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Organization and dynamic remodeling of postsynaptic density (PSD) are thought to be critical in postsynaptic signal transduction, but
the underlying molecular mechanisms are not well understood. We show here that four major scaffolding molecules, PSD-95, GKAP,
Shank, and PSD-Zip45, show distinct instability in total molecular content per synapse. Fluorescence recovery after photobleaching also
confirmed their distinct turnover rates. Among the PSD molecules examined, PSD-95 was most stable, but its elimination did not
influence the dynamics ofits direct binding partner GKAP. Multiple interactions of scaffolding molecules with the actin cytoskeleton have
suggested their importance in both maintenance and remodeling of the PSD. Indeed, acute pharmacological disruption of F-actin rapidly
eliminated the dynamic fraction of GKAP, Shank, and PSD-Zip45, without changing synaptic localization of PSD-95. GKAP content in
synapses increased after pharmacological enhancement of neuronal activity, whereas Shank and PSD-Zip45 content showed reduction.
Inhibition of F-actin dynamics prevented activity-dependent redistribution of all three scaffolds. We also assessed involvement of
glutamate receptors in the regulation of PSD dynamics. Genetic manipulations eliminating either NMDA receptors or metabotropic
glutamate receptors did not primarily influence mobility of their binding scaffolds. These results collectively indicate a critical role of
filamentous actin in determining the extent of dynamic reorganization in PSD molecular composition.
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Introduction

Electron microscopic analysis of glutamatergic synapses revealed
electron-dense thickening of postsynaptic membranes, which
was termed postsynaptic density (PSD) (Palay, 1958). Biochem-
ical analysis of PSD revealed presence of multiple membrane-
anchored and cytoplasmic proteins containing a variety of do-
mains for intermolecular association (Garner et al., 2000;
Kennedy, 2000; Sheng and Sala, 2001). A majority of these PSD
scaffolding proteins have an ability to interact either directly or
indirectly with glutamate receptors. Changes in PSD scaffolding
protein content may influence excitatory synaptic transmission
through glutamate receptor redistribution (Stein et al., 2003;
Ehrlich and Malinow, 2004). PSD scaffolding proteins also inter-
act with multiple signaling molecules including protein kinases

Received June 25, 2005; revised June 2, 2006; accepted June 13, 2006.

This work was supported by grants from the Ministry of Education, Science, Sports, Culture, and Technology of
Japan, the Solution Oriented Research for Science and Technology of Japan Science and Technology Agency, and the
Human Frontier Science Program. We thank Drs. M. Watanabe and M. Inui for antibodies, Dr. T. Curran for NR1-null
mice, Dr. J. Roder for mGluR5-null mice, Dr. H. Okado and T. Urushido for preparation of recombinant adenoviruses,
. Kawabata for preparation of primary hippocampal neurons, and Drs. T. Ebihara and K. Yamamoto for establish-
ment of mice colonies.

Correspondence should be addressed to Dr. Shigeo Okabe, Department of Cell Biology, School of Medicine, Tokyo
Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, Japan. E-mail: okabe.cbio@tmd.ac.jp.

DOI:10.1523/JNEUR0SCI.0522-06.2006
Copyright © 2006 Society for Neuroscience  0270-6474/06/267693-14$15.00/0

and phosphatases (Dalva et al., 2000; Gomez et al., 2002).
Changes in the activity of these signaling molecules are directly
coupled to modulation of signal transduction at synapses. Thus,
it is likely that PSD contributes to local information processing at
the glutamatergic synapses (Sheng and Kim, 2002).

Laminar organization of scaffolding proteins within the PSD
(Valtschanoff and Weinberg, 2001; Petersen et al., 2003) and
their distinct binding domains suggest the presence of multiple
rules governing assembly/disassembly of different scaffolding
proteins. To unravel this complexity, systematic analysis of indi-
vidual scaffolding proteins with respect to their interaction with
key organizers of the PSD, such as synaptic membranes and the
actin cytoskeleton, will be informative. Among the PSD scaffold-
ing proteins, PSD-95-family proteins [also known as membrane-
associated guanylate kinases (MAGUKs)] stand out by their tight
association with plasma membrane by palmitoylation (Craven et
al., 1999; El-Husseini et al., 2002) and are thought to provide a
framework beneath the plasma membrane with their direct bind-
ing with the NMDA receptors (NMDARs) (Kornau et al., 1995;
Kim et al., 1997; Naisbitt et al., 1999; Sugiyama et al., 2005). In
turn, maintenance of the PSD structure may also involve the actin
cytoskeleton (Allison et al., 1998). Recent experiments indicate a
variety of interactions between PSD scaffolding proteins and the
actin cytoskeleton (Wyszynski et al., 1997; Bockers et al., 2001;
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Hering and Sheng, 2003). This indicates the possibility that intact
actin meshwork is important in the maintenance and remodeling
of the PSD composition. To test these possibilities, dynamics of
multiple scaffolding proteins should be analyzed quantitatively,
in combination with determination of their differential depen-
dency on both the submembranous protein network and the ac-
tin cytoskeleton.

In this study, we analyzed dynamic properties of four scaffold-
ing proteins with distinct domain organizations in living hip-
pocampal neurons. Distinct kinetics of their turnover indicated
the presence of multiple regulatory mechanisms. Although we
found that glutamate receptors and PSD-95 play minor roles in
the PSD maintenance per se, the actin cytoskeleton was essential
in both maintenance and reorganization of the PSD. An impor-
tant role of actin in structural plasticity of the dendritic spine has
been proposed (Matus, 2000; Matsuzaki et al., 2004; Okamoto et
al., 2004). Our study here indicates that the actin cytoskeleton
also dynamically regulates the molecular organization of the
PSD, and thereby integrates and modulates postsynaptic signal
transduction.

Materials and Methods

Generation of recombinant adenoviruses and hippocampal cultures. The
generation and characterization of recombinant adenoviruses expressing
enhanced green fluorescent protein (EGFP), PSD-95-EGFP, EGFP-PSD-
Zip45, and EGFP-actin were described previously (Okabe et al., 1999,
2001b; Furuyashiki et al., 2002). GKAP N-terminally labeled with en-
hanced yellow fluorescent protein (EYFP), GKAP L694A mutant
N-terminally labeled with EYFP, Shank2 N-terminally labeled with
EGFP, and PSD-Zip45 C-terminally labeled with ECFP were constructed
by inserting full-length cDNA (Kawashima et al., 1997; Usui et al., 2003)
into pEYFP-C2, pEGFP-C2, and pECFP-N1 (Clontech, Mountain View,
CA). Replication-deficient adenoviruses and hippocampal cultures from
17-d-old embryonic mice were prepared as described previously (Okabe
etal., 1999).

Microinjection and chemical transfection. Microinjection of expression
plasmids for EGFP-tagged Shank and Shank-C (a deletion construct
lacking the N-terminal half of the full-length Shank ¢cDNA) was per-
formed as described previously (Usui et al., 2003). Injected neurons were
allowed to express proteins for 2 d before imaging experiments. Trans-
fection of expression plasmids for EGFP-tagged PSD-Zip45 and PSD-
Zip45 G89A [a point mutation in the EVH1 domain that abolishes inter-
action with the proline-rich domain of binding partners including Shank
and type 1 metabotropic glutamate receptors (mGluRs)] was performed
by using Effectene transfection reagent (Qiagen, Hilden, Germany) at 4 d
after plating.

Immunocytochemistry and immunoblotting. Cells were fixed in 2%
paraformaldehyde in PBS for 25 min at room temperature or with meth-
anol for 10 min at —20°C, blocked with 5% NGS, and incubated with
mouse monoclonal anti-PSD-95 antibody (Affinity BioReagents,
Golden, CO), mouse monoclonal anti-pan MAGUK proteins (Affinity
BioReagents) (Sugiyama et al., 2005), mouse monoclonal anti-PSD-
Zip45 antibody (Tadokoro et al., 1999), rabbit polyclonal anti-GKAP
antibody (Usui et al., 2003), rabbit polyclonal anti-Shank antibody (Usui
etal.,2003), rabbit polyclonal anti-NR1 antibody (Chemicon, Temecula,
CA), rabbit polyclonal anti-NR2A antibody (Watanabe et al., 1998), rab-
bit polyclonal anti-NR2B antibody (Watanabe et al., 1998), rabbit poly-
clonal anti-synapsin I antibody (Chemicon), guinea pig polyclonal anti-
vesicular glutamate transporter 1 antibody (Chemicon), and mouse
monoclonal anti-SAP97 (synapse-associated protein with a molecular
weight of 97 kDa) antibody (Nventa Biopharmaceuticals, Victoria, Brit-
ish Columbia, Canada). Primary antibodies were visualized with goat
anti-mouse, anti-rabbit, or anti-guinea pig IgG conjugated to Cy3 (Jack-
son ImmunoResearch, West Grove, PA) or Alexa (Invitrogen, Carlsbad,
CA).Rhodamine—phalloidin (Invitrogen) was applied to the cells fixed in
2% paraformaldehyde in PBS for 25 min and permeabilized in 0.1%
Triton X-100 in PBS for 5 min. After 15 min of incubation, cells were
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rinsed with PBS and subsequent immunoreactions were performed. Im-
munoblotting was performed using rabbit polyclonal anti-PSD-95, rab-
bit polyclonal anti-GKAP, rabbit polyclonal anti-Shank, rat polyclonal anti-
Homer (Chemicon), mouse monoclonal anti-a-tubulin (Seikagaku
Corporation, Tokyo, Japan), and rabbit polyclonal anti-GFP (Invitrogen)
antibodies. Primary hippocampal neurons were extracted with either NP-40
buffer (1% NP-40, 150 mm NaCl, 20 mm Tris-HCI, pH 8.0, and protease
inhibitors) or radioimmunoprecipitation assay buffer (1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 50 mm Tris-HCI, pH 8.0,
and protease inhibitors), and immunoprecipitation was performed by
using protein-G-conjugated agarose (Santa Cruz Biotechnology, Santa
Cruz, CA).

Pharmacological manipulation and electrophysiology. Live cells were
placed in a chamber containing Tyrode’s solution (in mm: 119 NaCl, 2.5
KCl, 2 Ca®", 2 Mg“, 25 HEPES, pH 7.4, and 30 glucose) for 30 min
before the experiment. The chamber was maintained at 37°C by setting
the temperature of the microscope stage at 37°C, the microscope objec-
tive lens at 39°C, and the chamber lid at 40°C. We applied a concentrated
stock of latrunculin A (Invitrogen) or jasplakinolide (Invitrogen) in pre-
warmed Tyrode’s solution to the chamber. The final concentration of
latrunculin A and jasplakinolide was 5 um. Application of latrunculin A
at a lower temperature (<35°C) was less effective in rapid disassembly of
F-actin. The effect of latrunculin A was also reduced in the medium
containing FBS. The concentrated stock of bicuculline (Sigma-RBI, St.
Louis, MO) and 4-aminopyridine (4-AP; Sigma, St. Louis, MO) in pre-
warmed Tyrode’s solution was applied to the microscope chamber at the
final concentrations of 50 and 500 uMm, respectively. Whole-cell patch-clamp
recordings from cultured hippocampal neurons were performed as de-
scribed previously (Okabe et al, 1999). The concentrated stock of
2-bromopalmitate (50 mm in DMSO; Aldrich, Milwaukee, WI) was applied
to culture dishes at the final concentration of 50 um. The cells were assayed
12 h after application of 2-bromopalmitate. AMPA receptor blocker
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris, Ellisville, MO) and
NMDAR blocker 2-amino-5-phosphonovaleric acid (APV; Tocris) were
added at the concentrations of 10 and 100 uMm, respectively.

RNA interference. SAP97 and PSD-95 small interfering RNA (siRNA)
sequences were as described previously (Nakagawa et al., 2004). We in-
troduced a single nucleotide substitution in PSD-95 that reflects se-
quence divergence between mouse and rat. The oligonucleotides were
subcloned into the pSilencer siRNA expression vector (Ambion, Austin,
TX) and transfected by Effectene transfection reagent at 4 d after plating.

Microscopy. Live cells were mounted in a chamber at 37°C with a
continuous flow of humidified 5% CO, to maintain the pH of the me-
dium for long time-lapse experiments. Alternatively, culture medium
was replaced with Tyrode’s solution, and live cells were mounted in a
chamber at 37°C without a continuous gas flow. Images were obtained on
a Fluoview confocal laser-scanning microscope (Olympus, Tokyo, Ja-
pan). A 60X oil-immersion lens (numerical aperture, 1.1) was used, and
images were collected at an additional electric zoom factor from 3X to
6X. For long time-lapse imaging, multiple optical sections (z-spacing of
0.3—0.4 um) were collected, and these images were recombined using a
maximum-brightness operation. To improve efficiency of time-lapse ob-
servation, multiple neurons (three to five cells per experiments) on a
coverslip 100-500 wm separated with each other were imaged with in-
tervals of 10-20 min automatically by using a macro program running on
Fluoview software that regulates movements of both the z-axis step control-
ler and x/y-axis stage scanner. Fluorescence recovery after photobleaching
(FRAP) experiments were performed using a macro program to control
sequential image acquisition and delivery of a photobleaching laser pulse to
the region of interest defined by acousto-optic tunable filters.

Image analysis. Image analysis was performed using MetaMorph soft-
ware (Universal Imaging Corporation, Downingtown, PA) as described
previously (Ebihara et al., 2003). Twenty to fifty clusters were measured
for each time-lapse sequence, and four or five independent time-lapse
sequences were analyzed at specific developmental stages. The number of
fluorescent clusters and the number of time-lapse sequences are as fol-
lows: 405 clusters from 16 time-lapse sequences for PSD-95; 390 clusters
from 17 time-lapse sequences for GKAP; 365 clusters from 16 time-lapse
sequences for Shank; 425 clusters from 16 time-lapse sequences for PSD-
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Figure 1.  Differential behavior of four PSD scaffolding proteins. A, Correct targeting of four EGFP/EYFP-tagged scaffolding

proteins to the postsynaptic sites. Hippocampal neurons were infected with recombinant adenoviruses. Visualization of dendritic
morphology by application of Dil revealed localization of fluorescent clusters within dendritic filopodia and spines (top row).
Synapsin | immunocytochemistry revealed an association of fluorescent clusters with presynaptic varicosities. Scale bar, 10 um.
B, Time-lapse imaging of EGFP/EYFP-tagged scaffolding proteins. Both the increase and decrease in fluorescence intensity of
scaffolding protein clusters were observed (red and blue arrows). Stable clusters were abundant in PSD-95- and GKAP-expressing
neurons (green arrows). Scale bar, 5 wum. G, Plots of relative fluorescence intensity of individual clusters against time. Data from
20 fluorescent clusters in neurons derived from the same batch of culture preparation at 16 d in vitro were presented. Fluorescence
intensitiesatt = 0 h were normalized to 1, and a relative change of cluster intensities was plotted. D, A plot of the extent of cluster
intensity dispersion (CV ? of cluster populations) against time. From the plotsin €, we calculated CV in the intensity ratio of cluster
population. Data points are the average of four time-lapse sequences at 16 d in vitro. E, Developmental profiles of cluster
dynamics. CV % increase within initial a 1.5 h observation period was calculated from plots similar to D and averaged for multiple
time-lapse sequences at specific developmental stages (n = 4 or 5 for each developmental stage). Error bars indicate SEM.

Zip45. We used a two-compartment model of protein diffusion for fast
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where V is the volume of the spine head. This
equation indicates that the recovery of fluores-
cence follows a single exponential curve and k is
inversely proportional to the time constant.

Results
PSD proteins with distinct domain
organizations reveal different cluster
dynamics at synapses
To obtain a broad view on dynamic prop-
erties of PSD scaffolding proteins, we gen-
erated four fluorescent probes: EGFP-
tagged PSD-95, EGFP-tagged PSD-Zip45
(Homerlc), EYFP-tagged GKAP (Kim et
al., 1997), and EGFP-tagged Shank2
(Shank2 is also known as ProSAP1 and
cortactin-binding protein 1) (Du et al,
1998; Boeckers et al., 1999; Naisbitt et al.,
1999). PSD-95 is a major scaffolding pro-
tein interacting with NMDAR subunit
NR2. PSD-Zip45 is a direct binding part-
ner of type 1 mGluRs. GKAP can bind to
both PSD-95- and Shank-family proteins.
Identification of the interaction between
Shank-family proteins and Homer-family
proteins suggested that the PSD-95/
GKAP/Shank/Homer assembly functions
in linking NMDAR signal complex with
mGluRs (Naisbitt et al., 1999; Tu et al.,
1999; Sugiyama et al., 2005). Four EGFP/
EYFP fusion proteins expressed in primary
hippocampal neurons by recombinant ad-
enoviruses formed clusters in dendritic
spines, and these clusters were juxtaposed
with presynaptic components (Fig. 1A).
A previous study showed that overex-
pression of Shankl promoted the matura-
tion of dendritic spines (Sala et al., 2001).
Similar effects of EGFP-Shank overexpres-
sion on spine size were observed with a
high titer of recombinant viruses. How-
ever, this effect was negligible in neurons
infected with low-titer recombinant ad-
enoviruses, which increased the amount of
total Shank to 150 = 6.3% (mean * SEM
for all data) of the control. We also showed
previously that moderate overexpression
of PSD-95-EGFP, EYFP-GKAP, EGFP-
Shank, and EGFP-PSD-Zip45 does not in-
duce structural enlargement of spines and
accumulation of other PSD molecules
(Okabe et al., 1999, 2001a; Sugiyama et al.,

FRAP analysis. The difference of EGFP concentration between the den-
dritic shaft (C,) and the spine [C(#)] is proportional to the movement of
EGFP molecules through the spine neck. This relationship can be written
as follows:

dQ kA c

7=~ ) =G,
where Q is the amount of EGFP in the spine head, k is the diffusion
coefficient of EGFP, /s the spine neck length, and A is the cross-sectional
area of the spine neck. From this equation we obtain the following:

kA
C(t) = Cy(1 — e 1),

2005). To further characterize the effects of four overexpressing
EGFP/EYFP fusion proteins, we measured AMPA receptor
GluR1 and GluR2 immunoreactivities in the postsynaptic sites of
neurons infected with high-titer recombinant adenoviruses (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). We noticed a positive correlation between the PSD-95
overexpression level and synaptic GluR1/GluR2 content. This
observation is consistent with a previous analysis of PSD-95-
overexpressing neurons in culture (El-Husseini et al., 2000). The
effect should be negligible in our experimental condition, be-
cause the extent of PSD-95 overexpression for imaging experi-
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Figure2. FRAP analysis of EGFP and EGFP/EYFP-tagged scaffolding molecules. A, Fluorescence recovery curve of EGFP molecules after photobleaching of a single dendritic spine. B, Fluorescence
images of an EGFP-filled dendritic spine during FRAP analysis. Scale bar, 2 ium. C, Fluorescence recovery curve of EGFP/EYFP-tagged scaffolding proteins within 12 s after photobleaching. The insets
show the same plots with an enlarged vertical scale. D, Fluorescence recovery curve of EGFP/EYFP-tagged scaffolding proteins within 5 min after photobleaching. The baseline of fluorescence
recovery was settot = 20 s to eliminate the diffusible fraction identified in fast FRAP experiments shown in C. Scale bar, T wm. E, Fluorescence recovery curve of EYFP-tagged PSD-95 with or without

ECFP-tagged PSD-Zip45. The presence of ECFP-tagged PSD-Zip45 did not alter dynamics of EYFP-tagged PSD-95. Error bars indicate SEM.

ments is in the lower range (120—-160% of the control), in which
increase in synaptic GluR1/GluR2 is estimated to be <10%. In
contrast to PSD-95, little correlation was found between the
amount of exogenous GKAP, Shank, and PSD-Zip45 scaffolding
proteins and that of synaptic GluR1/GluR2.

Time-lapse confocal microscopy was performed on culture
preparations 14—24 d after plating. At this stage, initial synapto-
genesis was already completed and a continual remodeling of
synaptic connections took place. Approximately 20% of PSD-95-
EGFP clusters turned over within a 24 h period at this develop-
mental stage (Okabe et al., 1999). In agreement with this, most of
the PSD-95-EGFP clusters were stable throughout the observa-
tion period of 5 h (Fig. 1 B). In contrast, a large number of EGFP-
PSD-Zip45 clusters showed a dramatic increase and decrease in
fluorescence intensity. Fluorescent clusters of GKAP and Shank
showed an intermediate phenotype. A quantitative analysis of
fluorescence intensity change in individual clusters was per-
formed by plotting normalized cluster intensity against time (Fig.

1C). Although integrated fluorescence intensities of most PSD-95
clusters remained at constant levels, a rapid deviation of inte-
grated fluorescence from the original value was found in PSD-
Zip45 clusters. Instability of GKAP and Shank cluster fluores-
cence was intermediate between PSD-95 and PSD-Zip45. The
square coefficient of variation (CV?) of normalized cluster inten-
sity was calculated and was plotted against time (Fig. 1 D). Again,
this plot confirmed the intermediate dynamics of GKAP and
Shank clusters compared with stable PSD-95 clusters and very
dynamic PSD-Zip45 clusters. The value of CV * at 1.5 h was taken
as a representative index of cluster dynamics and was plotted
against days after plating (Fig. 1 E). The plots indicate that cluster
dynamics is independent of neuronal maturation. Retrospective
immunocytochemistry with anti-synapsin I antibody confirmed
apposition of >95% of GFP clusters we analyzed with synapsin
I-positive puncta in experiments with all four scaffolding pro-
teins. The extent of fluctuation of cluster intensity showed little
correlation with the maximal cluster intensity (supplemental Fig.
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Figure3.  Unaltered dynamic properties of GKAP after pharmacological elimination of PSD-95 from the PSD. 4, Immunocyto- ~ Molecules was only 13.9 % 2.8% after

chemistry of 2-bromopalmitate-treated neurons using anti-MAGUK (recognizing PSD-95, SAP97, SAP102, and Chapsyn-110 with
similar sensitivity) and anti-PSD-95 antibodies. Scale bar, 5 pm. B, Quantitation of immunocytochemistry shown in A. Treatment
with 2-bromopalmitate significantly reduced the amount of PSD-95 and related MAGUK proteins at synapses (***p < 0.001). C,
Presence of GKAP- and Shank-immunoreactive clusters after 2-bromopalmitate treatment and their association with a marker of
excitatory presynaptic structure, vesicular glutamate transporter 1 (VGLUT1). Scale bar, 5 um. D, FRAP analysis of EYFP-GKAP in
2-bromopalmitate-treated neurons showing unaltered dynamic properties of EYFP-GKAP. Error bars indicate SEM.

2, available at www.jneurosci.org as supplemental material), in-
dicating that large PSD clusters have similar dynamics as small
clusters. Together, these results indicate that distinct kinetics is
determined mainly by the intrinsic properties of each PSD mol-
ecule and is unaffected by either synaptic maturation or the ex-
tent of PSD clustering.

Differential turnover rates of PSD proteins quantified by
FRAP analysis

Our quantitative time-lapse imaging experiments revealed dis-
tinct kinetics of individual PSD scaffolding proteins. The simplest
explanation of the distinct kinetics is that underlying steady-state
turnover rates of PSD molecules are different, possibly because of
distinct binding affinities of each molecule to other scaffolds.
This can be tested by measuring steady-state turnover of proteins
in local cytoplasmic environment using FRAP. Interpretation of
FRAP data in the dendritic spine, however, needs considerations
for confinement of freely diffusible proteins within the spine
head (Majewska et al., 2000). To estimate the extent of confine-
ment, we performed FRAP analysis of soluble EGFP molecules
(Fig. 2A,B). Fluorescence recovery of EGFP can be fitted by a
single-exponential curve with a time constant of 0.771 £ 0.102 s.
In a two-compartment model of diffusion, the diffusion coeffi-
cient is inversely proportional to a time constant of FRAP recov-
ery (see Materials and Methods) and a diffusion coefficient of
protein molecules with molecular weight of 23,000-340,000 has
been reported to be in the range of 2.0-10.7 X 107 cm?/s (Trus-
key et al., 2004). From these considerations, we calculated that
the upper limit for time constants of freely diffusible EGFP/EYFP
fusion molecules must be 4.1 s, indicating that FRAP recovery
attributable to diffusion is almost saturated after an initial period

300 s. Here again, GKAP and Shank
showed intermediate kinetics. Coexpres-
sion of YFP-tagged PSD-95 with CFP-
tagged PSD-Zip45 did not alter recovery
kinetics of PSD-95, suggesting higher dy-
namics of PSD-Zip45 is not a secondary
effect of synapse modification by its over-
expression (Fig. 2E). The observed differential FRAP kinetics is
consistent with our time-lapse imaging experiments showing dif-
ferential fluctuations in total cluster fluorescence. Thus, distinct
PSD scaffolding proteins have different intrinsic mobility, which
may determine the speed and extent of changes in scaffolding
protein content per single synapses.

Synaptic localization of PSD-95 is not an absolute
requirement for synaptic targeting and for determination of
the turnover rate of other PSD scaffolds
The stability of PSD-95 molecules at synapses is consistent with
their direct association with the lipid bilayer and suggests their
potential role as a core organizer of the PSD. To test this possi-
bility, we disrupted the assembly of PSD-95 and other MAGUK
proteins using 2-bromopalmitate, an inhibitor of protein palmi-
toylation. Previous studies have shown that palmitoylation of
PSD-95 is critical to its membrane association and clustering
(El-Husseini et al., 2002). Treatment of hippocampal neurons
with 2-bromopalmitate significantly reduced the amount of
PSD-95 and its family proteins in synapses (Fig. 3A, B). Immu-
noblotting of primary neurons extracted under the mild deter-
gent condition confirmed dissociation of PSD-95 from the
postsynaptic sites after 2-bromopalmitate treatment (Fig. 4A).
Extraction of primary neurons with an SDS-containing buffer
and subsequent immunoprecipitation with an anti-GKAP anti-
body revealed reduced interaction of PSD-95 with GKAP after
2-bromopalmitate treatment (Fig. 4B). These results indicate
that release from synaptic membranes after blockade of palmi-
toylation results in dissociation of PSD-95 from the postsynaptic
protein complex.

To determine the effects of PSD-95 dissociation from the PSD
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on the localization of other scaffolding mol- A
ecules, we next characterized localization of
GKAP and Shank in 2-bromopalmitate-
treated neurons. We observed little alter- blot

PSD-95
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ations in the distribution of GKAP- and sp
Shank-immunopositive clusters, and quan-
titation of fluorescence intensity of both
types of clusters showed no statistical differ-
ences (GKAP cluster: 105 = 5.3%, p > 0.05;
Shank cluster: 103 * 4.8%, p > 0.05) (Fig.
3C). Furthermore, FRAP analysis of EYFP-
GKAP, a direct binding partner of PSD-95,
revealed unaltered recovery kinetics (Fig.
3D). Treatment with 2-bromopalmitate in-
duces selective loss of synaptic AMPA re-
ceptors (El-Husseini et al., 2002) and can
potentially affect GKAP dynamics. How-
ever, FRAP kinetics of neurons treated
with 2-bromopalmitate in the presence of
CNQX was not significantly different (35.5 = 3.6% in normal
culture medium, 33.9 = 4.3% in 2-bromopalmitate, 34.6 = 5.1%
in CNQX, and 33.1 = 4.1% in 2-bromopalmitate plus CNQX;
percentage of recovery at t = 300 s).

Among MAGUK proteins, SAP97 does not have the
N-terminal palmitoylation motif and can be resistant to
2-bromopalmitate treatment (Topinka and Bredt, 1998). We
next attempted to reduce the expression level of SAP97 by RNA
interference (RNAi) (Nakagawa et al., 2004). SAP97 RNAI spe-
cifically reduced SAP97-EGFP expression in fibroblast (Fig. 5A).
Expression of SAP97 RNAI also caused profound knockdown of
endogenous SAP97 proteins in neurons (Fig. 58). When expres-
sion of SAP97 RNAi was combined with 2-bromopalmitate treat-
ment, we observed enhancement of MAGUK protein elimination
from the postsynaptic sites (Fig. 5C,E). However, the same treat-
ment did not affect the amount of postsynaptic GKAP (Fig.
5D,E). These results collectively indicate the possibility that a
major portion of PSD-95 and related MAGUK proteins at
postsynaptic sites may not directly contribute to the ultimate
synaptic accumulation of GKAP.

BrPal - -

Figure 4.

Actin-dependent rapid disassembly of multiple PSD
scaffolding proteins

Our pharmacological and genetic manipulation to eliminate ma-
jor membrane-associated scaffolding proteins from PSD did not
profoundly change dynamic properties of other PSD compo-
nents. Therefore, we next assessed the role of actin cytoskeleton
that presumably associates with PSD at its cytoplasmic face. Pre-
vious imaging experiments revealed rapid turnover of actin in
dendritic spines (Star et al., 2002). To confirm this observation,
we performed FRAP analysis of EGFP-actin (Fig. 6 A, B). Fluores-
cence recovery of EGFP-actin was completed within 3 min
(92.1 = 6.4% at 300 s) and was inhibited by treatment with 5 um
jasplakinolide, an actin filament-stabilizing compound (—0.01 *
1.1% at 300 s). Latrunculin A binds to G-actin and inhibits fur-
ther polymerization of actin filaments. Latrunculin A treatment
should be highly effective in eliminating dynamic F-actin from
dendritic spines. However, previous studies indicated relatively
slow kinetics of actin disassembly after application of latrunculin
A (Allison et al., 1998; Okabe et al., 2001b; Usui et al., 2003). The
rate of latrunculin A-induced actin disassembly increased signif-
icantly by modifying application protocol (see Materials and
Methods). Under the modified condition, most of the EGFP-
actin signal was eliminated from the spines within 5 min after

pt sp pt sp sp

blot PSD-95 GKAP
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Reduced interaction of PSD-95 and GKAP by 2-bromopalmitate treatment. A, Inmunoblotting of proteins extracted
from primary hippocampal neurons treated with 2-bromopalmitate (BrPal). After mild extraction of cells with NP-40 buffer and
protein (pt) fractionation, PSD-95 was primarily in the pellet. Incubation with 2-bromopalmitate increased the amount of PSD-95
in the supernatant (sp). B, Inmunoprecipitation (i.p.) of PSD-95 and GKAP from neurons treated with 2-bromopalmitate. Extrac-
tion of primary neurons with buffer containing SDS (radioimmunoprecipitation assay buffer) increased the solubility of PSD-95in
control condition. After immunoprecipitation with anti-GKAP antibody, the reduced amount of PSD-95 was observed in samples
treated with 2-bromopalmitate.

latrunculin A treatment (Fig. 6C). The effect of latrunculin A on
reduction in endogenous F-actin content was assessed by rho-
damine—phalloidin staining (Fig. 6 D). A significant reduction in
phalloidin staining 3 min after latrunculin A treatment (13.4% of
the control; p < 0.001, ¢ test) indicates rapid turnover of filamen-
tous actin in the spine, consistent with the FRAP results.

We next analyzed the degree of PSD scaffolding protein dis-
assembly after acute disruption of F-actin by latrunculin A.
PSD-95 clusters were resistant to F-actin disruption, and fluores-
cence intensity showed little change (97.6 = 4.0% at t = 15 min)
(Fig. 7A,B). In contrast, PSD-Zip45 clusters reduced their fluo-
rescence significantly (43.9 * 7.0% at + = 15 min). A similar
amount of fluorescence loss induced by actin depolymerization
was observed in the case of GKAP and Shank (54.8 = 6.6% at t =
15 min for GKAP and 66.5 = 4.8% for Shank) (Fig. 7A, B). The
loss of fluorescence in PSD-Zip45, GKAP, and Shank clusters was
saturated within 3 min after latrunculin A application, and this
rapid time course was comparable to the time course of F-actin
disruption. Endogenous scaffolding proteins also showed rapid
decreases in immunoreactivity after latrunculin A treatment (Fig.
7C) (76.0 = 3.3,72.4 = 3.9, and 58.9 = 5.1% of control prepa-
rations for GKAP, Shank, and PSD-Zip45, respectively). We
asked whether elimination of PSD-95 by 2-bromopalmitate may
influence the size of actin-dependent fraction of other scaffolds.
However, application of 2-bromopalmitate before latrunculin A
treatment did not increase the relative fraction of the actin-
dependent pool of both GKAP and Shank (Fig. 7D), indicating
that acute removal of MAGUK proteins from synaptic mem-
branes is not sufficient to disrupt the protein organization of PSD
scaffolds supported by F-actin.

To biochemically confirm that F-actin is essential to maintain
the assembly of scaffolding proteins, primary neurons were ex-
posed to latrunculin A for 5 min and the proteins were subse-
quently extracted for immunoprecipitation with anti-GKAP and
anti-Shank antibodies. Actin disassembly reduced the amount of
PSD-95 and GKAP incorporated into the complex precipitated
by anti-Shank antibody (Fig. 7E). In contrast, the amount of
PSD-95 in the complex precipitated by anti-GKAP was not al-
tered. We next expressed EGFP-Shank by using recombinant ad-
enoviruses and analyzed the amount of Homer in the EGFP—
Shank-containing complex. Actin disassembly induced
dissociation of Homer from the Shank-containing complex (Fig.
7F). Collectively, our immunoprecipitation experiments indi-
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Figure 5.  Unaltered GKAP localization after combined treatment with SAP97 RNAi and 2-bromopalmitate. A, Cotransfection of SAP97 or PSD-95 RNA vector with SAP97-EGFP in COS7 cells.
Selective suppression of SAP97-EGFP was observed in cells expressing SAP97 siRNA. DIC, Differential interference contrast. B, Knockdown of endogenous SAP97 expression by SAP97 RNAi. The SAP97
RNAi vector was cotransfected with GFP. C, Enhanced reduction in synaptic MAGUK proteins by combined treatment of primary neurons with SAP97 RNAi and 2-bromopalmitate. D, Preserved
synaptic clustering of GKAP after combined treatment with SAP97 RNAi and 2-bromopalmitate. £, Fluorescence quantitation of synaptic anti-MAGUK and anti-GKAP staining in neurons treated with
SAP97 RNAi and/or 2-bromopalmitate. The amount of GKAP in synapses did not change after combined treatment with SAP97 RNAi and 2-bromopalmitate. Error bars indicate SEM. Scale bars: 4, 150
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Figure 6.  Rapid turnover of actin in the postsynaptic cytoplasm. A, Time-lapse sequences of an EGFP-actin-expressing neuron
during FRAP analysis. Rapid recovery of fluorescence was observed (arrow). B, Fluorescence recovery curve of EGFP-actin in single
spines. Application of an actin stabilizer, jasplakinolide, completely suppressed rapid actin turnover. Error bars indicate SEM. C,
Rapid elimination of EGFP-actin from dendritic spines by latrunculin A. Within 5 min after application of latrunculin A, most of the
fluorescence derived from EGFP-actin was eliminated from the spines. D, Rhodamine—phalloidin staining of neurons with or
without latrunculin A (lat) treatment for 3 min. Double staining with either a presynaptic marker (synapsin 1) or a postsynaptic
marker (MAGUK proteins) revealed preferential accumulation of F-actin at the postsynaptic sites (arrows). Scale bars, 5 pm.

cate that actin disassembly impairs multi-
ple interactions between four PSD scaf-
folding proteins.

FRAP experiments revealed that ~60%
of PSD-Zip45, 40% of Shank, and 30% of
GKAP are exchangeable within 300 s. If la-
trunculin A treatment induced disassem-
bly of a dynamic subpopulation of scaf-
folding molecules, then the FRAP recovery
curve after latrunculin A treatment should
be altered. To test this, we performed
FRAP analysis in the same neurons before
and after latrunculin A treatment (Fig. 8).
Time constants of fluorescence recovery
were not altered, but the exchangeable
fraction was significantly reduced (from
35.7 * 4.4% to 19.1 * 3.6% for GKAP,
from 34.9 = 6.9% to 18.4 = 4.7% for
Shank, and from 62.3 * 1.2% to 15.9 *
2.1% for PSD-Zip45 at t = 300 s). The re-
sult indicates that the dynamic fraction of
multiple PSD proteins contains a signifi-
cant pool that is sensitive to F-actin
disruption.

The direct interaction of scaffolding
proteins with F-actin was reported previ-
ously (Shiraishi et al., 1999), and it is pos-
sible that rapid turnover of scaffolding
proteins is primarily dominated by the ki-
netics of actin turnover. To test whether a
reduction in actin turnover indeed influ-
ences the kinetics of scaffolding proteins,
we performed FRAP analysis in the pres-
ence of jasplakinolide. This treatment did
not alter the size of the rapidly exchange-
able pool of GKAP, Shank, and PSD-Zip45
(Fig. 8), indicating that mobile pools of
PSD proteins, which are disrupted and
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eliminated from synapses by latrunculin
A-induced actin disassembly, are retained
after stabilization of F-actin without
changing their dynamic properties.

Rapid redistribution of multiple
scaffolding proteins by neuronal
activity is dependent on F-actin

We next analyzed roles of actin turnover
in the process of activity-dependent redis-
tribution of scaffolding proteins. Applica-
tion of 50 um bicuculline with 500 um
4-AP induces enhanced synaptic trans-
mission and increases the spontaneous fir-
ing rate that sustained >10 min (Fig. 9A)
(Hardingham et al., 2002). By using this
synaptically evoked stimulation, we mon-
itored distributional changes of actin,
PSD-95, GKAP, Shank, and PSD-Zip45
(Fig. 9B, C). The response of EGFP-actin
was complex, with rapid clustering at the
postsynaptic sites within 5 min and their
subsequent dissociation. Consistent with
our previous observation (Okabe et al.,
2001b), bicuculline/4-AP treatment did
not induce redistribution of PSD-95
(94.76 = 5.20%). In contrast, the identical
stimulation protocol induced rapid disso-
ciation of PSD-Zip45 clusters (85.32 =*
5.5% at t = 15 min). Bicuculline/4-AP
treatment has been shown previously to
induce synchronous bursts of action po-
tentials resulting in plateau-type calcium
elevation (Hardingham et al, 2002),
which favors dispersion of PSD-Zip45
(Okabe et al., 2001b). The response of
Shank to bicuculline/4-AP treatment was
similar to PSD-Zip45 (85.20 = 5.1% at t =
15 min). The behavior of GKAP was dis-
tinct from PSD-Zip45 and Shank. Accu-
mulation of GKAP to the postsynaptic
sites took place within 6 min after the ap-
plication of bicuculline/4-AP, and this re-
distribution was not transient (118.0 =
6.8% at t = 15 min). These results indicate
that independent rules apply to activity-
dependent redistribution of scaffolding
proteins. Importantly, application of jas-
plakinolide prevented both accumulation
of GKAP (94.2 + 1.6% at t = 15 min) and
dissociation of Shank and PSD-Zip45
(Shank, 97.9 = 3.0%; PSD-Zip45, 98.6 =
1.8%; at t = 15 min), indicating an essen-
tial role of actin turnover in the activity-
dependent reorganization of scaffolding
proteins (Fig. 9C).
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Figure 7. Rapid dissociation of multiple scaffolding proteins by disruption of F-actin. A, Time-lapse image sequences of
neurons expressing EGFP/EYFP-tagged scaffolding proteins before and after application of latrunculin A. Latrunculin Ainduced the
rapid decrease in fluorescence in GKAP, Shank, and PSD-Zip45 clusters. PSD-95 clusters did not change their fluorescence after
latrunculin A treatment. Scale bar, 5 um. B, Time course of relative fluorescence change in scaffolding protein clusters after
latrunculin A application. €, Response of endogenous scaffolding proteins to latrunculin A administration. Neurons were fixed 10
min after application of latrunculin A, and total fluorescence intensity of clusters was measured afterimmunostaining of scaffold-
ing proteins. A significant decrease inimmunoreactivity for GKAP, Shank, and PSD-Zip45 was observed (***p << 0.001). D, Loss of
fluorescence intensity after latrunculin A administration in neurons pretreated with 2-bromopalmitate (2-Br-Pal). Previous ap-
plication of 2-bromopalmitate did not enhance dissociation of EYFP-GKAP and EGFP-Shank molecules. E, Interaction of PSD-95,
GKAP, and Shank after acute disruption of F-actin by latrunculin A (Lat). Cells were extracted with radioimmunoprecipitation assay
buffer and immunoprecipitated (i.p.) with either anti-GKAP or anti-Shank antibody. Reduced interactions of Shank with both
PSD-95 and GKAP were observed. In contrast, immunoprecipitation with anti-GKAP antibody revealed unaltered interaction of
GKAP and PSD-95. F, Inmunoprecipitation of EGFP-Shank by using anti-GFP antibody. After treatment with latrunculin A, cells
were extracted with NP-40 buffer and immunoprecipitated. Latrunculin A treatment reduced the interaction between EGFP-
Shank and Homer. Error bars indicate SEM.

explain the small effect of suppressing endogenous NMDAR ac-

To what extent does basal synaptic activity affect the turnover
of scaffolding proteins? When intrinsic NMDAR-dependent ac-
tivity was acutely suppressed by APV, there was no change in the
kinetics of scaffolding protein turnover revealed by FRAP analy-
sis (supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material). Relatively low spiking rates of excitatory
neurons in our culture system (0.28 Hz) (Okabe et al., 1999) may

tivity on scaffolding protein dynamics.

Does enhanced neuronal activity suppress dynamics of scaf-
folding proteins? To answer this question, we performed FRAP
analysis of GKAP and PSD-Zip45 before and 10-20 min after
bicuculline/4AP treatment. At this time point, the GKAP and
PSD-Zip45 amount in the PSD reached a steady state, and this
condition allowed us to monitor scaffolding protein turnover by
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Figure8.  Effects of actin-depolymerizing and actin-stabilizing reagents on the dynamics of

GKAP, Shank, and PSD-Zip45. Fluorescence recovery in PSDs after photobleaching was moni-
tored for 5 min in the presence or absence of chemicals that depolymerize (latrunculin A) or
stabilize (jasplakinolide) actin filaments. Although latrunculin A suppressed dynamics of all
three scaffolding proteins, jasplakinolide did notinduce suppression or enhancement of protein
turnover at the synapses. Error bars indicate SEM.

FRAP. Enhanced neuronal activity significantly suppressed dy-
namics of both GKAP and PSD-Zip45 (from 28.6 * 1.7% recov-
ery at + = 300 s to 12.1 = 1.9% for GKAP; from 49.9 * 6.5%
recovery at t = 300 s to 31.4 = 3.2% for PSD-Zip45) (Fig. 9D).
However, analysis of recovery kinetics suggested that underlying
mechanisms of suppression are not uniform. The time constant
of PSD-Zip45 fluorescence recovery after bicuculline/4AP treat-
ment was not profoundly altered (76.5 * 2.4 s before treatment,
90.5 * 3.4 s after treatment), suggesting that activity does not
modulate affinity of PSD-Zip45 to its binding partner. In con-
trast, the time constant of GKAP fluorescence recovery increased
significantly after bicuculline/4AP treatment (50.4 % 3.3 s before
treatment, 105.2 & 6.6 s after treatment). The increase in the time
constant suggests a lower on/off-rate of GKAP. Thus, neuronal
activity may lead to increased affinity of GKAP to its binding
partner.

Dynamics of scaffolding protein mutants defective in their
interaction with other PSD proteins

PSD scaffolding proteins contain multiple binding motifs, and
their interactions with other scaffolds and cytoskeletal proteins
are thought to be important in the postsynaptic accumulation.
Previous studies have shown precise mapping of synapse target-
ing domains of these molecules, but the role of individual binding
domains for the stabilization of protein dynamics has not been
characterized. Therefore, we expressed the GKAP L694A mutant,
Shank-C mutant (deletion of the N-terminal domain), and PSD-
Zip45 G89A mutant (Fig. 10A) and measured their FRAP recov-
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ery kinetics. We have shown previously postsynaptic accumula-
tion of the GKAP L694A mutant (Usui et al., 2003), which does
not bind to the PDZ [PSD-95/Discs large/zona occludens-1] do-
main of Shank. FRAP experiments revealed pronounced acceler-
ation of GKAP L694A turnover (Fig. 10 B), suggesting the impor-
tance of interaction with other PDZ-containing scaffolding
proteins, possibly Shank, in GKAP stabilization. Shank-C mutant
lacking the N-terminal PDZ domain showed moderate accumu-
lation to the postsynaptic sites compared with the wild-type
Shank molecules. FRAP analysis of postsynaptic Shank-C mole-
cules revealed less prominent acceleration of turnover (Fig. 10C).
This result suggests that stabilization of Shank is less dependent
on its PDZ domain. We have shown previously the importance of
the EVH1 domain of PSD-Zip45 in synaptic targeting (Usui et al.,
2003). The point mutation of G89A suppresses the ability of the
EHV1 domain to interact with the proline-rich domain of synap-
tic proteins including Shank and mGluRs. PSD-Zip45 G89A still
accumulated, albeit less efficiently, in the postsynapse and
showed accelerated FRAP kinetics (Fig. 10 D). Without interac-
tion via the EVH1 domain, most of the PSD-Zip45 molecules
were replaced by newly arrived molecules 5 min after photo-
bleaching. Does enhanced FRAP turnover of mutated GKAP and
PSD-Zip45 molecules correlate with their dependency on
F-actin? We measured scaffolding protein disassembly after acute
disruption of F-actin by latrunculin A. The extent of fluorescence
reduction was larger in GKAP L694A and PSD-Zip45 G89A mu-
tants compared with the wild-type proteins (Fig. 10E). The re-
sults indicate that scaffolding proteins with mutations in their
binding motifs can be targeted to the postsynapse but are less
stable and more dependent on F-actin.

Treatment of neurons with bicuculline/4AP induced accumu-
lation of GKAP and suppression of its dynamics in synapses. To
see whether the GKAP L694A mutant shows a behavior similar to
wild-type GKAP, we quantitated the synaptic content of GKAP
L694A before and after bicuculline/4AP treatment. The GKAP
L694A mutant showed similar kinetics and extent of synaptic
accumulation after stimulation (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). Furthermore, the
extent of mobility suppression of GKAP L694A after bicuculline/
4AP treatment was similar to that of wild-type GKAP. These
results indicate that enhanced activity influences GKAP localiza-
tion and mobility through a pathway independent of GKAP in-
teraction via its C-terminal PDZ-binding motif.

Lack of destabilization of PSD scaffolds in either NR1- or
mGluR5-deficient neurons

Is the actin-independent fraction of scaffolding molecules stabi-
lized by their interaction with membrane receptors localized at
synapses? To test this possibility, we examined possible roles of
the interactions of PSD-95 and PSD-Zip45 with either NMDARs
or mGluRs in regulating scaffolding protein dynamics at syn-
apses. To eliminate the NMDAR complex from synaptic sites,
neurons taken from NR1 mutant mice were cultured (Forrest et
al,, 1994). Immunocytochemistry of NR1—/— neurons revealed
a large reduction in NR2A and NR2B to virtually background
levels at the synaptic sites (3.2 = 0.23% for NR2A, 4.5 * 0.33%
for NR2B; n = 4), in addition to complete elimination of NR1
(supplemental Fig. 5A, available at www.jneurosci.org as supple-
mental material). Despite a significant reduction in NMDAR
subunits, immunoreactivity of PSD-95 was indistinguishable
from wild-type culture (95 * 4.4%; n = 4). FRAP analysis of
PSD-95-EGFP also revealed unaltered kinetics of PSD-95 turn-
over (Fig. 11).
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Figure9. Activity-dependent redistribution of multiple PSD proteins and their altered dynamics. A, Enhancement of spike firing by treatment of neurons with bicuculline/4-AP (from 5.17/min
to 27.53/min; average of 15 min period). B, Rapid remodeling of PSD proteins after application of bicuculline/4-AP. Enhancement of synaptic activity by bicucullin/4-AP treatment induced the
increase in GKAP, decrease in Shank and PSD-Zip45, and transient increase in actin at the postsynapticsites. Scale bar, 2 um. €, Quantitation of fluorescence change after bicuculline/4-AP treatment.
Previous incubation of cells with the actin-stabilizing reagent jasplakinolide completely suppressed redistribution of GKAP, Shank, and PSD-Zip45. D, Suppression of scaffolding protein dynamics by
bicuculline/4-AP treatment. FRAP analysis of neurons exposed to bicuculline/4-AP revealed significant suppression of fluorescence recovery of EYFP-GKAP and EGFP-PSD-Zip45. When recovery
curves were normalized for the amount of exchangeable fraction within 300 s, an altered time constant of GKAP turnover after bicuculline/4-AP treatment was evident. Error bars indicate SEM. bic,
bicuculline.

A major postsynaptic group 1 mGluR in CA1 pyramidal neu-  rons was indistinguishable from wild-type neurons (supplemen-
rons is mGluR5. We therefore prepared hippocampal neuronal  tal Fig. 5B, available at www.jneurosci.org as supplemental mate-
culture from mGluR5 mutant mice (Lu etal., 1997). Distribution  rial). Fluorescence intensity of PSD-Zip45 clusters in
of PSD-Zip45, Shank, and PSD-95 clusters in mGluR5—/— neu-  mGluR5—/— neurons was comparable to that in wild-type neu-
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Figure10.  Dynamic properties of GKAP, Shank, and PSD-Zip45 molecules containing muta-
tions that block interaction with other scaffolding proteins. 4, Distribution of mutated forms of
GKAP, Shank, and PSD-Zip45 tagged with EGFP within dendrites. The extent of synaptic clus-
tering is reduced in all mutants compared with the wild-type proteins. Scale bar, 5 um. B-D,
FRAP kinetics of GKAP L694A (B), Shank-C (€), and PSD-Zip45 G89A (D). Marked enhancement
of FRAP kinetics was observed in GKAP L694A and PSD-Zip45 G89A. E, Enhancement of latrun-
culin A-dependent loss of GKAP and PSD-Zip45 by introduction of mutations disrupting their
interactions with other scaffolding proteins. Error bars indicate SEM.

rons (92 * 6.7%; n = 4). Furthermore, FRAP analysis of EGFP-
PSD-Zip45 revealed unaltered recovery kinetics (Fig. 11). Thus,
absence of two types of glutamate receptors failed to influence
localization and dynamics of PSD scaffolding proteins, despite
the presence of direct binding motifs to the receptors in these
PSD proteins.
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Discussion

In this study, we presented several lines of evidence indicating
distinct dynamics for different PSD proteins. Time-lapse analysis
of individual fluorescent clusters revealed the rate of redistribu-
tion in the following order: PSD-Zip45 > Shank > GKAP >
PSD-95. FRAP analysis of the steady-state exchange rate of scaf-
folding proteins confirmed the differential dynamics. The fact
that two independent experimental approaches revealed the
same order in kinetic properties strongly supports the existence
of regulatory mechanisms specific to individual molecules. Our
subsequent analyses indeed revealed several mechanisms, which
were based on either differential dependency on the actin cy-
toskeleton or intermolecular interactions of scaffolding proteins
via specific binding domains.

The affinity of PSD molecules to their binding partners, to-
gether with the stability of binding partners themselves, is an
important parameter regulating the turnover rate within PSD.
FRAP analysis of four scaffolding proteins revealed the presence
of a dynamic fraction with the time constants of several minutes.
This fraction represents molecules weakly attached to the PSD
and/or associated with dynamic cytoskeletal components. Our
pharmacological analysis identified critical involvement of dy-
namic actin cytoskeleton in the maintenance of this exchangeable
fraction. Previous studies indicated a possible involvement of
actin cytoskeleton in proper localization of both glutamate recep-
tors and a subset of scaffolding molecules (Allison et al., 1998;
Usui et al., 2003; Nonaka et al., 2006). In this study, we extended
these observations by capturing and quantifying the rapid redis-
tribution of PSD proteins after acute disassembly of F-actin. The
observed disassembly of scaffolding proteins was significant and
occurred to a variable degree in three distinct protein species. The
same disassembly protocol of F-actin also dissociated PSD-95,
GKAP, and Homer from the Shank-containing protein complex
isolated by immunoprecipitation. Thus, we conclude that the
presence of F-actin is critical in the integration and maintenance
of multiple scaffolding proteins in the PSD.

Biochemical analysis revealed the interaction of Shank and
Homer proteins with a variety of molecules involved in the actin
cytoskeletal network. Shank interacts with a-fodrin (Bockers et
al., 2001), cortactin (Hering and Sheng, 2003), and Abp1 (Qual-
mann et al., 2004). Both fodrin and Abp1 interact with F-actin.
Cortactin can bind to both F-actin and Arp2/3 complex (Weed et
al., 2000). Homer-family proteins also reported to bind with
F-actin (Shiraishi et al., 1999) and an actin-binding protein, dre-
brin (Mizutani et al., 1999). Although these biochemical data are
consistent with the idea that exchangeable fractions of Shank and
Homer proteins interact with dynamic actin cytoskeleton, the
basic scaffolding structure involved in the linkage between the
Shank-Homer complex and actin cytoskeleton is not yet clear.
Both cortactin and drebrin have been shown to be involved in the
morphogenesis of spines (Hayashi and Shirao, 1999; Hering and
Sheng, 2003), suggesting their ability to interact with and reorga-
nize spine F-actin. Specific inhibition of cortactin and drebrin
activity should be performed to evaluate their roles in linking
PSD scaffolds with F-actin.

FRAP experiments also revealed immobile fractions of PSD-
95, GKAP, Shank, and Homer. These fractions represent mole-
cules tightly associated to a stable structure, which is resistant to
actin depolymerization. Elimination of NMDARs, mGluRS5 re-
ceptors, and MAGUK proteins did not significantly alter cluster-
ing and FRAP kinetics of PSD-95, Homer, and GKAP, respec-
tively. What are the anchoring mechanisms of PSD-95, Homer,
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and GKAP if their interactions with gluta-

mate receptors and MAGUKSs are not es- NR1
sential? In the absence of NMDARs, ++
PSD-95 can interact with other synaptic
molecules including transmembrane
AMPA receptor regulatory proteins anda ~ NR1
cell adhesion molecule, neuroligin. In the +
case of GKAP, interaction with Shank is
another major candidate for its synaptic
localization and stabilization. However,
L694A mutation of GKAP, which disrupts
interaction with Shank, did not block syn-
aptic targeting. This result is consistent
with a previous analysis of synapse target-
ing domains of SAPAP, a splice isoform of +
GKAP (Yao et al., 2003). Although GKAP
L694A showed synaptic localization, we
found that this point mutation signifi-
cantly increased the turnover rate of
GKAP. These observations suggest that al-
though GKAP interaction with Shank is
not essential for its synaptic localization, it
enhances GKAP stability within the PSD.
The EVH1 domain of PSD-Zip45/Homer1 potentially interacts
with a variety of molecules including dynamin 3 and drebrin,
which are shown to be localized in the postsynapse (Mizutani et
al., 1999; Gray et al., 2003). We observed a marked reduction in
PSD-Zip45 accumulation by its mutation in the EVH1 domain,
indicating importance of EVH1 domain-dependent interaction
for its proper synaptic localization. Enhanced FRAP kinetics sug-
gests additional role of EVH1 domain in PSD-Zip45 stabilization.
It is likely that both synaptic localization and stabilization of
Homer is mediated by EVH1-dependent binding to postsynaptic
molecules other than mGIuR5.

Fluorescence imaging and FRAP analysis of EGFP-tagged ac-
tin revealed short-term remodeling of the actin network in den-
dritic spines (Fischer et al., 1998; Star et al., 2002). Multiple forms
of actin reorganization can be induced by different stimulation
protocols (Halpain et al., 1998; Colicos et al., 2001; Furuyashiki et
al., 2002). Although basic turnover mechanisms of actin mole-
cules and its regulation by synaptic activity have been clarified,
how actin reorganization is linked to subsequent alterations of
synaptic structure and function is not well understood. Here, we
provided strong evidence of F-actin involvement in the remod-
eling of the PSD molecular composition after synaptic activation.
We hypothesize that the cytoplasmic side of the PSD is in contact
with F-actin, which undergoes rapid remodeling and assembly/
disassembly. Our results suggest that the presence of this dynamic
interaction between F-actin and a fraction of PSD scaffolds is
essential in both maintenance and remodeling of the PSD. It is
less likely that disassembly of F-actin is a prerequisite for dissoci-
ation of scaffolding proteins, because scaffolding protein turn-
over measured by FRAP was normal when F-actin was pharma-
cologically stabilized. Instead, a network of F-actin present in
spines, either under rapid assembly/disassembly or stabilized,
may function as a loosely tethered platform with which dynamic
scaffolding proteins are repetitively associated/dissociated. An
interesting point is that this platform itself is highly dynamic and
rapidly changes its size by activity (Okamoto et al., 2004). Multi-
ple mechanisms should be present for the activity-dependent
PSD reorganization, because PSD-Zip45 and GKAP redistribute
in opposite directions. In the FRAP experiment of PSD-Zip45, we
observed a reduction in a dynamic fraction with a small change in

Figure 11.
PSD-95 in NRT—/— neurons and that of PSD-Zip45 in mGIuR5 —/— neurons. The fluorescence recovery curve of PSD-95 and
PSD-Zip45 did not change by genetically removing either NMDARSs or mGIuR5. Scale bar, 2 pum. Error bars indicate SEM.
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Unaltered dynamic properties of PSD-95 and PSD-Zip45 in neurons lacking NMDARs or mGIuR5. FRAP analysis of

recovery kinetics. Reduction in the binding capacity of scaffolds
may explain this observation. On the other hand, the FRAP ex-
periment of GKAP revealed a marked increase in the time con-
stant. This observation is consistent with the increased affinity of
GKAP to its binding partners in the PSD. After application of
bicuculline/4-AP, freely diffusible GKAP may be modified, pos-
sibly through posttranslational modifications, and recruited to its
binding partners. Although Shank is a candidate molecule for
regulated GKAP binding, the GKAP L694A mutant, which is de-
fective in its interaction with Shank via the C-terminal PDZ-
binding domain, can still change its distribution after
bicuculline/4-AP treatment and increase its stability. GKAP has
been shown to interact with S-SCAM (Hirao et al., 1998),
nArgBP2 (Kawabe et al., 1999), and a dynein light chain (Naisbitt
et al., 2000) with domains distinct from the C-terminal PDZ-
binding motif. It is likely that posttranslational modifications of
some of these interaction domains may be involved in activity-
dependent stabilization of GKAP.

In summary, we presented evidence of several regulatory
mechanisms of scaffolding protein assembly that act on their
steady-state exchange with local diffusible pools. This finding is
compatible with a recent model of gradual recruitment of PSD
molecules from local diffusible pools during synaptogenesis
(Bresler et al., 2004). The experimental evidence presented here
also indicated an essential role of F-actin in both maintenance
and remodeling of the PSD. This interaction between F-actin and
the PSD may be important in transforming transient remodeling
of the cytoskeletal system in response to synaptic activity into
long-lasting alterations of the submembranous protein complex
that regulates glutamate receptor function and distribution.
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