQ software. Photobleaching and subsynaptic protein
distribution measurements (Fig. 1; see Figs. 3, 4, 5F—J, 7) were performed using the point-
scanning confocal of an LSM 5Duo on an inverted Zeiss AxioObserver microscope with a
63x 1.4 NA oil-immersion objective and software acquisition control by Zen. Laser output
powers were (in mW): 488 nm (75), 561 nm (150), and 405 nm (100). Pinhole size was set
to 1 Airy unit, and a 4x optical zoom was used, yielding a pixel size of 70 nm.

Imaging conditions

Coverslips were placed in custom-made chambers (Four Hour Day) and cells were warmed
from below using a heated objective collar so that the bath solution was ~34°C. In most
cases, imaging solution was perfused throughout the experiment at a rate of 1 ml/min
through an inline solution heater (Warner Instruments). Experiments on the LSM 5Duo used
a humidified, semiclosed chamber without perfusion. Extracellular imaging solution
contained the following (in mM): 120 NaCl, 3 KCl, 2 CaCl,, 2 MgCly, 10 glucose, 10
HEPES, pH adjusted to 7.35 with NaOH. For experiments where jasplakinolide
(Calbiochem), latrunculin (Sigma-Aldrich), glutamate (Sigma-Aldrich) or DMSO
(American Bioanalytical) was applied, at the indicated time, 0.5 ml of 2x treatment solution
was added to the 0.5 ml bath. Jasplakinolide and latrunculin were diluted from 1000x stock
solutions in DMSO at 5 and 20 mM, respectively. Each condition thus resulted in a final
concentration of 0.1% DMSO.

Fluorescence recovery after photobleaching

Photobleaching of synaptic AMPARSs was achieved using 488 nm laser excitation. Total
bleaching time did depend on region number and size but was executed in all cases with
1.61 us pixel dwell time (equal to the acquisition scan rate), and 4-5 iterations at 30 — 40%
of the available 488 nm laser power. Bleaching parameters were adjusted within this range
at the beginning of each experiment to provide near total bleaching of SEP fluorescence
while minimizing mCherry bleaching. Time = 0 image acquisition followed directly after
photobleaching. For full photobleaching a square or rectangular bleaching region was placed
around an entire synapse. In contrast, a small region was placed at the edge of synapses for
partial synapse photobleaching. This resulted in a bleaching spot nearly the size of the
microscope point spread function with minimal affect at the opposite side of the synapse. On
average 35% of total synaptic AMPAR fluorescence was lost during partial synapse
bleaching. Each experiment contained some synapses that were targeted for partial synapse
photobleaching while others were fully bleached. Synapses targeted for partial
photobleaching that inadvertently resulted in decreased fluorescence over >3/4 of the
synapse area were excluded.

J Neurosci. Author manuscript; available in PMC 2013 March 13.
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Simultaneous photoactivation of PSD-95-PATagRFP and photobleaching of SEP-GIuA1l

This procedure was similar to the SEP photobleaching above except that the 405 nm laser
was used for simultaneous photoactivation and photobleaching in targeted regions. Ten to 12
rapid iterations were used at 70-80% of the available 405 nm laser power. On average, 49%
of total synaptic AMPAR fluorescence was bleached. PATagRFP was submaximally (~2/3)
photoactivated. This was necessary because maximal photoactivation of PATagRFP led to
spatially unrestricted SEP photobleaching in partially targeted synapses.

Image analysis

Image processing and analysis was performed in MetaMorph (Molecular Devices) after
export from iQ. Values measured in MetaMorph were output to Excel (Microsoft) and
further processing, statistics, and graphing were performed in Origin (OriginLab). Images of
single synapses were interpolated 4x in MetaMorph before export and figure assembly in
PowerPoint. Images were routinely background subtracted before analysis and display.
Brightness and contrast were linearly adjusted. In cases where red and green intensity were
not compared channels were adjusted separately to maximize clarity of the individual
channels. In cases where red and green intensity were compared directly, brightness and
contrast were adjusted in an identical fashion for red and green images though they were
optimized for individual experiments.

Synapse morphology was quantified essentially as described previously (Blanpied et al.,
2008) using custom-written analysis journals in MetaMorph. Image zstacks at each time
point were maximally projected in the zdimension and digitally interpolated 4x. Images of
single synapses were segmented by thresholding to delineate the AMPAR cluster or PSD
from the surrounding background image. This threshold was generally set as 0.5 times the
maximum fluorescence intensity within the synapse. Elliptical form (EF) measurements over
time were 3-point smoothed, and coefficient of variation (CV) was calculated with a running
10 min bin. The degree of morphological change was also analyzed by measuring
unsmoothed, frame-to-frame differences in EF, which had a higher time resolution but is
considerably more noisy than the calculation of CV as above (data not shown). Most
importantly, this analysis clearly supported the kinetic conclusion in Figure 5, Cand D (see
below), that elimination of actin treadmilling suppressed morphological changes of the
synapse in <2 min. Fluorescence intensity was integrated within oval regions drawn tightly
around synapses.

To measure subsynaptic protein distribution, we first systematically corrected images for
imperfection in chromatic alignment in the LSM 5Duo. To match the imaging conditions of
experiments, 0.1 wm microspheres (Invitrogen, Invitrogen) were placed onto cells in culture
and incubated overnight so that they would become internalized or affixed to the cell
surface. The XY displacement measured between red and green images of the microspheres
was corrected in each biological image by a sub-pixel XY shift. Images were then
background subtracted, and rectangular regions of interest were drawn around each synapse,
minimizing the number of included background pixels. For each region, the pixel-wise
fluorescence correlation coefficient R was calculated in Meta-Morph. An average Rr value
was calculated for all synapses on a single neuron and then group averages were calculated
from these values.

SEP-GIUA FRAP

For full synapse photobleaching, a single region was drawn around the entire synapse using
the PSD-95-mCherry (PSD-95-mCh) image. Integrated fluorescence intensity of SEP-
GluAl was quantified at each time. For partial synapse photobleaching, two regions were
drawn. The first “bleached” region was drawn based on where the original bleaching region
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of interest was targeted. An additional “control” region of equal size was placed on the
opposite side of the synapse. These two regions sometimes had to be moved for analysis of
later time points; in these cases, the PSD-95-mCh image was used to track obvious PSD
features that allowed region placement to be updated to track the proper region of the
synapse matched to previous time points. In several cases, synapse morphology changed
substantially within the 10 min experiment and we were not able to reposition the analysis
regions with confidence, and these synapses were discarded from further analysis. Synapses
or partial bleaching regions that were <70% bleached with respect to baseline fluorescence
intensity were excluded from further analysis. Baseline fluorescence intensity was
normalized to 1.0 and FRAP recovery was calculated as the fluorescence increase between ¢
= 0 (immediately after SEP photobleaching) and the indicated time point. Fractional
bleaching was also assessed for partial synapse photobleaching. This was calculated by
placing a region around the entire synapse and calculating the fraction of total fluorescence
lost during photobleaching. We calculated this because the area affected by photobleaching
was not equal for each synapse studied. We reasoned that the fraction of unbleached
receptors could influence the recovery within the bleached region. However, we found no
correlation between the fractional photobleaching and the magnitude of FRAP in the
bleached region (data not shown), suggesting that this effect did not complicate
interpretation of our results, and consistent with minimal intrasynaptic exchange.

Simultaneous SEP-GIuA1l photobleaching and PSD-95-PATagRFP photoactivation

Statistics

Results

Analysis of SEP-AMPAR FRAP was performed exactly as described above. To quantify
mobility and loss of synaptic PSD-95-PATagRFP following photoactivation, we normalized
the fluorescence in the targeted region to 1.0 at £= 10 s. Then, fractional fluorescence was
measured at subsequent time points. Normalization to the 10 s time point was necessary
because PATagRFP exhibits a nonfluorescent state, which can persist for seconds, following
photoactivation but before stochastically entering the excitable state (Subach et al., 2010;
data not shown; V. Verkhusha, personal communication). Thus, accurate quantification of
PSD-95 content in the targeted region was best achieved by normalizing to this time point.
Finally, in all synapses we reactivated PSD-95-PATagRFP which permitted visualization of
the entire synapse morphology at the end of the experiment and confirmed the presence of
PSD-95 on the initially untargeted regions of partially targeted synapses.

Where means are presented, the accompanying “error” is the SEM. Pairwise statistical tests
were performed using the Mann—Whitney U'test. For experiments with greater numbers of
conditions, Kruskal-Wallis one-way ANOVA was used to test for overall differences among
group means. Then, pairwise comparisons were performed with Mann—Whitney U'test.
Kolmogorov-Smirnov tests were applied in Figure 5, Gand A (see below). In all cases,
means were considered significantly different if the test reported p < 0.05.

Intrasynaptic mobility of synaptic AMPA receptors is minimal

To distinguish between the corral and matrix-type mechanisms constraining AMPARSs at
synapses, we assayed the intrasynaptic mobility of receptors by measuring FRAP of SEP-
tagged GIluAl. Hippocampal neurons grown 21-27 d in culture and transfected with SEP-
GluAl were imaged using time-lapse confocal microscopy (Fig. 1 A). We compared
recovery in synapses that were entirely photobleached to those in which only a subdomain
(approximately half) was bleached, an approach we refer to as partial synapse
photobleaching. Partial synapse photobleaching provides a measure of intrasynaptic
mobility, because the bleached subregion can recover fluorescence by exchange of receptors
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within the synapse or with extrasynaptic regions. Thus, if there is exchange within the
synapse, these subregions will recover SEP-GIuA1 fluorescence more quickly than a fully
bleached synapse (where there is only access to the extrasynaptic unbleached pool) (Fig. 1
B). Prior work suggests that photobleaching of a whole spine will reveal substantial
exchange of the AMPAR population within 10 min (Sharma et al., 2006; Heine et al., 2008;
Frischknecht et al., 2009). In contrast, modeling predicts that receptors, if mobile, would
disperse within the synapse on a time scale as short as hundreds of milliseconds (Blanpied et
al., 2008; Heine et al., 2008; Bressloff and Earnshaw, 2009; Santamaria et al., 2010). Thus,
we first examined recovery 10 s after photobleaching but also measured recovery at 10 min
in the same experiments.

Following full synapse photobleaching, we detected little fluorescence recovery after 10 s
(3.4 £ 0.9%; n= 34 synapses in 9 neurons; Fig. 1C, G), suggesting that the population of
rapidly exchanging receptors in these synapses is very small. After 10 min, 33.2 + 2.4% of
synaptic receptor fluorescence was recovered (/7= 37 synapses in 9 neurons; Fig. 1C,G),
consistent with previous reports (Sharma et al., 2006; Heine et al., 2008; Frischknecht et al.,
2009). Following partial synapse photobleaching (performed during the same image series
on neighboring synapses), recovery was no different after 10 s than in fully bleached
synapses (1.5 = 1.6% for partial, 7= 20 synapses in 7 neurons, p = 0.53 compared with fully
bleached synapses; Fig. 1 D, G), suggesting a very small fraction of receptors are able to
move within the synapse on this time scale. Remarkably, recovery after 10 min was also
similar following partial and full synapse photobleaching (30.5 +4.3% for partial, 7=10
synapses on 4 neurons, p=0.51 compared with full; Fig. 1C,D,G). The image acquisition
itself caused minimal photobleaching, as fluorescence intensity in neighboring unbleached
synapses remained nearly constant (96 = 2% of baseline after 10 min). We also measured
fluorescence in the unbleached region of each synapse that was partially photobleached, and
detected no change (1.2 £ 2%) in fluorescence intensity there after 10 min. Thus, if any
unbleached receptors did diffuse into the bleached portion of the synapse, this rate was no
faster than the overall rate of exchange between the synaptic and extrasynaptic
compartments.

In these experiments, PSD-95-mCh expression was beneficial for targeting photobleaching
regions specifically to small subsynaptic AMPAR domains and for tracking the targeted and
untargeted regions during analysis. Because PSD-95 is thought to be a key component of
mechanisms to capture and stabilize AMPARs in the synapse (Schnell et al., 2002; Bats et
al., 2007; Newpher and Ehlers, 2008; Opazo and Choquet, 2011), we tested whether
PSD-95-mCh overexpression affected either the rate of receptor exchange or intrasynaptic
mobility. In an additional series of experiments interleaving neurons coexpressing SEP-
GluA1 with either PSD-95-mCh or free, cytosolic mCherry, we found no difference in the
fractional fluorescence recovery (Fig. 1 £, F). In neither case did the rate of recovery
following partial synapse photobleaching differ from the rate of recovery in fully bleached
synapses. Interestingly, there was a trend toward slower recovery in PSD-95-mCh-
expressing neurons (Fig. 1 £, £ p=0.090), consistent with the idea that this scaffold, which
increases synapse strength, size, and complexity (EI-Husseini et al., 2000; Stein et al., 2003;
Nikonenko et al., 2008), regulates receptor retention. Nevertheless, intrasynaptic mobility by
these measures was minimal even in the absence of PSD-95 overexpression, consistent with
the model that the PSD forms a matrix that severely restricts receptor movement within the
synapse.

Morphological dynamics of synaptic AMPA receptor clusters

The positional stability of receptors observed within the PSD raises the possibility that the
overall structure of the receptor cluster is quite rigid for long periods. However, such rigidity
would contrast with previous observations of PSD flexibility (Blanpied et al., 2008). To
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investigate potential flexibility of the overall receptor cluster in more detail, we performed
extended time-lapse imaging for neurons transfected with SEP-GIuA1 and SEP-GIUAZ2.
Coexpression of mCh-membrane, a construct targeted to the plasma membrane via inclusion
of a palmitoylation motif, confirmed that spines contained synaptic clusters of SEP-labeled
AMPARSs that could be demarcated from the sparse receptors on the dendrite surface (Fig. 2
A). Receptor clusters under study were in fact synaptic, as they colocalized with PSD
scaffold markers within spines, were quenched by cell-impermeant acidic solution but not
affected by a cell-permeant basic solution (Miesenbdck et al., 1998; Ashby et al., 2004;
Kopec et al., 2006), and colocalized with presynaptic terminals immunopositive for Bassoon
(data not shown) (tom Dieck et al., 1998).

Using this time-lapse imaging approach, we found that individual synaptic clusters of
AMPARSs exhibited substantial and continuous changes in morphology (Fig. 2 A). We
quantified the shapes of individual synapses at any single time point by measuring their EF
(EF = length/breadth), a simple but robust and sensitive measure of morphology (Blanpied
et al., 2008). Synapse EF varied continuously over time, was independent for individual,
even neighboring synapses, and changed with various magnitude and directionality (Fig. 2
B). Because synapse morphology is related to synapse strength, we tested whether synaptic
AMPAR number increased or decreased during morphology transitions. For individual
synapses we quantified both AMPAR cluster morphology and integrated SEP fluorescence
intensity. In this analysis, even though most receptor clusters underwent profound changes
in morphology, such changes were not accompanied by clear changes in SEP fluorescence
intensity (Fig. 2 B, C). To further quantify this, we tested whether the CV (CV =SD/mean)
of receptor cluster EF correlated with CV of SEP fluorescence intensity, as would be
predicted if morphology changes were accompanied by addition or removal of synaptic
AMPARSs. Consistent with the stable SEP fluorescence shown in Figure 2C, we found the
CV of receptor cluster intensity to be substantially smaller than the CV of EF (mean
CVintensity = 0.018 + 7.8E-4, CVgg = 0.076 £0.0047, p <0.01). We also found no correlation
between these two measures for either a single neuron or a larger population from a group of
neurons (r2=0.0089, p=0.25; 1= 37 synapses from representative neuron analyzed in B-
C; r2=0.0393, p=0.11; 7=67 synapses on 4 neurons) (Fig. 2 D). From this, we conclude
that synapse morphology can change even when a principal postsynaptic determinant of
synaptic strength, receptor number, remains constant. Thus, although the overall topology of
the postsynaptic complex remains flexible, few receptors appear freely mobile over large
regions of the synapse, suggesting that the pattern of receptor distribution within the synapse
is controlled by characteristics of the PSD.

If changes in the shape of the PSD determine the shape of the receptor cluster at the synapse,
the structures of the two should be highly correlated over time. To test this, we directly
compared PSD and AMPAR cluster morphology in neurons expressing both PSD-95-mCh
and SEP-GIuAL. At single synapses, time-dependent changes in AMPAR distribution
directly matched those of the PSD-95-labeled scaffold (Fig. 2 £). Line profiles through
single synapses clearly demonstrated the fine-scale similarity between fluorescent AMPARS
and PSD-95 protein distribution (Fig. 2 £). To compare morphology, the EF of PSDs and
AMPAR clusters was measured at each time point. Absolute differences between the two EF
values were small and the measurements covaried over time (Fig. 2G). We calculated for
each synapse the quotient of the EF of its AMPAR cluster and the EF of its PSD (the EF
ratio) at each time point. The EF ratio remained close to 1.0 throughout the imaging (Fig. 2
H, n=4 neurons). To examine the correlation in shape across many synapses, we averaged
the EF measured once per minute for 20 min and compared this to the averaged EF of the
receptor cluster (Fig. 2 /). The two averaged EF values were highly correlated across
synapses (r2 = 0.85 + 0.020, 7= 4 neurons). To examine this correlation over time, we
calculated the CV of EF at single synapses. The CV of PSD EF was well correlated with the
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CV of the AMPAR cluster EF (Fig. 2 J r2=0.48 + 0.018, = 4 cells) whereas randomized
pairings were uncorrelated (72 = 0.017 and 0.020 for EF and the CV of EF, respectively).
Thus, in a population of synapses with widely varying shapes and sizes, and during
substantial, rapid temporal variation, the shape of the PSD predicts the shape of the AMPAR
cluster. We note also that the CV of the AMPAR cluster EF correlated only very weakly
with either the synapse size or the intensity of SEP-GIuA fluorescence (r2=0.04 + 0.01, N
= 12 neurons), and was not different in cells expressing only receptors from those also
overexpressing mCh-tagged scaffold proteins (Membrane-mCh coexpression CV of EF =
0.086 = 0.01, GKAP-mCh coexpression CV of EF = 0.090 + 0.008 p = 0.67). Thus, while
overexpression of scaffold proteins likely alters synapse strength or morphology, synapse
structural dynamics appear independent of these effects. A straightforward conclusion from
these results is that reshaping of the PSD drives global changes in the structure of the
receptor cluster, even while confinement of resident AMPARS within very local PSD
subdomains is preserved.

Subsynaptic AMPA receptor distribution patterns are differentially correlated with
individual components of the PSD scaffold

The preceding observations indicate that malleable global morphology of the PSD controls
the overall shape of the synaptic receptor cluster. We next considered mechanisms within
single PSDs that might influence receptor positioning at that synapse. Numerous proteins are
known to regulate synaptic AMPAR number (Malinow and Malenka, 2002; Bredt and
Nicoll, 2003; Elias and Nicoll, 2007), and in particular interactions between the canonical,
multidomain scaffold PSD-95 and the transmembrane AMPAR binding proteins (TARPSs,
typified by Stargazin) are essential for integration of extrasynaptic AMPARSs into the PSD
(Chen et al., 2000; Bats et al., 2007; Opazo et al., 2010). However, it is unclear whether the
distribution of receptors within the PSD is established via continued linkage to PSD-95
(MacGillavry et al., 2011). Even in this case it is not clear what, in turn, would establish the
distribution of PSD-95 (Chen et al., 2008, 2011; Swulius et al., 2010). Indeed, the
organization of scaffolds within the PSD has been difficult to assess, particularly in living
synapses. Immunological labeling of PSD scaffold proteins has revealed a lamination of
PSD components along the axo-dendritic axis of the PSD (Valtschanoff and Weinberg,
2001; Dani et al., 2010). However, measuring the distribution across the lateral, en face
dimension of single synapses, the one that is likely to actually determine receptor position,
has been difficult to achieve in part because antibody labeling is typically kept far from
saturation to maintain specificity. Thus, we developed an approach to measure PSD scaffold
organization relative to receptor distribution within single synapses that does not rely on
antibody labeling.

To investigate PSD scaffold organization in live cells, we used high-resolution confocal
microscopy on neurons expressing SEP-GIuA1,2 paired with expression of one of four
scaffold proteins tagged with mCh. We could then quantify the relative subsynaptic
distribution of synaptic AMPARs with respect to particular scaffold protein types by
calculating the pixel-wise fluorescence correlation coefficient, which we termed Rr. PSDs
are thin and the axo-dendritic displacement of proteins is only 20-30 nm (Valtschanoff and
Weinberg, 2001). In width, however, they can be >20 times as large (Harris and Stevens,
1989). Therefore, the axo-dendritic offset will contribute little to the overall ~-. Thus, if
scaffold types differ from one another in their distribution with respect to receptors, we
would expect their Rr values to differ (Fig. 3A4). On the other hand, if the PSD scaffolds
differ from one another only along the axo-dendritic axis, we would predict that pairwise
relation of each scaffold type to the receptor will be equal.

To assess the dynamic range of this approach, we first coexpressed two different GKAP
constructs, one tagged with mCh and the other with GFP, because we expect two differently
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tagged versions of the same scaffold protein should provide a maximal Rr. As expected, the
pattern of expression of these constructs essentially completely overlapped within the cell
(Fig. 3B) and at individual synapses (Fig. 3 B, C). Because pixel intensity contains shot
noise proportional to the square root of the number of collected photons, the correlation
between the two channels will inevitably depend on signal strength. Accordingly, we
adjusted the scanning laser power (over a ~2-fold range) between cells that expressed
different amounts of tagged proteins so as to maintain consistent image intensity across cells
and constructs. The voltage of the photomultiplier detector was held constant to minimize
differences in instrumentation noise between samples. For single synapses, the individual
pixel intensity values of the GFP and mCh channels were plotted as in Figure 3C, and the R
between the two was calculated. The result of this analysis was an /A 0f 0.91 £ 0.01 (7=5
neurons) between GKAP-GFP and GKAP-mCh, providing the maximum correlation for
identically distributed synaptic proteins achievable in practice given instrumentation and
acquisition noise. (Note that this is within the image of the PSD not including intersynaptic
regions of low expression.) The minimum Rk in this assay would likely be between an
exclusively PSD-resident protein and one localized nonspecifically at the synapse.
Therefore, we measured Rr between GKAP-GFP and membrane-mCh, a marker that
diffuses freely over the plasma membrane but also enters the synaptic membrane with a
distribution presumably unrelated to the distribution of GKAP (Fig. 3C, D). Between these
two proteins, the mean Rr within the PSD was 0.41 £ 0.03 (/7= 8 neurons).

Given these bounds for the assay, we then measured A for each of four canonical PSD
scaffold components with respect to AMPAR fluorescence (Fig. 3£-H). Three observations
were apparent. First, the correlation of receptor with each scaffold was less than the
maximum detectable (GKAP-mCh:GKAP-GFP). PSD-95-mCh had the highest correlation
coefficient of the scaffolds tested (0.86 + 0.012, 7=7 neurons), indicating not surprisingly
that its subsynaptic distribution was very similar to the AMPARSs at the same synapses.
However, this was lower than the GKAP to GKAP correlation (p = 0.0094), potentially
because some PSD-95 molecules are bound not to AMPARs but to NMDA receptors,
neuroligin, or other synapse components (lrie et al., 1997; Kornau et al., 1997; Chen et al.,
2000). On the other hand, even the lowest correlation coefficient value measured for Homer
(0.73 £ 0.020, n = 8 neurons) was substantially above the low end of the dynamic range of
our assay (p = 9.4E-4), reflecting close association of this protein with AMPARS despite
linkages to other receptor types and other proteins throughout the spine (Tu et al., 1998; Lu
et al., 2007).

Second, the R values of the different scaffolds were each different from one another. The
variety and range of correlation coefficients support the idea that the different types of
scaffolds play distinct roles in positioning AM-PARs. Third, the correlation values varied
systematically across the set of scaffolds. The rank order of correlation coefficients (PSD-95
> GKAP > Shank > Homer) was well predicted by both the mean physical distance
(Valtschanoff and Weinberg, 2001; Dani et al., 2010) and the number of expected
intermolecular links (Kim and Sheng, 2004) between the scaffold and receptor (Fig. 3/).
These experiments require scaffold overexpression, which might be expected to increase
size of some PSDs or perturb synapse organization. However, our analysis includes PSDs of
nearly any size, and there was only a very weak correlation (r2 < 0.1) between synapse size
and R measured for GKAP-mCh and receptors (data not shown). In addition, PSDs in
neurons expressing each of the scaffolds covered a nearly identical range of sizes, and we
excluded cells with ectopic or unusually high levels of mCh fluorescence. This suggests that
the order we observed is insensitive to scaffold overexpression level.
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Role of the GluA1 C-terminal PDZ ligand

Subsynaptic positioning and restricted movement of AMPARs could be mediated by
interactions of the receptor C terminus with intracellular partners. Deletion of the C terminus
of GluA2 does not affect its mobility in the synapse as measured by antibody tracking (Bats
et al., 2007). Similarly, GluAl contains a PDZ domain-binding ligand capable of binding
SAP97 (Leonard et al., 1998; Shepherd and Huganir, 2007). Although deletion of this ligand
does not affect basal transmission or induction of plasticity (Hayashi et al., 2000; Kim et al.,
2005), the role of this interaction in positioning or retention of synaptic receptors is not
known. To determine this, we examined mobility of GIuA1 lacking the terminal amino acids
(SEP-GIuA1 1-880). Truncated receptors trafficked to the surface and accumulated at
synapses in a manner indistinguishable from the full-length receptor (Fig. 4 A, B) consistent
with previous report (Lin et al., 2009). Rr values (measured with respect to GKAP-mCh) for
synapses expressing SEP-GIuA1 1-880 were not different from those measured for full-
length SEP-GIuA1 (SEP-GIuAl 1-880 R- = 0.78 £ 0.01, SEP-GIUAL R-=0.77 £ 0.01 p=
0.80; Fig. 4C). This suggests that deletion of the PDZ ligand was not sufficient to alter
AMPAR distribution within synapses. Next we tested whether this deletion was sufficient to
alter AMPAR mobility. Full synapse photobleaching revealed no difference in recovery
between full-length and truncated receptors (41.4 + 5.6% SEP-GIuA1, n=9 synapses in 5
neurons, 37.7 =+ 3.0% SEP-GIuA1 1-880, 7= 31 synapses in 10 neurons p> 0.9 at 600 s;
Fig. 4 D). Comparing recovery after full or partial synapse photobleaching, we did not detect
additional intrasynaptic mobility for SEP-GIuA1 1-880 (33.7 + 8.6% for partial, 7=8
synapses in 5 neurons; p = 0.54 compared with full at 600 s; Fig. 4 £). Thus, we conclude
that the direct association between GluAl and SAP-97 is dispensable for the strong
immobilization within the PSD matrix.

Actin-dependent restructuring of the synaptic receptor cluster and internal protein
organization

Rearrangement of the actin cytoskeleton is required for many forms of synaptic structural
and functional plasticity (Kim and Lisman, 1999; Krucker et al., 2000; Zhou et al., 2004;
Blanpied et al., 2008; Gu et al., 2010). We thus hypothesized that the ongoing plasticity of
synapse organization we observed would be actin-dependent. First, we asked whether
constitutive reshaping of the synaptic AMPAR cluster required ongoing actin turnover.
Following a 20 min baseline, 5 M jasplakinolide was added to stabilize existing actin
filaments, and this treatment rapidly stopped ongoing morphology changes of the synaptic
AMPAR cluster (Fig. 5A). Indeed, CV of EF was abruptly reduced within 1-2 min to levels
seen in fixed cells (Fig. 5Cand as indicated by a quickly reduced magnitude of frame-to-
frame variation in EF, see Materials and Methods). Strikingly, application of 10 uM
latrunculin A to depolymerize filaments resulted in similar, rapid stabilization of receptor
cluster dynamics (Fig. 5 B, D). DMSO vehicle had no effect (Fig. 5£). Thus, ongoing
remodeling of the actin cytoskeleton drives continual changes in the shape of the synaptic
receptor cluster.

This strong, actin-dependent synapse reshaping seemed likely to drive reorganization of
proteins within the PSD. On the other hand, the density of the PSD and the limited mobility
of receptors within it suggests that PSD internal organization might be time-invariant. Little
is known about internal organization of live synapses, so to resolve this issue, we probed
whether the spatial scaffold-receptor correlation is maintained over time. For these
experiments, we chose GKAP because of its mid-range A value. At individual synapses,
the spatial correlation between GKAP-mCh and SEP-GIuA1,2 varied substantially over time
(Fig. 5F). Synapses from neurons coexpressing GKAP-mCh +GKAP-GFP showed much
smaller changes in A over time (Fig. 5F), as did GKAP-mCh + SEP-GIuAL,2 synapses
from fixed cells (data not shown).
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To test the role of actin remodeling in controlling intrasynaptic reorganization, we measured
R after treatment with jasplakinolide or latrunculin. Disrupting actin remodeling did not
increase but in fact reduced variation of Rx over time (Fig. 5F). We quantified the
magnitude of variation by measuring the SD of six /= measurements spaced at 2 min
intervals. Treatment with either latrunculin or jasplakinolide promoted a leftward shift in the
cumulative distribution of this measure (Fig. 5G, latrunculin p=0.023, jasplakinolide p <
0.001). In contrast, randomizing the measured R values in sets of 6, then measuring the SD,
resulted in a rightward shift of the curve, indicating that chance would in fact drive these
values higher (Fig. 5H, p < 0.001). Synapses from neurons coexpressing GKAP-mCh
+GKAP-GFP also had a left-shifted distribution, offering further evidence that intrasynaptic
organization varied less in the absence of actin remodeling. Analysis of the mean SD of R
confirmed these observations (Fig. 5/). Application of latrunculin or jasplakinolide reduced
the SD of Rr between GKAP-mCh and SEP-GIuA1,2 (latrunculin p= 0.024, jasplakinolide
p=0.0067). Importantly, momentary changes in Rr were not due to imprecision in
fluorescence intensity measurements, because the SD but not the mean of Ag was
significantly lower when fixed cells were repeatedly measured under identical conditions
(Fig. 5 /, J; p=0.0029 for SD of R control compared with fixed). In addition, the larger SD
of GKAP-mCh + SEP-GIuA1,2 in live cells was not due to a higher mean R, because
measured A values for GKAP-mCh + GKAP-GFP were also consistently greater than those
measured for GKAP-mCh + SEP-GIuA1,2 (Fig. 5J). Thus, the subsynaptic distribution of
core PSD scaffold proteins and AMPARSs is actively regulated by the spine actin
cytoskeleton.

Synaptic AMPA receptor retention and subsynaptic confinement are primarily actin-

independent

Depolymerization of the actin cytoskeleton has been previously reported to cause a decrease
in synaptic AMPAR content over tens of minutes to tens of hours (Allison et al., 1998; Kim
and Lisman, 1999; Zhou et al., 2001; Gu et al., 2010) leading to the notion that the actin
cytoskeleton “anchors” synaptic AMPARs (Halpain, 2000; Cingolani and Goda, 2008). To
test whether the actin-based mechanism responsible for AMPAR cluster dynamics was
distinct from receptor maintenance, we measured loss of AMPARSs from the synapse over
the 10 min following latrunculin application. In contrast to the rapid elimination of
morphological dynamics during this time, SEP-GIuA1,2 intensity showed only a very
modest decrease (Fig. 6 A-D; 7.2 £ 1.3%; p=0.0081 latrunculin vs DMSO), similar to
previous reports (Gu et al., 2010). Latrunculin was highly and rapidly effective in disrupting
spine F-actin as reported by low-affinity actin probe Lifeact (Riedl et al., 2008) (Fig. 6 A-
D). We confirmed in fixed cells that the loss of Lifeact signal parallels the loss of phalloidin
staining following latrunculin exposure (data not shown).

These data strongly suggest that receptor retention on this acute time scale was primarily
actin-independent. It has been reported that a subset of scaffold molecules are lost from the
PSD following latrunculin application (Kuriu et al., 2006), and so we examined the effect of
latrunculin on synaptic scaffold content in our cultures. In our neurons cultured 14-17 d, we
found that latrunculin lead to loss of <10% of mCh-tagged PSD-95, GKAP, or Homerlc
(Fig. 6 E). Nevertheless, in neurons cultured only 7-10 d, latrunculin application prompted
loss of Homer 1c, GKAP, and Shank, with no effect on PSD-95 (Fig. 6 £), suggesting that
the developmental regulation of synapse stability (Zhang and Benson, 2001) is reflected in
enhanced actin-resistance of the scaffold matrix.

The slow decrement of receptors does not support a simple anchoring role for actin. To
explore whether actin regulated either overall receptor exchange rate or positional stability
within the synapse (Rust et al., 2010), we again used a subsynaptic receptor photobleaching
approach, now along with simultaneous photoactivation of PSD-95-PATagRFP to detect
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potential actin-dependent alteration of scaffold mobility (Fig. 7 A, B). Depolymerization of
actin filaments with latrunculin treatment did not affect the overall rate of synaptic receptor
turnover (Fig. 7C, D, F, Full p=0.34 at 10 s, p=0.39 at 600 s). Surprisingly, latrunculin
also did not strongly affect stability within the synapse: intrasynaptic receptor mobility
barely increased from undetectable to a few percent (Fig. 7 D, F; 10 s full 0.0369 + 0.008,
10 s partial 0.10 + 0.03, p=0.049; 600 s full 0.30 + 0.03 600 s, partial 0.54 £ 0.11, p
=0.045). Nevertheless, the large majority of receptors (~76%) remained within their initial
domain of the synapse, even after 10 min (Fig. 7 D, F).

Thus, actin filaments are not acutely necessary for confinement of most receptors in synapse
subdomains. An alternative explanation for the continued stabilization of receptors is that
PSD-intrinsic mechanisms prevent receptor mobility and remain essentially intact after
application of latrunculin. To assay the influence of the cytoskeleton on scaffold dynamics
in the PSD, we measured PSD-95 mobility following its partial synapse photoactivation.
This mobility was nearly undetectable under control conditions, because the extent of
recovery in subsynaptically and fully activated synapses was the same (Fig. 7C, G, p= 0.64).
Following latrunculin, the overall rate of PSD-95 dissociation did slightly increase (Fig. 7G,
Full p=0.0069), but loss out of activated subregions still matched that in fully activated
synapses (Fig. 7G; p = 0.84), indicating that PSD-95 remained immobile within the synapse.
Thus, the PSD-95 scaffold and subsynaptic AMPAR confinement are primarily intact even
after depletion of spine actin filaments indicating that the PSD matrix restricting receptor
mobility is actin-independent.

We then asked whether glutamate receptor activation is capable of regulating intrasynaptic
AMPAR mobility. A very low concentration of glutamate (8 M) applied to neurons for 5
min (Ackermann and Matus, 2003) did not alter fluorescence recovery in fully bleached
synapses, indicating that this protocol did not affect synaptic receptor turnover (Fig. 7+, at
600 s, Control 38 +3%, Glutamate 36 +2%, p=0.55). However, intrasynaptic mobility of
AMPARs was substantially increased, as revealed by a strong increase in recovery following
partial photobleaching (Fig. 7 A, /; 600 s Partial 60 + 7, p= 0.001). Despite the change in
receptor mobility, exchange and intrasynaptic mobility of PSD-95 were unaffected (Fig. 7.).
Together, these data suggest surprisingly that while integrity of the neuronal cytoskeleton is
important for maintenance of synaptic AMPAR content over long time scales, spine actin
does not anchor receptors. Instead, its remodeling acutely destabilizes PSD internal spatial
organization.

Discussion

In this study, we measured the distribution and subsynaptic dynamics of AMPARSs within
single living synapses. Photobleaching of synapse subregions demonstrated that most
synaptic AMPARs were not free to diffuse across the PSD but rather were restricted to
subdomains. However, synaptic AMPAR cluster morphology was continuously dynamic,
driven by the actin cytoskeleton. Within the synapse, receptor position was most closely tied
only to a subset of PSD scaffold proteins, and changes in the relative distribution of
receptors and scaffolds were also propelled by actin. Surprisingly, elimination of
filamentous actin prompted only the gradual loss of receptors and only a quite small increase
in their mobility while in the synapse. Thus, we conclude that AMPAR positioning within
the synapse is not principally determined by intrasynaptic diffusion of mobile receptors, nor
directly by the actin cytoskeleton, but instead by dynamic mechanisms intrinsic to the
postsynaptic scaffold.
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Characteristics of the PSD that determine synaptic AMPAR position

Whole-synapse AMPAR photobleaching revealed that ~30% of receptors exchanged
between synaptic and extrasynaptic membranes within 10 min, consistent with previous
analyses using FRAP (Sharma et al., 2006; Heine et al., 2008; Frischknecht et al., 2009;
Arendt et al., 2010) or single-particle tracking (Ehlers et al., 2007). A strikingly small
fraction (<5%) of receptors underwent exchange in seconds. By precisely targeting the
photobleaching laser to synaptic subdomains, we found that AMPARSs rarely migrate the
few hundred nanometers from one side of the synapse to the other, even within 10 min.
These results confirm and greatly extend our understanding of receptor confinement (Ehlers
et al., 2007; Opazo and Choquet, 2011) by making clear that synaptic AMPARs not labeled
with antibodies remain segregated within small confines of the PSD not just for seconds, but
for minutes. This argues strongly against a “corral” model of PSD construction and indicates
instead that receptors are embedded in a matrix that determines their subsynaptic position.
This in turn emphasizes the importance of determining characteristics of PSD internal
structure and potential dynamic organization, because these features will determine receptor
position at the synapse.

Synapses capture diffusing AMPARS via a mechanism that substantially depends on the
interaction between PSD-95 and Stargazin and is triggered by phosphorylation of Stargazin
by CaMKII (Bats et al., 2007; Opazo et al., 2010). Subsynaptic AMPARSs placement could
likewise be mediated by binding interactions with anchoring proteins in the synapse, most
notably PSD-95 (Chen et al., 2000; Bats et al., 2007). Consistent with this notion, we find
that the subsynaptic distribution of PSD-95 closely matches that of AMPARSs. However,
peptides that eliminate TARP binding to PSD-95 reduce mEPSC amplitude by only ~25%
(Sainlos et al., 2011). Further, deletion of the GluAl C-terminal PDZ-binding ligand did not
alter receptor mobility or subsynaptic pattern with respect to GKAP (Fig. 4), and deletion of
the C-terminal of GIuA2 binding PICK1 or ABP/GRIP also does not alter its intrasynaptic
mobility (Bats et al., 2007).

Another significant possibility stems from the fact that dense packing of PSD molecules
(Chen et al., 2008; Dani et al., 2010) creates an environment so crowded that diffusion of
receptors is limited even if they do not remain bound to specific scaffold partners, a
mechanism supported by computational modeling of AMPAR diffusion among obstacle
proteins (Santamaria et al., 2010). In this case, receptor retention and positioning would thus
rely not only on proteins that interact biochemically with AMPARs, but also on the space-
filling characteristics of diverse transmembrane and cytosolic PSD constituents.
Interestingly, variation in the stoichiometry of AMPARSs and TARPs in different synapse
subpopulations (Shi et al., 2010) suggests that the balance of binding and crowding
mechanisms may be synapse-specific: receptors with fewer TARPs may be less likely to
bind PSD-95 but equally sensitive to macromolecular crowding.

Stable PSDs are internally dynamic

Regardless of how the influence of binding and crowding are balanced within a synapse, two
critical characteristics of the underlying scaffold determine subsynaptic receptor positioning:
the overall morphological features of the structure in which receptors are retained, and the
lateral distribution of proteins within the PSD. We explored each. Most obvious was that
striking changes occur in synapse morphology over the course of just seconds to minutes.
This phenomenon was quite distinct from spontaneous growth or loss of synapses measured
over the scale of hours (Okabe et al., 1999) or days (Minerbi et al., 2009; Li et al., 2011) and
instead reflects coordinated reorganization of existing constituents, scaffolds (Blanpied et
al., 2008) and receptors. It is tempting to speculate that scaffold-receptor binding
interactions at the PSD edge help capture receptors, which then distribute into the synapse as
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a whole over quite long time scales and are internally restrained through a combination of
crowding and binding interactions.

To analyze the lateral organization of live PSDs, we developed a straightforward time-lapse
fluorescence correlation method. AMPARS were most clearly associated with the
distribution of PSD-95, and significantly but less strongly correlated with other scaffolds.
Surprisingly, the scaffold-receptor spatial relation changes over time, indicating
considerable malleability within deeper layers of the PSD. Because subsynaptic
photobleaching showed receptor and PSD-95 confinement within domains smaller than the
microscope point-spread function, this pliability may occur over similarly small spatial
dimensions rather than stemming from wholesale free motion of scaffolds across the PSD.

Conflicting evidence has left unclear whether the pattern of AMPAR positions within a
synapse is consistent across synapses or brain regions (Takumi et al., 1999; Momiyama et
al., 2003; Tanaka et al., 2005; Masugi-Tokita et al., 2007; Tarusawa et al., 2009). Recent
immunocytochemical evidence indicates that individual synapses even within the same brain
region can display quite divergent patterns of AMPAR placement (Dani et al., 2010).
Though this divergence might indicate that individual synapses fall into distinct categories
of molecular organization, a simple explanation for this variety may be that, as we have seen
here, the distribution of receptors in single synapses is time-variant. In addition, though
small changes in activity level only mildly and transiently alter the morphological dynamics
of the PSD (Blanpied et al., 2008) and do not strongly modify AMPAR dynamics within the
synapse (Tardin et al., 2003), we found that direct glutamate receptor activation induces a
substantial increase in subsynaptic receptor mobility. Comparable effects on synaptic
AMPAR mobility were seen using single-particle tracking following exposure to 100 <M
glutamate for 20 min (Tardin et al., 2003). It will be important to identify the mechanism of
this influence, and to determine how it may relate to activity-driven changes in receptor
numbers.

PSD dynamics but does not directly anchor receptors

Though actin is commonly portrayed as anchoring AMPARS in the synapse, our
observations suggest this is an oversimplified view at best. Latrunculin does induce a slow
reduction in synaptic AMPAR number (Allison et al., 1998; Kim and Lisman, 1999), but
kinetically, this effect lags far behind the loss of actin filaments (Fig. 6). Given that
receptors are capable of rapid escape from the synapse (Heine et al., 2008), their continued
retention for at least minutes in the absence of actin filaments clearly indicates that the spine
cytoskeleton does not constrain receptors by directly binding or indirectly fencing them
within the PSD. Gradual downregulation of receptor number may instead result from subtle
modulation of receptor trafficking steps distant from the synapse. Quite in contrast to the
anchoring notion, we conclude that at the synapse itself, the most prominent acute role for
actin is in fact to promote dynamics of receptor positioning: actin treadmilling drives
changes in synapse morphology and prompts continual adjustment of the relative
distribution of scaffolds and receptors.

It could be that actin filaments interact directly with AMPARS to drive morphological
contortion of the synapse. However, filaments are sparse within the PSD itself, as visualized
by EM (Fifkové and Delay, 1982; Capani et al., 2001) or deduced by single-molecule
tracking (Frost et al., 2010). This suggests instead that filaments contact peripheral or distal
portions of the PSD. Indeed, a variety of actin-binding proteins including Abpl (Haeckel et
al., 2008), cortactin (Naisbitt et al., 1999), and neurabin (Allen et al., 1997; Terry-Lorenzo et
al., 2005) interact with Shank or other PSD scaffold proteins, linking regulation of the actin
cytoskeleton to the synaptic scaffold itself.
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We favor a model in which actin actively regulates the pattern of receptors across the face of
the synapse, but only indirectly (Fig. 8). In this view, highly dynamic perisynaptic actin
(Frost et al., 2010) powers distortion of the PSD by interaction with distal PSD components.
Through a slippage or clutch-like mechanism intrinsic to the PSD milieu, this indirectly
affects receptors by repositioning their binding partners and other PSD constituents. We note
that this model does not exclude the additional possibility that AMPARS, which link to actin
through a variety of intermediates including N-cadherin, a-actinin, and Band 4.1N (Shen et
al., 2000; Cingolani and Goda, 2008; Zhou et al., 2011), conversely drive or contribute to
restructuring of the PSD. The subsynaptic malleability and reorganization we have observed
suggests that the relationship between release sites and receptors may not be constant,
potentially regulating synaptic transmission (Raghavachari and Lisman, 2004; Newpher and
Ehlers, 2008). Given this, our model suggests disease-associated perturbations of the spine
actin cytoskeleton or PSD (Bonaglia et al., 2001; Durand et al., 2007; Gauthier et al., 2010)
may induce pathological disruption of synapse function even without overt loss of spines,
through altered cytoskeletal control of receptor positioning.
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Figure 1.

Synaptic AMPARSs are confined to subsynaptic domains. A, Confocal image of cultured
hippocampal neuron expressing PSD-95-mCh +SEP-GIuA1l. Scale bar, 10 um. B,
Experimental design for comparing partial and full synapse photobleaching to measure
AMPAR intrasynaptic mobility. Fully photobleached synapses (top) will only recover
fluorescent receptors via exchange of extrasynaptic receptors. Partially photobleached
synapses (bottom) have an additional unbleached population of receptors that will speed
recovery in the bleached subregion if they are mobile. C, D, Example synapses expressing
SEP-GIuA1 and PSD-95-mCh where all or part of the synaptic SEP-GIUA1 was
photobleached. Brackets represent the region targeted for photobleaching just before #=0.
Scale bar, 1 um. E, F, SEP-GIuA1 fluorescence recovery after either full or partial synapse
photobleaching. Experiments were interleaved in neurons coexpressing either PSD-95-mCh
or cytosolic mCh. n=7-19 synapses from 7 to 9 neurons. G, SEP-GIuA1 fluorescence
recovery in synapses targeted for full or partial synapse photobleaching, and control synaptic
regions at the indicated times following photobleaching. Number of synapses/neurons: At 10
s: full 34/9, partial 20/7. At 600 s: full 37/9, partial 10/4. Unbleached region of partially
bleached synapses: 10/4. Control, unbleached synapses 10/4. n.s., p > 0.05.
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Figure2.
Morphology of AMPAR clusters is continuously dynamic and coordinated with morphology
of the PSD. A, Confocal image of a region of dendrite (left) from a neuron expressing
Membrane-mCh and both SEP-GIuA1 and SEP-GIuA2. Example synapse (right) is from the
spine marked with an arrow. Scale bar, 1 um. B, Receptor cluster EF (EF =length/breadth)
for 4 example synapses imaged every 2 min for 60 min. C, SEP-GIuA1,2 fluorescence
intensity of the synapses in B. D, CV of EF and of integrated SEP-GIuA1,2 fluorescence
intensity for all imaged synapses on 1 neuron. The best linear fit to the data (black line)
revealed no correlation (72 =0.0089, p=0.25; 7=37 synapses). Group mean 2 =0.0393, p
=0.11; n=67 synapses, 4 neurons (data not shown). E, Time-lapse images of a synapse from
a neuron expressing PSD-95-mCh and SEP-GIuALl. Dashed lines represent regions used for
intensity profiles in F. Scale bar, 1 um. F, Line profiles measuring fluorescence intensity
across three different axes from the synapse shown in E. Fluorescence normalized to peak
intensity value in that dimension. Red, PSD-95-mCh; green, SEP-GIuAl. G, EF over time
for PSD (red) and AMPAR cluster (green) measured in three synapses. H, EF ratio (the
quotient of PSD EF and receptor cluster EF) calculated at single synapses and averaged for
each neuron (=4 neurons). |, EF of PSD and AMPAR cluster averaged over time (20 min)
for each synapse in a neuron. Average EF values were strongly correlated (group mean 72
=0.85, n=4 neurons). J, CV of the EF of PSD and AMPAR cluster calculated for individual
synapses (>20 min). The two measures also strongly correlated on a synapse-by-synapse
basis (group mean 2 =0.48, n=4 cells).
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Figure 3.

Subsynaptic AMPAR distribution patterns are diverse and differentially related to individual
scaffold components. A, Model summarizing the known lamination of PSD proteins in the
axo-dendritic axis (top) and two potential organizations of scaffold proteins that are in
addition heterogeneous across the lateral extent of the synapse (bottom). B, Neuron
expressing two different GKAP constructs, one tagged with mCh and the other with GFP.
For each synapse, Ar value shown was calculated as in C. Scale bars, 5 zm (top) and 1 zm
(bottom), apply to all panels. C, Procedure for calculating the pixel-wise fluorescence
correlation coefficient (/). Dashed line on the images indicates the region in which
correlation was calculated. Red line is the result of regression analysis to determine the best
linear fit (bottom left graph). The bounds of A= measurements in this assay were empirically
determined (bottom right graph) with interleaved measurements of synapses from neurons
expressing GKAP-GFP and GKAP-mCh (upper bound) and GKAP-GFP: Membrane-mCh
(lower bound). D, Neuron expressing membrane-mCh and GKAP-GFP. Insets show
example spines with PSDs; the spines were generally as large as the cropped image,
highlighting that membrane-mCherry is found in synapses but not targeted there
specifically. E-H, Pairwise coexpression of the indicated scaffold components and SEP-
GluA1,2. I, Mean Rk for neurons expressing the indicated constructs. (n=5,7,7,7, 8
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neurons in the order shown). Statistics: Kruskal-Wallis ANOVA (p < 0.001) post hoc
pairwise comparisons by Mann—Whitney U'test, **p <0.05.
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Figure4.

GluAl PDZ ligand deletion does not alter receptor positioning or mobility. A, B, Dendrite
regions from neurons expressing either full-length SEP-GIuA1 (A) or SEP-GIuA1 1-880,
lacking the PDZ ligand (B), and PSD-95-mCh. Scale bar, 10 um. C, Mean R for neurons
expressing the indicated constructs. (7=4, 9, 12, 6 neurons in the order shown). Statistics:
Kruskal-Wallis ANOVA (p < 0.001) post hoc pairwise comparisons by Mann-Whitney U
test, *p<0.05. D, E, SEP-GIuA1 fluorescence recovery after either full or partial synapse
photobleaching. Experiments were interleaved in neurons coexpressing either SEP-GIUA1 or
SEP-GIuA1 1-880. 7=9-31 synapses from 5-10 neurons.
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Figure5.

Actin acutely regulates synapse shape and subsynaptic AMPAR distribution. A, Confocal
images of an AMPAR cluster (SEP-GIuA1,2) over time. Arrow indicates application of 5
MM jasplakinolide. Scale bar, 1 #m. B, Confocal images of an AMPAR cluster (SEP-
GluA1,2) over time. Arrow indicates application of 20 M latrunculin. Scale bar, 1 zm. C,
CV of AMPAR cluster EF analyzed in 10 min running bins. Jasplakinolide was added and
remained in the bath as indicated by the thick black bar. The thin dashed bar indicates points
before the time of drug application that are affected because the binned analysis includes
some time points from after the application. Thin dashed line indicates CV of EF measured
in fixed cells. 7=6 neurons. D, CV of AMPAR cluster EF analyzed in 10 min running bins.
Latrunculin was added and remained in the bath as indicated by the bar. Bars as in C. n=8
neurons. E, Percentage decrease in CV of EF between 5 and 15 min and 25-35 min bins. F,
R values over time at single synapses from neurons expressing GKAP-mCh + GKAP-GFP
(triangle) or GKAP-mCh + SEP-GIuA1,2 (square), or GKAP-mCh + SEP-GIuA1,2 after
application of jasplakinolide (circle). G, H, Cumulative frequency plots of the SD of Rr
calculated over 10 min (6 time points) at synapses in neurons treated as indicated. For
jasplakinolide (5 M) and latrunculin (20 M) groups, the treatment was applied 5-10 min
before image acquisition so that their effects were complete before £=0. GKAP-mCh:SEP-
GluA1,2: control 7 (synapses/neurons) = 137/19; jasp n=73/9, lat 7=41/10, GKAP-
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mCh:GKAP-GFP n=98/7. For G, p <0.05 for latrunculin-treated (dot) compared with
control (solid) and p <0.01 for jasplakinolide-treated (dash) compared with control; for H, p
< 0.001 of randomized data compared with experimental data, Kolmogorov—Smirnov test.
I, J,SD (I) or mean (J) Rg for the groups in G and H. Kruskal-Wallis ANOVA (p « 0.001)
post hoc pairwise comparisons by Mann-Whitney U'test *p <0.05, n.s. p>> 0.05.
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Figure®6.

Synaptic AMPAR retention is primarily actin-independent. A, Region from a neuron
expressing SEP-GIuAL and SEP-GIuA2 along with the probe Lifeact-Ruby that binds F-
actin. Latrunculin (20 ;M) was applied just before the image stack was acquired for £=0.
Scale bar, 5 um. B, Spine marked in A by arrowhead imaged at the indicated times. Scale
bar, 1 zm. C, D, Normalized fluorescence intensity over time for a group of experiments
performed with the indicated treatments of either 0.1% DMSO (C) or 20 uM latrunculin
(D). Red traces are Lifeact-Ruby fluorescence measured in spines (circles) or dendrites
(triangles). Green traces are SEP-GIuAL fluorescence measured in spines (circles) or
dendrites (triangles). 7=8 lat, 6 DMSO. E, Normalized fluorescence intensity measurements
for mCh-tagged PSD scaffold proteins or Lifeact-Ruby with 20 M latrunculin treatment as
indicated. Neurons were grown for either 14-17 DIV (left) or 7-10 DIV (right) before
imaging. 7= 6 neurons for PSD-95, 6 GKAP, 4 Homer, 3 Lifeact (DIV 14-17),and n=5
PSD-95, 6 GKAP, 7 Shank, 5 Homer, 3 Lifeact (DIV 7-10). For DIV 7-10, pvalues Mann-
Whitney U'test comparing baseline to mean of the two values flanking 10 min were 0.83
PSD-95, 0.03 GKAP, 0.007 Shank, and 0.012 Homer.
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Figure7.

Subsynaptic AMPAR confinement persists even after actin filament depolymerization. A, B,
Synapses from neurons expressing SEP-GIUA1 and PSD-95-PATagRFP. After acquiring
baseline images, a brief 405 nm laser pulse was applied to the full synapse to simultaneously
bleach SEP-GIuA1 fluorescence and activate PSD-95-PATagRFP fluorescence. A final
bleach/activation step was applied to the full synapse after =600 s (large bracket). In B and
D, neurons were treated with latrunculin (20 M) for at least 5 min before and during
imaging. Scale bar (in A), 500 nm, applies to A-D. C, D, Synapses from experiments
conducted as in A and B, except that only a portion of the synapse was targeted (brackets).
E, Quantification of normalized SEP-GIUAL (green) and PSD-95-PATagRFP (red)
fluorescence over time, for synapses targeted for full photoactivation/photobleaching.
Control (solid line, 7=27) or latrunculin treated (dashed line, 7=21). F, SEP-GIuAl
fluorescence recovery measured at the indicated time points for either full or partial synapse
photobleaching. Gray bars are from untreated neurons and green bars from latrunculin
treated. Number of synapses/neurons: Full photobleaching: control 27/11, latrunculin 21/8,
Partial photobleaching: control 7= 10/6, latrunculin 12/6. *p < 0.05, n.s. not significant. G,
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PSD-95-PATagRFP fluorescence loss 600 s after photoactivation in either full or partial
synapse targeting. Same synapses as in F. Gray bars are from untreated neurons and red bars
from latrunculin-treated. *p <0.05, n.s. not significant. H, SEP-GIuA1 fluorescence recovery
measured at 600 s for either full or partial synapse photobleaching in control conditions
(gray) or with 5 min of 8 uM glutamate application (green). Full photobleaching: control 7
=25/15, glutamate 31/12. Partial photobleaching: control 16/10, glutamate 15/7. Kruskal—-
Wallis ANOVA (p < 0.001) post hoc pairwise comparisons by Mann-Whitney Utest *p
=0.001, n.s. not significant. |, SEP-GIuA1 fluorescence recovery measured at the indicated
time points after full synapse photobleaching in control conditions (black) or with 5 min of 8
MM glutamate application (green). *p=0.001, as in H. J, PSD-95-PATagRFP fluorescence
loss 10 min after photoactivation for full or partial synapse targeting as indicated; gray bars,
control, and red bars, glutamate treated. Kruskal-Wallis ANOVA n.s. not significant p
=0.44.
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Figure8.

Potential mechanism of actin-regulated AMPAR subsynaptic distribution via PSD
reorganization. A, A synapse viewed from the side (top) and from the top (bottom)
illustrating the heterogeneous axial and lateral distribution of PSD proteins. Force generated
from dynamic perisynaptic actin directly and constitutively regulates PSD lateral
organization. We suspect that prolific intermolecular engagement within the PSD creates a
sufficiently rigid structure to prevent mixing of PSD components over large distances.
Alterations of the PSD interior in turn regulate subsynaptic AMPAR distribution, potentially
by setting the position of either specific binding partners or local domains of nonspecific
molecular crowding. While known binding interactions as well as the rank order of /-
correlation values observed here imply a general sequence of molecular interactions that
could relay information from filaments to receptors, there is not a great deal of evidence to
support a specific molecular mechanism; the highly interconnected nature of PSD proteins
suggests there may be many alternatives. B, Latrunculin depolymerizes spine actin filaments
and at least in young neurons induces a partial loss of some PSD scaffold components. The
loss of dynamic actin filaments blocks both morphology changes and subsynaptic receptor-
scaffold reorganization. Receptors remain stably anchored within subsynaptic domains for
long periods. While eventually the number of receptors in the synapse decreases, this is
likely due to alterations in extrasynaptic receptor trafficking, not disruption of receptor
stability in the synapse. C, Jasplakinolide treatment blocks synapse morphology changes and
subsynaptic receptor-scaffold reorganization by preventing actin dynamics. Jasplakinolide
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does not strip away PSD components and does not elicit a reduction in receptor numbers,
but prevents force generation and halts actin-driven reorganization of the PSD interior.
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