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Synchronized Formation and Remodeling of Postsynaptic
Densities: Long-Term Visualization of Hippocampal
Neurons Expressing Postsynaptic Density Proteins Tagged
with Green Fluorescent Protein
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To explore mechanisms governing the formation and remodeling of postsynaptic density (PSD), we used dissociated cultures of hip-
pocampal neurons isolated from transgenic embryos expressing green fluorescent protein (GFP)-tagged PSD proteins PSD-Zip45 (Hom-
er 1c) and PSD-95. Expression of GFP-tagged PSD molecules was stable, and the remodeling process of PSDs could be followed for >1
week. A higher expression level of GFP-PSD-Zip45 enabled us to quantitatively analyze the amount of PSD-Zip45 clusters during devel-
opment. Repetitive imaging of the same cell populations between 11 and 17 d in culture revealed an increase of the average PSD-Zip45
cluster density from 0.32 to 0.73/ um. Newly generated dendrites rapidly acquired GFP-PSD-Zip45 clusters, and their density reached the
level of parental dendrites within a few days. Temporal profiles of GFP-PSD-Zip45 cluster density showed a variety of patterns. Some
dendrites showed a monotonous increase of clusters, whereas others showed complex patterns, including short decremental stages.
Analysis of long-term remodeling of PSD-95-GFP clusters confirmed that the decremental stages were not specific to the PSD-Zip45
clusters. Comparison of the temporal profiles of the cluster density among neurons indicated synchronization of both GFP-PSD-Zip45
and PSD-95 clustering within individual cells. Furthermore, activation of cAMP-dependent protein kinase suppressed the decremental
stages of cluster remodeling. These observations suggest the presence of signaling mechanisms that can induce synchronized addition or

elimination of PSD proteins throughout dendritic arborization of a single neuron.
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Introduction

A major functional role of the dendrite is to form a synaptic
junction with incoming axons and to integrate the activity of
individual synapses. The number and distribution of synaptic
contacts on dendrites should be regulated by both extracellular
signals and intracellular mechanisms (Scott and Luo, 2001). Al-
though candidate molecules that influence synapse formation
have been identified, little is known about the mechanisms con-
trolling the number and distribution of synapses along dendritic
arborization. Does synapse density increase monotonously in de-
velopment? Do newly generated and preexisting dendrites have
similar or distinct functions in synaptogenesis? To what extent do
dendrites actively regulate synapse number? Alternatively, do
dendrites function as mere receptive structures? To answer these
types of questions, it is necessary to obtain a more complete view
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of how individual synapses are added and eliminated during the
period of synaptogenesis and synapse remodeling.

Recent technical advances in imaging techniques in combina-
tion with the generation of a variety of green fluorescent protein
(GFP)-tagged synaptic proteins have revealed the dynamics of
synaptic structure and turnover of proteins localized at synapses
(Okabe et al., 1999; Shen and Meyer, 1999; Ahmari et al., 2000).
GFP-tagged synaptic molecules were introduced into cultured
neurons by transfection methods or virus-mediated gene transfer
techniques. Although these studies provided information on syn-
apse remodeling in time scales from seconds to hours, prolonged
observation of single neurons over days or weeks was not possi-
ble. This difficulty was mainly derived from the fact that the
expression level of GFP-tagged molecules introduced by either
transfection or virus-mediated gene transfer was variable among
individual cells and unstable over a time scale of days. To under-
stand the basic mechanisms of long-term synaptic remodeling, it
is necessary to devise a method to achieve stable expression of
GFP-tagged synaptic proteins.

Postsynaptic density (PSD) is a thickening of the postsynaptic
membrane of excitatory synapses in the CNS. The PSD contains a
variety of neurotransmitter receptors, signaling molecules, and
anchoring—scaffolding proteins composed of distinct protein-
interacting domains (Kim and Huganir, 1999; Kennedy, 2000;
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Sheng and Sala, 2001). PSD-95/SAP90 and PSD-Zip45 (Homer
1c/Vesl-1L) are major PSD proteins that are localized to the ex-
citatory postsynaptic sites in the hippocampus. PSD-95 is a pro-
tein with a multidomain structure and binds with other postsyn-
aptic molecules, including NMDA receptors. PSD-Zip45 belongs
to the Homer/Vesl protein family and binds to both group I
metabotropic glutamate receptors 1/5 (mGluR1/5) and IP; re-
ceptors (Brakeman et al., 1997; Kato et al., 1998; Sun et al., 1998;
Xiao etal., 1998; Tadokoro etal., 1999). Analysis of these two PSD
proteins tagged with GFP revealed the distinct dynamic proper-
ties (Okabe et al., 2001b). Here we describe experiments designed
to monitor long-term remodeling of the PSD in living neurons.
To this end, we prepared primary hippocampal neurons from
transgenic embryos expressing GFP-tagged PSD-Zip45 or PSD-
95. This method allowed us to visualize the PSD structure at 24 hr
intervals and thus permitted the detailed analysis of long-term
synapse remodeling.

Materials and Methods

Generation of transgenic mouse lines carrying the GFP-PSD-Zip45 or PSD-
95-GFP sequences together with the 3-actin promoter. The chicken B-actin
promoter was obtained from the plasmid vector pBactCAT9. The pro-
moter region was ligated with the GFP-PSD-Zip45 or PSD-95-GFP cod-
ing region and the polyadenylation sequences of the pEGFP-N1 vector
(Clontech, Palo Alto, CA) to generate pAct-GFP-PSD-Zip45 and pAct-
PSD-95-GFP plasmids. Fertilized eggs from B6C3F1 mice received mi-
croinjections of the transgene. Integration of the transgene was detected
by genomic PCR of the tail DNA.

Immunohistochemistry of the transgenic mouse. Animals were killed
under sodium pentobarbital anesthesia and perfused transcardially with
2% paraformaldehyde in PBS. Brains were excised and cut with a vi-
bratome to obtain 50 um sections. Sections were blocked with 5% nor-
mal goat serum (NGS) and incubated with rabbit polyclonal anti-
synapsin I antibody (Chemicon, Temecula, CA) for GFP-PSD-Zip45
transgenic mice or with the mixture of rabbit polyclonal anti-GFP (Mo-
lecular Probes, Eugene, OR) and mouse monoclonal anti-synaptophysin
(Roche Applied Science, Indianapolis, IN) for PSD-95-GFP transgenic
mice. Primary antibodies were visualized with goat-anti rabbit IgG con-
jugated to Cy3 (Jackson ImmunoResearch, West Grove, PA) and goat-
anti mouse IgG conjugated to Alexa 488 (Molecular Probes). The sam-
ples were imaged with a Fluoview confocal laser-scanning microscope
(Olympus Optical, Melville, NY).

Hippocampal cultures from transgenic embryos. Male mice heterozy-
gous for the GFP-PSD-Zip45 or PSD-95-GFP transgenes were mated
with wild-type females, and the embryos at embryonic day 17 (E17) were
harvested and examined for the expression of transgenes under a fluo-
rescence dissecting microscope. Hippocampal cultures from 17-d-old
embryonic mice were prepared as described previously with slight mod-
ifications (Okabe et al., 1999, 2001a). The hippocampi from transgenic
and wild-type embryos were mechanically dissociated in separate tubes
without treatment with trypsin and DNase. Cells derived from transgenic
embryos and those from wild-type embryos were mixed at a ratio of 1:9
and grown on glass coverslips attached to the bottom of dishes with holes
of 10 mm diameter. Neurons were treated with 100 um Sp-cyclic adeno-
sine 3',5'-monophosphorothioate (Sp-cAMPS; Biomol, Plymouth
Meeting, PA). Sp-cAMPS application was started at 11 d in culture with
renewal every 3 d.

Immunocytochemistry. Polyclonal antibodies against guanylate kinase-
associated protein (GKAP) and cortactin-binding protein (CortBP) were
produced by immunization of New Zealand White rabbits with glutathi-
one S-transferase-fused GKAP and CortBP proteins (S. Usui and K. So-
bue, unpublished data). Hippocampal neurons were fixed in 2% para-
formaldehyde in PBS for 25 min or with methanol for 10 min at —20°C,
blocked with 5% NGS, and incubated with mouse monoclonal anti-PSD-
Zip45 (Tadokoro et al., 1999), rabbit polyclonal anti-GKAP, rabbit poly-
clonal anti-CortBP, mouse monoclonal anti-PSD-95 (Affinity Biore-
agents, Golden, CO), rabbit polyclonal anti-GluR1 (Chemicon), rabbit

J. Neurosci., March 15, 2003 - 23(6):2170-2181 * 2171

polyclonal anti-NMDA receptor 1 (NR1; Chemicon), or rabbit poly-
clonal anti-synapsin I (Chemicon). Primary antibodies were visualized
with goat anti-mouse or anti-rabbit IgG conjugated to Cy3 (Jackson
ImmunoResearch).

Adenovirus infection. Generation and characterization of recombinant
adenoviruses expressing PSD-95-yellow fluorescent protein (YFP) and
synaptophysin-cyan fluorescent protein (CFP) were described previ-
ously (Kanegae et al., 1994, 1995; Miyake et al., 1996; Okabe et al., 2001a).
Day 14 hippocampal cultures were exposed for 60 min to viruses at a
multiplicity of infection of 100. Cells were then washed, reincubated in
the previously removed media, and after 48 hr assayed by fluorescence
microscopy.

Microscopy. For time-lapse imaging, live cells were mounted in a
chamber at 37°C with a continuous flow of humidified CO, to maintain
the pH of the medium. Images were obtained on a Fluoview confocal
laser-scanning microscope (Olympus Optical). A 60X water immersion
lens was used, and images were collected at an additional electronic zoom
factor of 3X. Multiple optical sections (12—15 sections and z-spacing of
0.3—0.4 um) were collected, and these images were recombined using a
maximum-brightness operation. Illumination by the 488 nm line of an
argon ion laser was attenuated to 0.5-5% to reduce phototoxicity. We
performed repetitive imaging of the same cell by using x—y coordinates
read from the custom stage micrometer.

Data analysis. Maximal intensity projection images were prepared for
each image stack, and these projection images were used for the quanti-
tative analysis. For a given time-lapse image series, all projection images
were processed identically for cluster extraction and for quantitative
analysis of fluorescence. Automatic processing of fluorescence images
using Metamorph software (Universal Imaging, West Chester, PA) en-
abled us to determine the position, area, and intensity of fluorescent
clusters. Briefly, projection images were processed with a low-pass filter,
and the resulting images were subtracted from the original images. Im-
ages were then converted to binary images using intensity thresholding.
These binary images were subjected to erosion and dilation procedures to
remove single-pixel noise. The numbers of fluorescent clusters were
counted using the integrated morphometry analysis function of the
Metamorph software. To quantify the fluorescence intensity of clusters,
the binary images were used to specify the cluster domains. The total
fluorescence intensity and the average fluorescence intensity in each do-
main were measured. For PSD-95-GFP clusters, automatic thresholding
of the images could not remove the background fluorescence from the
dendritic shafts, mainly because of the low expression level of the PSD-
95-GFP. By comparing the original fluorescence images and the binary
images, the regions containing the background of the dendritic shafts
were manually set in the binary images and were excluded from the
integrated morphometry analysis.

The correlation coefficient between two dendritic segments, j and k,
was calculated as:

z {(Cp - Cj)(cki - Ck)}
Tk = - >
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where Cj; is the number of GFP-PSD-Zip45 clusters on day i in a den-
dritic segment, j, and N is the total number of observations.
The cluster elimination index was calculated as:

N—-1
(DG — Gl) = (Cy— C)
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where C, is the number of GFP-PSD-Zip45 clusters on day i in a dendritic
segment, and N is the total number of observations. The numerator
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Figure1.  Expression of the GFP-PSD-Zip45 transgene in the hippocampus. A, Laser confocal
microscopy of the CAT region from [3-actin promoter GFP transgenic mice revealed strong GFP
fluorescence in the pyramidal cell layer (Pyr). Dendrites of CA1 pyramidal neurons also showed
GFP fluorescence in the stratum radiatum (Rad) and stratum oriens (Ori). B, C, Laser confocal
microscopy of the CA1 region from the 3-actin promoter GFP-PSD-Zip45 transgenic mice re-
vealed GFP fluorescence (B, green) in both the stratum radiatum (Rad) and the stratum oriens
(Ori). The distribution of GFP-PSD-Zip45 was similar to that of synapsin | immunoreactivity (G,
red). D-F, Higher-magnification view of the stratum radiatum of the 3-actin promoter GFP-
PSD-Zip45 transgenic mice. GFP clusters (D, arrows) were in close apposition to the clusters of
synapsin | (£, arrows). F, Superposition of D and £. Scale bars: A-C, 50 um; D—F, 5 um.

corresponds to the cumulative number of eliminated clusters during the
observation period. To calculate the proportion of dendritic domains
with reappearance of PSD-Zip45 clusters, we first generated binary image
stacks of GFP-PSD-Zip45 clusters from 13 to 18 d in culture and selected
two types of the circular dendritic regions (2.0 wm in diameter). The first
dendritic regions were the domains positive with GFP-PSD-Zip45 clus-
ters that disappeared in the second image. The second dendritic regions
were the domains negative with GFP-PSD-Zip45 clusters in both the first
and second images. After selecting the same number of dendritic regions
with these two categories, the image stacks were analyzed to determine
whether selected regions were positive with new GFP-PSD-Zip45 clusters
from the third to sixth images in the stack.

Results
Preparation of hippocampal culture from GFP-PSD-Zip45
and PSD-95-GFP transgenic mice
Histological examination of transgenic mice expressing GFP un-
der the control of the chicken B-actin promoter revealed wide-
spread expression of GFP in CNS neurons. In the hippocampus,
strong GFP fluorescence was observed in the cell bodies of CA1
pyramidal neurons (Fig. 1 A). In transgenic mice expressing GFP-
PSD-Zip45 under the control of the chicken B-actin promoter,
the GFP fluorescence within the hippocampal CA1 region was
restricted to the stratum radiatum and stratum oriens, with little
fluorescence in the cell bodies of pyramidal cells (Fig. 1B,C).
Clusters of GFP-PSD-Zip45 were associated with the clusters of
synapsin I in the stratum radiatum (Fig. 1 D—F). This distribution
is consistent with the postsynaptic localization of PSD-Zip45 in
CA1 pyramidal neurons. Three independent lines of transgenic
mice mated normally and showed normal growth and body
weight. No gross abnormalities of the brain structure were
observed.

To develop a culture system that would allow us to observe
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long-term remodeling of the PSD structure, we prepared mixed
cultures of GFP-PSD-Zip45-expressing cells and wild-type cells.
To do this, male mice heterozygous for the GFP-PSD-Zip45
transgene were mated with wild-type females, and the embryos at
E17 were harvested and examined for the expression of GFP-
PSD-Zip45 under a fluorescence dissecting microscope. At this
stage, the fluorescence in the CNS was prominent in the spinal
cord and the midbrain region. The hippocampi from transgenic
and wild-type embryos were dissociated separately, and cells de-
rived from transgenic embryos and those from wild-type em-
bryos were mixed at a ratio of 1:9 and grown on glass coverslips.
In these experimental conditions, GFP-PSD-Zip45-expressing
cells were separated from each other, and the identification of
single dendrites was possible (Fig. 2A-E).

We generated multiple transgenic lines of PSD-95-GFP under
the control of the chicken -actin promoter. Expression of GFP-
tagged proteins in these lines was generally lower than the expres-
sion in GFP-PSD-Zip45 transgenic lines. We selected a single line
that showed the highest expression of PSD-95-GFP and exam-
ined the distribution of PSD-95-GFP by immunohistochemistry
using anti-GFP antibody. Distribution of PSD-95-GFP within
the hippocampal CA1 region was restricted to the stratum radia-
tum and stratum oriens (Fig. 3A,B), and the anti-GFP immu-
nopositive puncta were associated with the anti-synaptophysin
immunopositive presynaptic structures (Fig. 3C-E). The culture
protocol for GFP-PSD-Zip45 mice was also applied to the em-
bryos of PSD-95-GFP transgenic mice, and fluorescence signals
from PSD-95-GFP-expressing pyramidal neurons could be visu-
alized under the illumination condition of 5- to 10-fold higher
laser intensity than that of GFP-PSD-Zip45 (Fig. 3F,G).

Within 1 week after plating, the majority of cells expressing GFP-
PSD-Zip45 and PSD-95-GFP showed weak diffuse fluorescence in
dendrites and cell bodies. Fluorescent clusters started to appear in
dendrites 712 d after plating. Therefore, we focused on the devel-
opment of the PSD structure in neurons at 11-22 d in culture. Our
previous studies on developing neurons in culture prepared using a
similar protocol indicated substantial remodeling of the dendritic
structure and the clustering of PSD molecules at the same develop-
mental stage (Okabe et al., 2001a).

Characterization of GFP-PSD-Zip45- and
PSD-95-GFP-expressing neurons
In this study, we used the combination of GFP-tagged PSD
molecules and transgene-mediated reporter expression to mon-
itor the long-term remodeling process of the PSD structure. In
this context, it is important to see whether fluorescent clusters
faithfully represent the localization of the PSD structure in cul-
tured hippocampal neurons. To this end, we fixed the culture
preparations from GFP-PSD-Zip45 and PSD-95-GFP transgenic
embryos at 11 d in culture and stained them with antibodies
against six postsynaptic proteins: AMPA receptor subunit GluR1
(Fig. 2 D), NMDA receptor subunit NR1, PSD-95 (Figs. 2A, 3F),
PSD-Zip45 (Fig. 3G), CortBP (Fig. 2 B), and GKAP (Fig. 2C).
We first performed quantitative analysis of colocalization of
GFP-PSD-Zip45 clusters with clusters of other postsynaptic pro-
teins. The results indicate that 84 * 4.1,91 = 2.5, and 94 = 2.5%
of PSD-Zip45 clusters colocalized with the clusters of PSD-95,
GKAP, and CortBP, respectively (Fig. 2 F). The level of fractional
match was reasonably high, because the fractions of native
PSD-95 clusters that colocalized with either CortBP or GKAP
clusters were 85 = 3.1 and 91 * 2.4%, respectively. We also
analyzed colocalization of PSD-95-GFP clusters with that of
other PSD proteins at 11 d in culture. The results indicated that
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Figure2. Localization of GFP-PSD-Zip45 in cultured hippocampal neurons isolated from the
GFP-PSD-Zip45 transgenic mice. A—£, Colocalization of GFP-PSD-Zip45 with PSD-95 ( A), CortBP
(B), GKAP (C), GIuR1 (D), and synapsin | (£). In the merged color images, the green channel
shows the GFP-PSD-Zip45 distribution, and the red channel shows the immunoreactivity of
synaptic markers. F, Fractional match of GFP-PSD-Zip45 clusters with PSD-95, GKAP, CortBP,
and GluRT immunoreactivities in the postsynaptic dendrites. G, Effects of GFP-PSD-Zip45 over-
expression by the transgene on the assembly of PSD molecules. Average fluorescence intensities
of GluR1, NR1, CortBP, and GKAP clusters were not significantly different between the trans-
genic mice-derived neurons and the wild-type neurons. Average fluorescence intensity of PSD-
Zip45 clusters immunostained with anti-PSD-Zip45 antibody showed 130% overexpression of
PSD-Zip45 in the transgenic mice-derived neurons. This difference was statistically significant
(**p < 0.01). Scale bar, 10 m.

86 * 6.3, 90 * 3.5, and 92 * 6.0% of PSD-95-GFP clusters
colocalized with the PSD-Zip45, GKAP, and CortBP clusters, re-
spectively. To determine whether the degree of colocalization
increases with the maturation of neurons in culture, we deter-
mined the percent colocalization between PSD-Zip45 and
PSD-95 at 22 d in culture. The fractions of GFP-PSD-Zip45 clus-
ters and PSD-95-GFP clusters that colocalized with native
PSD-95 and PSD-Zip45 were 90 * 4.6 and 93 = 3.0%, respec-
tively. Thus there was a slight increase of the colocalization as the
maturation of neurons proceeded in culture.

The AMPA receptor subunit GluR1 is also concentrated at
postsynaptic sites, but its distribution is also regulated by synaptic
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activity. Our immunofluorescence study revealed that 58 = 6.7%
of PSD-Zip45 clusters colocalized with the clusters of GluR1 (Fig.
2 D,F). This lower factional match between AMPA receptor clus-
ters and scaffolding proteins in the PSD was consistent with re-
sults of previous studies that showed activity-dependent accumu-
lation of AMPA receptors at excitatory synapses (Liao et al.,
1999). Immunofluorescence analysis of cultured neurons from
transgenic mice also revealed a close association of synapsin
I-positive presynaptic structures with the PSD-Zip45 clusters
(Fig. 2E).

Recent studies using transfection techniques of primary neu-
rons showed that overexpression of either PSD-95 (El-Husseini
et al., 2000), Shank (an isoform of CortBP proteins; Sala et al.,
2001), or spine-associated Rap-specific GTPase activating
protein (Pak et al., 2001) leads to the enhancement of synaptic
transmission, morphological maturation of the postsynaptic
structures, or both. We measured the amount of synaptic PSD-
Zip45 in neurons derived from both transgenic and wild-type
embryos. The anti-PSD-Zip45 staining levels in puncta of GFP-
PSD-Zip45-expressing neurons were 130% higher on average
than in wild-type neurons (Fig. 2G). This level of PSD-Zip45
overexpression was comparable with that obtained by adenovi-
rus-mediated gene transfer and was shown to have negligible
effects on the distribution of other PSD proteins (Okabe et al.,
2001b). To further confirm that transgenic overexpression of
PSD-Zip45 did not alter synaptic characteristics, we measured
the amount of synaptic GluR1, NR1, CortBP, and GKAP in neu-
rons derived from both transgenic and wild-type embryos. The
staining levels of GluR1, NR1, CortBP, and GKAP did not show
any statistical differences between GFP-PSD-Zip45-expressing
cells and wild-type cells (Fig. 2G).

Next we determined the level of overexpression of PSD-95 in
PSD-95-GFP-expressing neurons. The amount of synaptic
PSD-95 immunoreactivity was only 18% higher than in wild-type
neurons. This level of overexpression was 25-fold less than the
expression level known to promote the synaptic maturation (El-
Husseini et al., 2000, 2002). In addition, we did not observe an
increase of PSD-Zip45 immunoreactivity in neurons expressing
PSD-95-GFP (Fig. 3H). Taken together, it is less likely that the
transgene-mediated expression of GFP-tagged PSD molecules
induced maturation of excitatory synapses.

Visualization of long-term remodeling of the

PSD-Zip45 clusters

A stable and higher expression level of GFP-PSD-Zip45 was ad-
vantageous to perform repetitive imaging of multiple dendrites
with a lower illumination level. Therefore, we first focused on the
GFP-PSD-Zip45-expressing neurons and obtained images of
multiple primary or secondary dendrites from three or four cells
on single coverslips attached to the culture chambers at 24 hr
intervals over 11-22 d in culture. Dendrites at 11-13 d after plat-
ing frequently possessed numerous filopodia-like extensions that
were negative for fluorescent clusters (Fig. 4A,B). Repeated ob-
servation of the same dendritic segments illustrated a disappear-
ance of thin filopodia and an increase of spines containing clus-
ters of PSD-Zip45. This result is consistent with results of our
previous analysis of developing hippocampal neurons fixed and
stained with the lipophilic dye Dil (Okabe et al., 2001a). To con-
firm that newly generated fluorescent clusters corresponded to
authentic synaptic sites, we fixed the cells after time-lapse imag-
ing and immunostained them with antibodies against CortBP
(Fig. 4C) and GKAP (Fig. 4D). More than 90% of the newly
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formed clusters colocalized with CortBP
and GKAP immunoreactivity (95% for
CortBP and 91% for GKAP). This result
indicates that most newly generated PSD-
Zip45 clusters reflect the clustering sites of
multiple PSD molecules.

We next performed quantitative anal-
ysis of the GFP-PSD-Zip45 clusters. Ap-
plication of automated processing of dig-
itized images successfully extracted the
positions, sizes, and fluorescence intensi-
ties of PSD-Zip45 clusters (Fig. 5A). We
measured the number of GFP-PSD-Zip45
clusters from 64 independent time-lapse
sequences (images were obtained from 17
cells in five independent culture prepara-
tions). On average, PSD-Zip45 clusters
increased from 0.32 * 0.04/um at 11 d
in culture to 0.729 * 0.09/um at 17 d in
culture (Fig. 4E). The calculated rate of
cluster increase (0.068-um '-d ')
was comparable with our previous data on
the development of PSD-95 clusters
(0.048 - um ~* - d 7%; Okabe et al., 1999).
The steady increase of GFP-PSD-Zip45
clusters suggests that repeated imaging of
the same dendritic fields does not severely
impair normal synaptogenesis.

Temporal profiles of GFP-PSD-Zip45
cluster density in individual dendrites
showed a variety of patterns. Some den-
drites showed monotonous increases in
clusters, whereas others showed complex
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Figure 3.  Expression of the PSD-95-GFP transgene in the hippocampus and in cultured hippocampal neurons. 4, B, Laser
confocal microscopy of the CA1 region from the B-actin promoter PSD-95-GFP transgenic mice revealed GFP fluorescence (4,
green) in both the stratum radiatum (Rad) and the stratum oriens (Ori). The distribution of PSD-95-GFP was similar to that of
synaptophysin immunoreactivity (B, red). (—£, Higher-magpnification view of the stratum radiatum of the B-actin promoter
PSD-95-GFP transgenic mice. GFP clusters (G, arrows) were in close apposition to the clusters of synaptophysin (D, arrows). E,
Superposition of Cand D. Pyr, Pyramidal cell layer. Scale bars: A, B, 100 um; C—£, 5 um. F, Confocal images of PSD-95-GFP (green)
and PSD-95 immunoreactivity (red) in a mixed culture of PSD-95-GFP-expressing neurons and wild-type neurons. Anti-PSD-95
staining in the PSD-95-GFP-expressing neurons (arrows) is slightly higher than that in the wild-type neurons (arrowheads). G,
Confocalimages of PSD-95-GFP (green) and PSD-Zip45 immunoreactivity (red) in neurons derived from the PSD-95-GFP transgenic
mice (arrows) and the wild-type mice (arrowheads). A similar level of anti-PSD-Zip45 staining was observed in two types of cells.
Scale bar (F, G), 10 wm. H, Average fluorescence intensity of PSD-95-GFP clustersimmunostained with anti-PSD-95 and anti-PSD-
Zip45 antibodies. The analysis revealed only 18% overexpression of PSD-95 in the transgenic mice-derived neurons. The difference
of the amount of PSD-Zip45 was not statistically significant. C, Neurons derived from wild-type mice; T, neurons derived from
PSD-95-GFP transgenic mice.
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patterns, including short decremental
stages. To classify the pattern of cluster
increase, we calculated linear regression between days in culture
and the normalized number of fluorescent clusters. When the
regression lines showed positive slopes with a significance level of
p < 0.05,image sequences were classified as dendrites with monot-
onous patterns of cluster increase. Image sequences with a signifi-
cance level of p > 0.05 were classified as dendrites with complex
patterns of cluster remodeling. Image sequences with a negative
slope of the regression line showed a significance level of p > 0.05.
There was reasonably good correspondence between image se-
quences classified by this method and by eye. We identified 27 image
sequences that showed a monotonous increase of clusters in 11 cells
and 37 image sequences that showed complex patterns of cluster
remodeling in 14 cells. In the following sections, we first describe the
analysis of dendrites with monotonous cluster increases to illustrate
the basic mechanisms of PSD-Zip45 cluster formation. Subse-
quently, an analysis of the synchronization of cluster addition and
elimination in cells showing complex patterns of PSD-Zip45 cluster
remodeling is described.

Analysis of dendrites showing a monotonous increase in the
PSD-Zip45 clusters

We first focused on dendritic segments that showed monotonous
increases in the GFP-PSD-Zip45 clusters to reveal the basic
mechanisms of cluster assembly (Fig. 5A). Quantitative analysis
of dendrites showing monotonous increases in clusters revealed
that the mean fluorescence intensities of individual clusters were
stable over time (Fig. 5B). Although there was a slight decrease in
the total fluorescence in individual clusters (Fig. 5C), this differ-

ence was not statistically significant (one-way ANOVA, F = 0.72;
p > 0.05). In dendritic shafts, the level of diffuse fluorescence
signals was stable (Fig. 5B). This fraction is likely to represent a
cytosolic pool of GFP-PSD-Zip45 molecules. In contrast, the sum
of the intensity values in all clusters increased 1.8-fold during the
observation period (Fig. 5D). These results indicate two proper-
ties of PSD-Zip45 cluster formation. First, the increase of PSD-
Zip45 clusters can be explained by the net increase of the total
amount of PSD-Zip45 molecules in dendrites. In other words, it
is not attributable to the change in the local balance between the
assembled and dissociated PSD-Zip45 molecules. Second, in-
creases in the cluster density are related to net increases in the
cluster number with little change in the size of individual clusters.

Rapid increase of PSD-Zip45 clusters in newly generated
dendritic segments

Formation of new clusters and their remodeling occurred simulta-
neously with structural changes of dendrites. We identified 21 image
sequences that showed formation of dendritic segments of >20 um
from 64 time-lapse sequences. These sprouting dendrites rapidly
acquired new PSD clusters, and their density caught up with the level
of parental dendrites within a few days (Fig. 6A). The patterns of
cluster increase in all sprouting dendrites were classified as monot-
onous. The increase of PSD-Zip45 clusters in the newly generated
dendritic segments was significantly faster than that in the parental
dendrites (Fig. 6 B,C). These results suggest the presence of regula-
tory mechanisms that enhance the formation of PSD structures in
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Figure 4.  Long-term remodeling of GFP-PSD-Zip45 clusters in cultured hippocampal neu-
rons. A, B, Remodeling of the same dendrite from 13 to 21 d in culture (div). B, Higher-
magpnification views of the regions enclosed by the white boxes in A. Thin filopodia disappeared,
and short spines with GFP clusters within their heads were generated (arrows). G, D, Colocaliza-
tion of newly formed GFP-PSD-Zip45 clusters with other PSD molecules. Newly generated GFP
clusters (arrows) between 15 and 16 d in culture were immunoreactive with anti-CortBP anti-
body (anti-(BP) and anti-GKAP antibody (anti-GKAP). £, Steady increase of the average density
of GFP-PSD-Zip45 clusters in culture. Scale bars, 5 pm.

sprouting dendrites and thereby maintain the uniformity of PSD-
Zip45 cluster density within individual neurons.

Synchronized addition and elimination of PSD-Zip45 clusters
We next analyzed dendritic segments that showed complex pat-
terns of cluster increase. Here we again extracted the positions,
sizes, and fluorescence intensities of GFP-PSD-Zip45 clusters by
automated processing of digital images. In the image sequence
shown in Figure 7A, GFP-PSD-Zip45 clusters decreased gradu-
ally until 17 d in culture and rapidly increased in number in a
subsequent 24 hr period. A similar rapid increase of the cluster
number took place in multiple time-lapse sequences (8 cases in 37
image sequences). Quantitative analysis revealed that total fluo-
rescence intensities derived from clusters changed according to
the number of clusters in the segment, but the diffuse fluores-
cence signal within the dendritic shaft remained constant (Fig.
7B). This result indicates that the assembly and disassembly of
PSD-Zip45 clusters are not dependent on the local concentration
of cytosolic PSD-Zip45 molecules. To determine whether new
clusters show a tendency to reappear on the same dendritic posi-
tions, we calculated the proportion of cluster reappearance to the
sites of previous cluster disappearance. The calculated propor-
tion (21.1%, data from seven dendrites of the complex remodel-
ing pattern) was not higher than the value obtained from the
dendritic domains without previous clusters (23.7%, data from
seven dendrites of the complex remodeling pattern). This result
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Figure5. Dendritic segments showing monotonous increase of the GFP-PSD-Zip45 clusters.
A, Time-lapse images of the dendritic segment showing monotonous increase of the clusters.
The right panels show the binary images of clusters extracted from the original fluorescence
images on the /eft. B, Changes in the average intensity values of the GFP-PSD-Zip45 clusters
(filled circles) and the dendritic shaft (open circles). , Changes in the sum of the intensity values
within individual GFP-PSD-Zip45 clusters. The differences in the total fluorescence per cluster
were not statistically significant. D, Changes in the sum of the intensity valuein all clusters (open
circles) and within the shaft region (filled circles). There was a 1.8-fold increase of the total
cluster intensity, whereas that within the dendritic shaft region remained stable. DIV, Days in
culture. Scale bar, 5 wm.

indicates that PSD-Zip45 clusters do not disappear and reappear
on the same position of the dendrites.

In image sequences with complex patterns of cluster increases,
the majority of dendritic segments within a single cell appeared to
increase or decrease the number of fluorescent clusters synchro-
nously. If the developmental profiles of PSD-Zip45 clusters are
regulated on a single-cell level, the patterns should be correlated
within a single neuron and should be variable between different
neurons. To test this possibility, the correlation in cluster develop-
ment of GFP-PSD-Zip45 was compared among dendrites of the
same cells and among dendrites originating from different cells (Fig.
8A). In this experiment, cells 1 and 3 showed a typical complex
pattern of cluster remodeling (Fig. 8 B). The patterns of cluster re-
modeling appeared to be similar among dendritic segments of the
same cell but were distinct among dendritic segments originating
from different cells. The average correlation coefficients between
dendritic segments from the same cells and from different cells were
calculated (Fig. 8C). Analysis of five sets of culture preparations re-
vealed that the correlation within the same cell was significantly
higher than that between different cells (Fig. 8 D). To avoid the pos-
sible influence of local activity to the pattern of cluster remodeling,
we selected 10 pairs of neurons located in the same vicinity (their cell
bodies located within 400 wm) and performed the same analysis.
Again the correlation within the same cell (0.70 % 0.085) was signif-
icantly higher than that between different cells (0.27 = 0.070; p <
0.01). Thus, even pairs of adjacent neurons show distinct patterns of
cluster remodeling. This result is consistent with the notion that
the pattern of PSD-Zip45 cluster development is regulated on a
single-cell level.

To determine whether the temporal patterns of cluster forma-
tion within dendritic segments are correlated with the spatial
distribution of dendritic segments, we calculated correlation co-
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Figure 6. Rapid increase of GFP-PSD-Zip45 clusters in newly generated dendritic segments.
A, Time-lapse images showing the initiation of dendritic sprouting at 17 d in culture. A newly
generated dendrite in the distal portion (D) formed fluorescent clusters rapidly, whereas the
density of fluorescent clusters in the proximal dendritic segment (P) was relatively stable. B,
Changes in the densities of GFP-PSD-Zip45 clusters in the distal, newly formed dendritic seg-
ments (filled circles) and the proximal, preexisting dendritic segments (open circles). Measure-
ments of three neurons from three independent culture preparations were presented. (, Rate of
cluster density increase in the distal and proximal part of the sprouting dendrites. Data are
derived from analysis of a total of nine neurons in five independent culture preparations (**p <
0.01). Scale bar, 5 um.

efficients of the temporal patterns of cluster formation between
pairs of dendritic segments 10 wm in length (Fig. 9A,B). The
correlation coefficient was 0.68 on average (n = 78), indicating
that the pattern of cluster development is highly synchronized.
Scatter plots of correlation coefficient versus distances between
paired dendritic segments showed that there was no strong rela-
tionship between these two parameters. The same data set was
analyzed in a different protocol. We grouped dendritic segments
10 um in length by their relationship to dendritic branching;
namely, dendritic segments without any intervening branch
points were grouped together. Again we plotted correlation coef-
ficients of the pairs of dendritic segments within and between
these groups (Fig. 9C). Analysis of four neurons that showed a
complex pattern of cluster increase revealed that the correlation
coefficients within the groups were not significantly greater than
the values between groups (Fig. 9D). These results indicate that
the patterns of PSD-Zip45 cluster development are regulated to
maintain the uniformity of PSD density throughout the dendritic
arborization within a single cell.

Long-term remodeling of PSD-95 clusters

To determine whether similar long-term remodeling took place in
PSD-95 clusters, we obtained images of dendrites from PSD-95-
GFP-expressing cells at 24-hr intervals over 11-18 d in culture. The
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Figure7.  Dendritic segments showing a complex pattern of GFP-PSD-Zip45 cluster remod-
eling. A, Time-lapse images of the dendritic segment showing a complex pattern of cluster
remodeling. The right panels show the binary images of clusters extracted from the original
fluorescence images on the /eft. B, Changes in the total intensity values within clusters (open
circles) and within the shaft region (filled circles). The total intensity values of the clusters
showed a gradual decrease and a subsequent abrupt increase (open circles), whereas those
within the dendritic shaft region were relatively stable (filled circles). DIV, Days in culture. Scale
bar, 5 wm.

fluorescence intensity of PSD-95-GFP clusters was lower than that of
PSD-Zip45-GFP clusters even in the imaging conditions of elevated
laser intensity. To avoid phototoxic effects, we restricted the record-
ing regions to two secondary dendrites of each neuron. In the image
processing of PSD-95-GFP clusters, we have to include the step of
manually eliminating the background fluorescence signals to deter-
mine the regions of fluorescent clusters (see Materials and Methods).
Nevertheless, it was possible to identify PSD-95-GFP clusters (Fig.
10A,B) and to determine the density of the clusters per unit length of
the dendrites (Fig. 10C). Transient PSD-95 clusters were frequently
observed (Fig. 10A,B, arrows), and a rapid increase of PSD-95 clus-
ters within 24 hr (Fig. 10B, 16 DIV, 17 DIV, similar to the behavior
of PSD-Zip45 clusters (Fig. 7A), was detected. We measured the
number of PSD-95 clusters from 26 independent time-lapse se-
quences (images were obtained from 13 cells in four independent
culture preparations). Temporal profiles of PSD-95-GFP cluster
density can be classified into two categories: the monotonous pat-
tern of cluster increase and the complex pattern of remodeling. We
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Figure8. Correlation of the pattern of GFP-PSD-Zip45 cluster change within single neurons. A, Dendritic morphology of three

hippocampal neurons expressing GFP-PSD-Zip45 in the same culture preparation. The densities of fluorescent clusters within the
region enclosed by the green rectangles were measured. B, Patterns of the cluster density change in the four dendritic regions
shown in A. The patterns between the dendrites of the same cell appeared to be similar, whereas the patterns between the
different cells appeared to be distinct. ¢, Correlation coefficients calculated from the temporal patterns shown in B. There was a
tendency that the average correlation coefficients between dendrites of the same cell (7-7, 2-2, 3-3) were higher than those
between different cells (7-2, 7-3, 2-3). D, The average correlation coefficients between dendrites of the same cell were significantly
higher that those between different cells. Data are derived from analysis of a total of 60 dendritic segments in five independent

culture preparations (**p << 0.01). Scale bar, 50 pm.

identified 14 image sequences in the former category (Fig. 10A) and
12 in the latter category (Fig. 10 B). This result is consistent with the
multiple patterns of PSD-Zip45 remodeling described previously.

We next compared the correlation in cluster development of
PSD-95-GFP among dendrites of the same cells and among those
of different cells (Fig. 10C). The patterns of cluster remodeling
appeared to be similar among dendritic segments of the same
cells. This difference was statistically significant in the analysis of
three sets of culture preparations (Fig. 10D). Thus, correlated
remodeling of GFP clusters within cells was confirmed in the two
distinct PSD molecules, PSD-Zip45 and PSD-95.

Effects of activating cAMP-dependent signaling on

PSD remodeling

Generation and elimination of synapses and their molecular
composition are regulated by neuronal activity and intracellular
signaling mechanisms (Rao and Craig, 1997; Turrigiano et al.,
1998; Liao et al., 1999; Murthy et al., 2001). Therefore, we next
tested whether pharmacological manipulation of signaling mech-
anisms can influence the long-term remodeling of PSD-Zip45
clusters. We could not test the effects of blocking sodium channel
activation or fast glutamatergic transmission because of the dete-
riorating effects of prolonged incubation with the sodium chan-
nel blocker TTX and the AMPA-type glutamate receptor blocker
CNQX in our culture system. Phosphorylation is a candidate
means for regulating synchronized remodeling of the PSD pro-
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teins. Previous studies showed involve-
ment of the cAMP-dependent protein ki-
nase (PKA) in synaptic potentiation
(Kameyama et al., 1998; Lee et al., 2000)
and recruitment of postsynaptic proteins
(Crump et al,, 2001; Gomez et al., 2002).
Application of the membrane-permeable
cAMP analog Sp-cAMPS induced sup-
pression of the decremental stage in the
temporal profiles of cluster change (Fig.
11A,B). Prolonged incubation with Sp-
cAMPS did not affect the increase of the
average cluster density. We also observed
a general increase of the temporal correla-
tion between dendritic segments. This ef-
fect was mainly attributable to the less
complex temporal profiles of cluster
remodeling.

Distribution of PSD-Zip45 can be
modulated by the neuronal activity (Ok-
abe et al., 2001b), and the effect of Sp-
cAMPS might be specific to the PSD mol-
ecules with dynamic properties similar to
PSD-Zip45. We first analyzed acute ef-
fects of Sp-cAMPS application to the
PSD-Zip45 dynamics. In contrast to the
effects of NMDA receptor activation and
membrane depolarization, application of
Sp-cAMPS did not induce rapid redistri-
bution of PSD-Zip45 (data not shown).
Next we performed retrospective immu-
nocytochemistry of GFP-PSD-Zip45-
expressing neurons with anti-PSD-95 an-
tibody. If cAMP-dependent signaling is
only related to the dissociation of PSD-
Zip45 away from the core PSD structure
and does not influence the remodeling of
the entire postsynaptic structure, dendritic domains that lost
GFP-PSD-Zip45 clusters should be still immunoreactive with
anti-PSD-95 antibody. However, retrospective immunocyto-
chemistry
revealed that >90% of the dendritic domains that had lost
GFP-PSD-Zip45 clusters were immunonegative with anti-
PSD-95 antibody (Fig. 11C,D). Furthermore, this correlation
between PSD-Zip45 disappearance and the absence of PSD-95
immunoreactivity was not influenced by the treatment with
Sp-cAMPS. Thus, it is less likely that Sp-cAMPS suppressed
the dynamics of a specific subset of the PSD molecules.

Small number of synaptic contacts generated by a single
afferent fiber

In culture conditions, the number of neurons projecting to a
single pyramidal neuron should be much smaller than the num-
ber in the intact hippocampus. If a single neuron receives synap-
tic inputs from only a few afferent fibers, the synchronized pat-
tern of PSD remodeling in a single cell can be explained by strong
influences of these specific afferent fibers. To estimate the num-
ber of the PSDs associated with presynaptic structures originating
from a single afferent, we infected wild-type hippocampal neu-
rons in culture with two types of recombinant adenoviruses car-
rying either PSD-95-YFP cDNA or synaptophysin-CFP cDNA.
By adjusting the titers of these two adenoviruses, it was possible to
minimize the number of cells expressing both marker proteins.
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We selected neurons expressing PSD-95-
YFP with their dendritic fields isolated
from other neurons and recorded the im-
ages of the entire dendritic field where
a single axon expressing synaptophy-
sin-CFP formed synaptic contacts (Fig.
12A-C). On average, only 11.7% of total
PSD-95 clusters were associated with
synaptophysin-CFP clusters (Fig. 12D).
Therefore, the contribution of a single
axon to the total synaptic contacts on a
single postsynaptic neuron was small, and
the synchronized pattern of the PSD re-
modeling cannot be explained by the
strong influence of a single afferent fiber.

vy

Discussion

This study aimed to illustrate how indi-
vidual PSD structures are assembled and
eliminated in the stage of active synapto-
genesis. Although the average density of
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GFP-tagged PSD clusters showed a steady M
increase from 11 to 17 d in culture, the
temporal patterns of cluster density
within individual dendritic segments were
heterogeneous and complex. Comparison
of the temporal profiles of cluster density
among neurons showed synchronization
of cluster addition and elimination within
a single cell. This experimental evidence
suggests an active and integrating role of
the dendrite in the homeostasis of synapse
density.

We previously performed repeated
imaging of PSD-95 clusters expressed by
adenovirus-mediated gene transfer in cul-
tured hippocampal neurons and pre-
sented evidence that the rate of addition and elimination of
PSD-95 clusters was much higher than the net increase of PSD-95
cluster density (Okabe et al., 1999). Although this type of study
using transfection or virus-mediated gene transfer provided in-
formation on synapse remodeling in time scales from seconds to
hours, prolonged observation of single neurons over days or
weeks was difficult, mainly because of variable and unstable ex-
pression of GFP-tagged molecules. By using neurons derived
from transgenic mice, we could achieve very stable expression of
GFP-tagged PSD molecules in culture. This property enabled us
to extract the number, location, and intensity of fluorescent clus-
ters automatically and to perform detailed quantitative analyses.
The pattern of the development of the PSD structure observed in
this study was consistent with our previous studies using PSD-
95-GFP adenovirus (Okabe et al., 1999, 2001a); namely, there was
aconsistent and gradual increase in the average density of PSDs in
culture. On the other hand, addition and elimination of individ-
ual PSD structures took place at a rate much higher than the net
increase of PSDs.

One possible caveat to our present analysis is the validity of
GFP-PSD-Zip45 fluorescence as a marker of the PSD structure.
Our immunocytochemical analysis indicated extensive overlap
of GFP-PSD-Zip45 clusters with other postsynaptic molecules,
such as PSD-95, GKAP, and CortBP. This result supports the
notion that PSD-Zip45 can be used as a probe to visualize
the PSD dynamics. On the other hand, we previously compared
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Temporal patterns of cluster remodeling and spatial distribution of dendritic segments. A, GFP-PSD-Zip45-expressing
neuron and the positions of 10 rm dendritic segments analyzed for cluster density change. Cluster densities of 13 segments in four
primary and secondary dendrites were analyzed. B, Relationship between the correlation coefficients of two dendritic segments
and the distance between the segments along dendritic shafts. The correlation coefficients of the temporal patterns of cluster
density changes were calculated for 78 pairs of dendritic segments. The dashed line is the best fit correlation line (slope = —4.2 X
10 ~% p > 0.65). C, Pseudocolor presentation of the correlation coefficients of 78 pairs of dendritic segments. Here, 13 dendritic
segments were classified into four dendritic domains, according to their relative positions to the branch points of the dendrites. A
single dendritic domain corresponds to the dendritic structure without any intervening branch points. D, The average correlation
coefficients between dendritic segments within the same dendritic domains (/) or between segments of different dendritic
domains (£). Data from four different cells in three different culture preparations are presented. The differences were not statis-
tically significant in all pairs (p > 0.65). Scale bar, 25 um.

the behavior of GFP-tagged PSD-95 and PSD-Zip45 molecules
and presented evidence that a small number (~10%) of GFP-
PSD-Zip45 clusters change their fluorescence intensity rapidly
(Okabe et al., 2001b). Therefore, it is possible that 10% of the
GFP-PSD-Zip45 clusters are transient, and their turnover is not
correlated with the behavior of other clusters. However, we
showed that >90% of newly generated GFP-PSD-Zip45 clusters
were immunopositive with other markers of the PSD, such as
GKAP and CortBP. Furthermore, the degree of cluster remodel-
ing during a period of 24 hr was frequently more than a twofold
increase or decrease. This dramatic change in cluster density can-
not be explained merely by the small transient fraction of the
PSD-Zip45 clusters. Finally, we showed that the behavior of PSD-
95, which does not show activity-dependent rapid recruitment
(Okabe et al., 1999, 2001b), was similar to that of PSD-Zip45 in
long-term visualization experiments described here. Taken to-
gether, it is less likely that the observed pattern of cluster addition
and elimination was severely influenced by the transient PSD-
Zip45 clusters. Although our data provided evidence of synchro-
nous remodeling of PSDs containing PSD-95 and PSD-Zip45
molecules, it is still possible that other postsynaptic components,
such as AMPA receptors and their cytoplasmic binding proteins,
behave differentially (Fig. 2D). Even in mature hippocampal
neurons, only 50-60% of NMDA receptor-containing synapses
were positive with AMPA receptors (Liao et al., 1999). A large
number of studies provided evidence of rapid redistribution of
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Figure10.  Long-term remodeling of PSD-95-GFP clusters in cultured hippocampal neurons.
A, B, Remodeling of the same dendrites from 13 to 18 d in culture (DIV/). Image sequences in A
show a dendritic segment with monotonous increase of the PSD-95 clusters. Although the
density of the PSD-95-GFP clusters increased with time, disappearance of preexisting clusters
was frequent (4, arrows). A dendritic segment showing a complex pattern of PSD-95-GFP clus-
ter remodeling (B) was also observed. In this image sequence, large PSD-95-GFP clusters
present in the firstimage (arrows) were disassembled 24 hr later. Subsequently, rapid increase
of the PSD-95-GFP clusters was observed at 17 and 18 d in culture. Scale bar (4, B), 5 um. G,
Patterns of the cluster density change in two dendritic regions of three cells present in the same
culture preparation. The patterns between the dendrites of the same cells appeared to be
similar, whereas the patterns between the different cells were distinct. D, The average correla-
tion coefficients between dendrites of the same cell were significantly higher than those be-
tween different cells. Data are derived from analysis of a total of 26 dendritic segments in four
independent culture preparations (**p < 0.01).

AMPA receptors after stimulation (Lissin et al., 1999; Shi et al.,
1999; Hayashi et al., 2000). Simultaneous long-term imaging ex-
periments of AMPA receptors and PSD proteins, including
PSD-95 and PSD-Zip45, will be necessary to clarify the relation-
ship between rapid redistribution of AMPA receptors and long-
term remodeling of PSD proteins described in this study.
Filopodia are abundant in immature dendrites and are subse-
quently replaced by stubby, mushroom-shaped spines. This mor-
phological transition was proposed initially from electron micro-
scopic analysis of the hippocampus in vivo (Schwartz et al., 1968;
Harris et al., 1992), and supporting evidence in culture prepara-
tions has also accumulated (Ziv and Smith, 1996; Okabe et al.,
2001a). However, the evidence was derived mainly from the com-
parison of cells in different culture preparations, and evidence
that a single dendrite can change its morphology during develop-
ment was lacking. Repeated observation of the same dendrite for
>1 week enabled us to compare the structural remodeling of
filopodia-rich dendrites to those covered by typical spines with
clusters of PSD-Zip45 (Fig. 4A,B). Because our sampling fre-
quency was low, we could not conclude that a single motile filop-
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Figure 11.  Suppression of GFP-PSD-Zip45 cluster elimination by activation of cAMP-
dependent signaling mechanisms. 4, Patterns of cluster density change in four dendritic seg-
ments of a single neuron. Cells were either treated with 100 v Sp-cAMPS from 11to 15d in
culture or unperturbed. The temporal profiles of the control neurons show decremental phases
of cluster remodeling. The decremental phases were less prominent in neurons treated with
Sp-cAMPS. B, The average cluster elimination index (the cumulative number of eliminated
clusters divided by the sum of the cluster numbers; see Materials and Methods) was significantly
reduced in cells treated with Sp-cAMPS. Data are derived from analysis of a total of 12 dendritic
segments in four neurons for both control and treated culture preparations (*p << 0.05). Two
independent culture preparations showed similar effects of Sp-cAMPS (suppression of cluster
elimination indexes were 41.1 and 41.4% of the controls). C, Retrospective immunocytochem-
istry of GFP-PSD-Zip45 expressing neurons with anti-PSD-95 antibody. After recording of the
GFP-fluorescence from 11 to 16 d in culture (DIV), cells were fixed and immunostained with
anti-PSD-95 antibody. The temporal patterns of cluster remodeling were analyzed for each
dendritic segment, and the segments in the decremental phase were analyzed for the presence
of PSD-95 clusters at the dendritic domains where GFP-PSD-Zip45 clusters disappeared (ar-
rows). Scale bar, 5 m. D, Absence of PSD-95 clusters in the dendritic domains that had lost
GFP-PSD-Zip45 clusters. More than 90% of the dendritic domains were immunonegative with
anti-PSD-95 antibody both in the absence and presence of Sp-cAMPS.

odium was subsequently stabilized to form a stable spine. Im-
provement of the culturing technique of primary neurons on a
microscope stage will be important to monitor the whole stage of
the spine development.

Analysis of GFP-PSD-Zip45 and PSD-95-GFP clusters re-
vealed that regulation of the cluster addition and elimination was
controlled on a single-cell level. This finding suggests the pres-
ence of a signaling mechanism that controls the total number of
synapses within a single neuron. This mechanism should coop-
erate with the other mechanisms, such as long-term potentiation,
that control the strength of individual synapses to produce the
synapse heterogeneity. It is possible that inhibitory molecules
present throughout dendrites regulate the balance between as-
sembly and disassembly of PSD molecules. In the case of PSD-
Zip45, Homer la is an ideal molecule to play this role, because
this protein is induced by neuronal activity and competes with
Homer lc (PSD-Zip45) for its binding partners (Xiao et al.,
1998). Dynamics of PSD-95 can be potentially regulated by re-
versible palmitoylation of the two Cys residues at the N-terminal
domain (El-Husseini et al., 2002). It is possible that dense synap-
tic contacts promote activation of AMPA receptors and subse-
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Figure 12.  Identification of the PSD structures associated with a single afferent fiber. A-(,
Fluorescence images of the dendritic field expressing PSD-95-YFP (4, red) and a single incoming
axon expressing synaptophysin-CFP (B, green). The contact sites between these two fluorescent
clusters can be identified in the superimposed image (C, arrows). D, The fraction of PSD-95
clustersin a single postsynaptic cell making contact with synaptophysin puncta derived from a
single axon (Syph(+)) was only 11.7% of the total PSD-95 clusters. In turn, the fraction of
PSD-95 clusters without presynaptic fluorescent clusters (Syph(—)), possibly associated with
other axons, was 88.3%. Data were derived from analysis of a total of 10 PSD-95-YFP-
expressing neurons in two independent culture preparations. Scale bar, 10 pm.

quently lead to the PSD-95 depalmitoylation, which has been
shown to disperse synaptic PSD-95 clusters. Because PSD-95 and
PSD-Zip45 are known to be involved in the formation of the
molecular complex that links NMDA receptors and mGluRs, ac-
tivation of NMDA receptors and mGluRs is a possible trigger of
PSD assembly and disassembly. It has been shown previously that
activation of NMDA receptors and mGluRs can induce structural
change of synapses (Engert and Bonhoeffer, 1999; Maletic-
Savatic et al., 1999; Vanderklish and Edelman, 2002). Possible
involvement of these two glutamate receptors in the synchro-
nized PSD remodeling should be clarified by identifying the ex-
perimental conditions to selectively manipulate the activity of
receptors.

Phosphorylation is another candidate means for regulating
synchronized remodeling of the PSD proteins. Previous studies
showed that suppression of PKA inhibited potentiation of previ-
ously depressed synapses (Kameyama et al., 1998; Lee et al.,
2000). PKA activation can recruit NMDA receptors to the syn-
apses (Rao and Craig, 1997; Crump et al., 2001). Furthermore, a
recent study showed postsynaptic targeting of PKA and A-kinase
anchoring protein 79/150 and their dynamic redistribution (Go-
mez et al., 2002). Therefore, it is possible that activation of PKA
protects PSDs from elimination through the potentiation of the
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depressed synapses. Our observation that activation of cAMP-
dependent signaling mechanisms prevented the cells from enter-
ing the decremental phase of PSD-Zip45 cluster formation is
consistent with this hypothesis. It is also possible that other sig-
naling mechanisms, such as the protein kinase C pathway, are
involved in the molecular dynamics of the PSD. Activation of
protein kinase C induces accumulation of Homer la but not
Homer 1c at the synaptic sites (Kato et al., 2001). The accumu-
lated Homer 1a can suppress the formation of PSD-Zip45 clus-
ters. In this case, protein kinase C activation and activity-
dependent synthesis of Homer 1a should be coupled to influence
the PSD-Zip45 remodeling.

A large body of work has suggested that suppression of synap-
tic activity can enhance the synaptic strength (Rao and Craig,
1997; Lissin et al., 1998; Turrigiano et al., 1998; Liao et al., 1999).
This process, called disuse hypersensitivity, is associated with an
increase in synaptic size, including the average area of the PSDs
(Murthy et al., 2001). In our culture system, cells containing a
higher density of PSDs are likely to be the cells receiving more
excitatory inputs. The synchronized elimination of PSDs during
long-term synaptic remodeling can be explained as a reversal of
disuse hypersensitivity; namely, the cells receiving inadequately
strong inputs can use the synchronized PSD elimination to set the
synaptic strength constant. Our experimental data suggest the
possibility that synchronized PSD elimination plays a role in ho-
meostatic regulation of total synaptic strength within a single cell.
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