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Drebrin A Is a Postsynaptic Protein That
Localizes In Vivo to the Submembranous
Surface of Dendritic Sites Forming
Excitatory Synapses

CHIYE AOKI,* YUKO SEKINO,>®* KENJI HANAMURA,> SHO FUJISAWA,!
VEERAVAN MAHADOMRONGKUL,! YONG REN,> axo TOMOAKI SHIRAO?*
!Center for Neural Science, New York University, New York, New York 10003
?Department of Neurobiology and Behavior, Gunma University Graduate School of
Medicine, Maebashi, Gunma 371-8511, Japan
Core Research for Evolution Science and Technology, Japan Science and Technology
Corporation, Kawaguchi 332-0012, Japan

ABSTRACT

Drebrin A is a neuron-specific, actin binding protein. Evidence to date is from in vitro studies,
consistently supporting the involvement of drebrin A in spinogenesis and synaptogenesis. We
sought to determine whether drebrin A arrives at the plasma membrane of neurons, in vivo, in
time to orchestrate spinogenesis and synaptogenesis. To this end, a new antibody was used to
locate drebrin A in relation to electron microscopically imaged synapses during early postnatal
days. Western blotting showed that drebrin A emerges at postnatal day (PNd) 6 and becomes
progressively more associated with F-actin in the pellet fraction. Light microscopy showed high
concentrations of drebrin A in the synaptic layers of the hippocampus and cortex. Electron
microscopy revealed that drebrin A in these regions is located exclusively in dendrites both
neonatally and in adulthood. In adulthood, nearly all of the synaptic drebrin A is within spines
forming asymmetric excitatory synapses, verified by y-aminobutyric acid (GABA) negativity. At
PNd7, patches of drebrin A immunoreactivity were discretely localized to the submembranous
surfaces of dendrites forming slight protrusions—protospines. The drebrin A sites exhibited only
thin postsynaptic densities and lacked axonal associations or were contacted by axons that
contained only a few vesicles. Yet, because of their immunoreactivity to the NR2B subunit of
N-methyl-p-aspartate receptors and immunonegativity of axon terminals to GABA, these could
be presumed to be nascent, excitatory synapses. Thus, drebrin A may be involved in organizing
the dendritic pool of actin for the formation of spines and of axospinous excitatory synapses

during early postnatal periods. J. Comp. Neurol. 483:383—-402, 2005.

© 2005 Wiley-Liss, Inc.

Indexing terms: synaptogenesis; F-actin; NR2B; NHDA receptor; cortex; hippocampus; electron
microscopy; spinogenesis; proto-spines

Drebrins are F-actin binding proteins, first identified by
their surging expression during synaptogenesis (Shirao et
al., 1988; Shirao, 1995). Two isoforms of drebrin occur in
mammals—drebrin E (embryonic form) and drebrin A
(adult form; Shirao and Obata, 1986; Shirao et al., 1989;
Hayashi et al., 1998), generated by alternative mRNA
splicing from a single gene (Kojima et al., 1993). Both are
expressed in neurons, but only drebrin A is neuron-
specific (Shirao and Obata, 1986). Their cellular distribu-
tions have been studied using a monoclonal antibody,
M2F6, that recognizes both the adult and embryonic iso-
forms. Within non-neuronal cells, drebrin E colocalizes
with actin stress fibers along sites adhering to the sub-
stratum (Asada et al., 1994; Peitsch et al., 1999), while in
cultured neurons, drebrins E and A localize to spines
(Shirao et al., 1987; Hayashi et al., 1996), together with
F-actin (Takahashi et al., 2003). Transfection of non-

© 2005 WILEY-LISS, INC.

neuronal cells with drebrin A-cDNA leads to enhanced
adhesion of these cells to the substratum (Ikeda et al.,
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1995) and the appearance of neurite-like processes (Shirao
et al., 1992), while transfection of cultured hippocampal
neurons with drebrin A-cDNA causes dendritic spines to
elongate (Hayashi and Shirao, 1999). These observations
indicate that drebrin A may be involved in neurite exten-
sion and spine formation. Within cultured neurons, the
arrival of drebrin A in spines precedes the arrival of PSD-
95, and suppression of drebrin A using antisense oligonu-
cleotide prevents the formation of PSD-95 clusters within
spines (Takahashi et al., 2003). These more recent obser-
vations indicate that the molecular maturation of proto-
spines into mature spines may be governed by the forma-
tion of drebrin A—actin complexes.

The two drebrin isoforms can be distinguished by using
Western blots. Within the cortex and the hippocampus,
drebrin E is the major isoform expressed in rat brains at
postnatal day 7 (PNd7) and the slightly larger drebrin A
isoform becomes more prevalent by PNd21 (Hayashi et al.,
1998). These observations suggest a rapid conversion of
drebrin isoforms during the phase of spine and synapse
formation. Might the embryonic isoform, drebrin E, be
involved in the initial formation of protospines or filopo-
dia, with the adult isoform, drebrin A, taking over the
subsequent steps to govern the molecular maturation of
protospines? If so, one would predict that drebrin A ap-
pears only after the establishment of morphologically
identifiable spine heads and that drebrin A remains in
spines after synapses have become established.

In this study, the emergence of drebrin A within intact
cortex and hippocampus was examined by using a newly
generated antibody, DAS2. Unlike its predecessor, M2F6,
DAS2 recognizes drebrin A selectively and does not recog-
nize drebrin E. Also, unlike DAS1, the previously made
anti-drebrin A antibody (Shirao et al., 1994), DAS2 is
compatible with immunocytochemistry. Using DAS2, elec-
tron microscopy was used to analyze the distribution of
drebrin A in relation to newly forming synapses. Within
the cortex and hippocampus of postnatal day (PNd) 7 rats,
newly forming presumptive synapses could be distin-
guished from well-established excitatory synapses, based
on the scarcity of vesicles within the abutting axons, ab-
sence of postsynaptic densities (PSDs), and/or absence of
spine necks. Adult tissue was also sampled for determin-
ing whether drebrin A occurs exclusively at asymmetric
excitatory synapses or across a mixture of excitatory, in-
hibitory, and neuromodulatory synapses.

MATERIALS AND METHODS
Animals

For the light and electron microscopic studies, Wistar
rats were purchased from Charles River and bred in the
NYU animal center in accordance with the guidelines
published in the NIH Guide for the Care and Use of
Laboratory Animals. For the biochemical analyses, male
Wistar rats at PNd 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20,
and at 15-weeks postnatal were used. These Wistar rats
were housed in the animal center of Gunma University
Graduate School of Medicine.

All experiments were carried out according to the Ani-
mal Care and Experimentation Committee of Gunma Uni-
versity, Showa Campus and of New York University.
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Subcellular fractionation

Animals were deeply anesthetized with ether inhalation
and the specified brain regions were removed. Each tissue
was homogenized by sonication in 10 volumes of 5 mM
Tris-HCI, pH 7.5, 150 mM NacCl, 0.5 mM dithiothreitol, 1%
NP-40, and protease inhibitors (1 uM leupeptin, 250 uM
phenylmethyl sulfonyl fluoride, 2 uM pepstatin), yielding
the crude fraction. The crude fraction was then centri-
fuged at 200,000 X g for 60 minutes at 4°C (Optima TLX
Ultracentrifuge, Beckman Instrument, Fullerton, CA), so
as to bring down the F-actin in the pellet fraction but to
retain actin monomers (G-actin) in the supernatant (Fox,
1985; Crosbie et al., 1991). The supernatant thus obtained
was considered a mixture of the cytosolic fraction plus
some portion of the membranous proteins solubilized by
NP-40. The pellet was washed once and suspended di-
rectly with the sodium dodecyl sulfate (SDS) sample
buffer in preparation for Western blotting. For extraction
experiments, the pellet was again homogenized by sonica-
tion in 10 volumes of the high salt buffer containing 1 M
NaCl and was then centrifuged at 200,000 X g for 60
minutes at 4°C.

Use of the three anti-drebrin antibodies in
Western blots to characterize the
developmental changes in the expression of
drebrin isoforms across brain regions

For the detection of specific isoforms of drebrin, the
Western blot membranes were probed with the M2F6
monoclonal antibody (Medical and Biological Laborato-
ries, Japan), previously shown to recognize both the E and
the larger A isoforms (Shirao et al., 1994). Alternatively,
the expression level of drebrin A was probed using the
polyclonal antibody DAS1, which recognizes the amino
acid sequences unique to the A isoform: 319-335, 342—
353, and 354-363 (Shirao et al., 1994).

Because DAS1 was shown not to be compatible with
immunocytochemistry, a new polyclonal antibody, DAS2,
was generated for the present study. DAS2 was directed
against peptide Phe-Ile-Lys-Ala Ser-Asp-Ser-Gly-Pro-Ser-
Ser-Ser (residues 325—-336) that is also unique to the adult
form of drebrin (Shirao et al., 1992). DAS2 was purified by
epitope selection, using the above polypeptide.

Proteins from equal wet weights of tissue were sepa-
rated by polyacrylamide SDS gel electrophoresis and
transferred to an Immobilon-P membrane (Millipore, Bed-
ford, MA). Detection of immunoreactive bands was made
using the ECL Western Blotting analysis system (Amer-
sham, Buckinghamshire, UK). Further details of the
methods appear elsewhere (Hayashi et al., 1998).

For quantitative analysis, signals were densitometri-
cally quantified by the NIH-Image analysis system. Data
were statistically analyzed by the Student’s ¢ test. All of
the data were presented as a mean + SEM.

Preparation of tissue for light and electron
microscopy

Nine adult and 10 PNd7 Wistar rats were transcardially
perfused with a mixture of aldehydes for fixation. All
fixatives contained 0.1 M phosphate buffer (PB, pH 7.4)
and 4% paraformaldehyde. For three of the adults and
four of the neonates, 1% glutaraldehyde was added to the
fixative. For two of the adults and three of the neonates,
3% acrolein was added to the fixatives. Slabs of brains



DREBRIN A LOCALIZES TO DENDRITIC SITES

were sectioned in the sagittal or coronal plane, using a
Vibratome, and fixation was terminated by reacting free-
floating sections with 1% sodium borohydride made in 0.1
M PB. Sections were stored at 5°C, free-floating in a solu-
tion consisting of 0.9% sodium chloride (saline), 0.01 M
phosphate buffer (pH 7.4), and 0.05% sodium azide (PBS—
azide) to prevent bacterial growth.

Immunocytochemistry

The silver-intensified gold (SIG) was chosen as the label
to optimize subcellular localization of drebrin A, while the
horseradish peroxidase—diaminobenzidine (HRP-DAB)
reaction product was used to maximize detection of dre-
brin A (Aoki et al., 2000). For both labeling procedures,
sections were first treated to terminate the aldehyde fix-
ation by immersing in a solution consisting of 1% hydro-
gen peroxide mixed in 0.1 M PB at room temperature for
30 minutes. These sections were incubated in a solution
consisting of 0.01 M PB, saline (0.9% NaCl), and contain-
ing 1% bovine serum albumin (BSA) to minimize back-
ground immunolabeling and 0.05% sodium azide to mini-
mize bacterial growth in the buffer. After preincubating
sections for a minimum of 30 minutes, free-floating sec-
tions were incubated in the primary antibody solution,
consisting of a 1:1,000 dilution of DAS2 in PBS-BSA-
azide. The incubation was for 1 to 4 days at room temper-
ature, under constant, gentle agitation. For immunolabel-
ing that used the HRP reaction product as the label, the
standard ABC Elite kit from Vector was used. For sections
immunolabeled using SIG as the label, sections were in-
cubated in a solution containing a 1:100 dilution of colloi-
dal gold (0.8 nm) -conjugated goat anti-rabbit IgG, pro-
duced by Aurion (EM Sciences). The electron microscopy-
grade silver-intensification kit (IntenSEM, Amersham)
was used to enlarge the gold particles to sizes detectable
by electron microscopy. Further details were as described
previously (Aoki et al., 2000).

To determine whether the drebrin A-immunoreactive
sites are contacted by glutamatergic or y-aminobutyric
acid (GABA)ergic terminals, two ultrastructural immuno-
cytochemical tests were performed. One was to probe for
the coexistence of drebrin A with the NR2B subunit of
N-methyl-p-aspartate (NMDA) receptors along the
postsynaptic membrane. The other was to probe for the
presence of GABA within the axons positioned presynap-
tically to the drebrin A-site. The immunodetection of
GABA and the NR2B subunits followed Phend’s postem-
bedding gold immunolabeling procedure (PEG; Phend et
al., 1995) but with slight modifications, as described pre-
viously (Erisir et al., 2001; Fujisawa and Aoki, 2003). The
NR2B subunit antibody was purchased from Upstate
Technology (New York) and used at a dilution of 1:40. The
rabbit anti-GABA antibody was purchased from Sigma
and used at a dilution of 1:1,000.

Controls for immunocytochemistry

Specificity of the drebrin A antibody, DAS1, has been
published previously (Shirao et al., 1994). Selectivity of
the new anti-drebrin A antibody, DAS2, to drebrin A was
determined by verifying that the antibody recognized a
single band in Western blots (Fig. 1, right) corresponding
to the upper of the two bands recognized by the monoclo-
nal antibody, M2F6. In a previous study, the two bands
recognized by M2F6 were shown to be drebrin E (lower
band) and drebrin A (upper band; Shirao et al., 1994).
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Fig. 1. Specificity of the new drebrin A antibody, DAS2 as revealed

by Western blotting. The protein extract equivalent to 0.20 mg of wet
weight tissue was analyzed by Western blotting. Left column: West-
ern blot analysis using 8% gel showed that DAS2 antibody recognized
a single band (arrowhead), both in postnatal day 7 (PNd7) and post-
natal week 10 (PNw10) rat hippocampi. Right column: Top panel is a
Western blot of PNd7 rat hippocampus using 5% gel. The monoclonal
antibody M2F6 detected a faint band of drebrin A (A, upper band) in
addition of major band of drebrin E (E, lower band), as reported
earlier (Shirao et al., 1989; Imamura et al., 1992). DAS2 antibody
recognized drebrin A but not drebrin E. Bottom panel: Western blot of
PNw10 hippocampus. Both of M2F6 and DAS2 antibodies detected a
single band.

Within homogenates prepared from hippocampi of PNd7
and postnatal week 10 (PNw10), the new DAS2 antibody
did not recognize any protein band other than drebrin A
(left column of Fig. 1).

Further controls for immunocytochemistry were per-
formed using sections that were semiadjacent to the ones
used for immunocytochemistry. The control sections were
treated exactly as described under the Immunocytochem-
istry section above, except that the primary antibody was
omitted. This resulted in complete elimination of immu-
noreactivity for drebrin A, GABA, and the NR2B subunit
of NMDA receptors. In addition, preadsorption control for
the DAS2 antibody was performed. As noted above, DAS2
was purified by epitope selection, using the synthetic
polypeptide corresponding to the amino acid sequence
unique to drebrin A. The same synthetic peptide was
added to the DAS2 antibody solution at a concentration of
1 mg/ml at 37°C for 1 hour to preadsorb the primary
antibody. The preadsorption caused great reduction of
immunoreactivity within semiadjacent sections (further
details described under the Results section).

Specificity of GABA labeling was further verified elec-
tron microscopically, based on the abundance of PEG
within axon terminals forming axosomatic symmetric syn-
apses and the relative scarcity of PEG with axon termi-
nals forming asymmetric axospinous synapses (less than
1/30th of the colloidal gold/terminal content observed at
symmetric synapses). This outcome was similar to the
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results shown previously from this laboratory (Erisir et
al., 2001) and by others (Megias et al., 2001).

Viewing of immunocytochemically stained
sections

Sections were mounted on slides, coverslipped, and
viewed using the light microscope. For electron micros-
copy, sections were further fixed using 1% osmium tetrox-
ide, embedded in Embed 812, ultrathin-sectioned, and
viewed under the JEOL 1200XL electron microscope.
HRP-labeled sections were viewed without counterstain-
ing, so as to optimize detection of low levels of reaction
products along the membrane. SIG-labeled sections were
counterstained with Reynold’s lead citrate, because SIG
labels could still be identified against the contrast-
enhanced images of the neuropil. Images were captured
both on film and digitally by using the Hamamatsu CCD
camera from AMT (Boston, MA).

Ultrastructural analysis

Samples from the neocortex and hippocampus of five
adult brains and four neonatal brains were collected for
ultrastructural analyses, using an electron microscope.
Digitally captured images were used to quantify the areal
density of synaptic junctions and of immunolabeled pro-
cesses, using the Hamamatsu CCD camera and the data
acquisition system of AMT.

Processes were identified as axon terminals, based on
the presence of vesicles and absence of microtubules. Con-
versely, dendritic shafts were identified by the absence of
vesicles and, most often, also by the presence of microtu-
bules. The putatively postsynaptic sites within neonatal
tissue were identified by their juxtaposition to processes
that were more clearly identifiable as axonal processes.

Where possible, junctions were identified as symmetric
vs. asymmetric, based on the absence vs. presence, respec-
tively, of PSDs. Junctions were also identified as forming
on a dendritic shaft vs. a spine. The spines were distin-
guished from shafts, based on the absence of mitochondria
or of microtubules or of vesicles in the cytoplasm.

The morphological criteria used to judge a synapse as
mature and asymmetric were as follows: Parallel align-
ment of the dendritic and axonal plasma membranes; a
collection of vesicles that are closely bounded by the
plasma membrane or clustered near the presynaptic
plasma membrane; presence of the PSD; and narrowing of
the neck, if the synapse was on a spine. All of the axospi-
nous junctions within adult tissue exhibited all of these
characteristics, whereas few within PNd7 tissue exhibited
all of these characteristics. This finding indicated that our
criteria were useful for discriminating immature from ma-
ture synapses. Most of the asymmetric synapses of PNd7
tissue showed one or more of the following features: spine
heads in which the neck was not narrowed; PSDs that are
detectable but thin; and presynaptic profiles with only a
few vesicles, most of which were at sites removed from the
junction. Intercellular junctions exhibiting any of these
features were categorized as presumptive immature syn-
apses.

In neonatal tissue only, processes sometimes came in
direct contact and were immunolabeled at contact sites
but neither side could be identified as axonal or dendritic.
These were categorized as junctional but were excluded
from the “presumptive immature synapse” category. Pro-
trusions along the plasma membrane of dendrites for
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which the axonal partner could not be identified were
referred to as nonjunctional protospines and also excluded
from the presumptive immature synapse category.

Within adult tissue, synapses on dendritic shafts and
somata sometimes lacked PSDs. These were categorized
as symmetric synapses. Within PNd7 tissue, only those
synapses exhibiting more than four vesicles near the cleft,
yet lacking PSDs, were categorized as symmetric and ma-
ture.

The synapse categories described above are congruent
with previously accepted categories for symmetric (inhib-
itory) and asymmetric (excitatory) synapses within adult
and developing tissue (Purpura and Pappas, 1972;
Vaughn, 1989; Harris, 1999; Megias et al., 2001; Marty et
al., 2002; Peters, 2002; Minelli et al., 2003).

Quantitative analysis of synapses

Quantitative analysis of HRP-labeled adult tissue was
performed upon immunolabeled synaptic profiles collected
from 36 nonoverlapping fields, with each field encompass-
ing 12.25 um?. We determined the proportion among the
encountered synapses that were or were not labeled, la-
beled pre- or postsynaptically, at an asymmetric or a sym-
metric synapse, and formed on a dendritic spine or a
dendritic shaft. Quantitative analysis of HRP-labeled
PNd7 tissue was performed similarly, by categorizing the
randomly encountered synapses from 26 nonoverlapping
fields into groups that were or were not labeled, labeled
pre- or postsynaptically, at a symmetric or an asymmetric
synapses, and with immature or mature morphological
features.

Further quantitative analysis was performed for the
cortex. Comparisons across the two ages (PNd7 vs. adult)
was made by dividing the encountered synapses randomly
into 10 groups for the PNd7 tissue and into 13 groups for
the adult tissue, calculating the percentage of synapses
encountered (mature or immature) for each group that
were immunolabeled or not immunolabeled. Unpaired ¢
test (two-tailed) was performed to determine whether the
mean percentage value of unlabeled synapses was differ-
ent across the two ages.

Quantitative analysis of the proximity of
drebrin A immunoreactivity to the plasma
membrane

The nondiffusible immunolabel, SIG, was used to ana-
lyze the proximity of drebrin A immunoreactivity to the
plasma membrane. SIG-labeled tissue were sampled from
two PNd7 and two adult brains. The proximity of SIG
particles to the plasma membrane was assessed by mea-
suring the distance, in nanometers, from the center of the
silver grains to the inner surface of plasma membranes.
The proximity of SIG particles to the plasma membrane,
relative to the diameter of the immunolabeled profiles,
was also assessed. Histograms were prepared, based on
250 SIG particles collected from 39 nonoverlapping fields
of adult tissue and 80 SIG particles collected from 14
nonoverlapping PNd7 tissues.

Photomicrograph presentation

Images were captured digitally by using AMT System’s
CCD camera or directly on electron microscopy negatives.
The captured images were cropped, contrast-enhanced
when needed, and labeled to identify structures using the
Adobe Photoshop software (version 6.0).
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Fig. 2. Developmental changes in drebrin isoforms and subcellular
distribution in rat brain as revealed by Western blotting. The super-
natant and pellet fractions were obtained from the crude fraction of
rat brain at various developmental stages from postnatal day (PNd) 0
to adult (postnatal week 15, PNw15) by centrifugation at 200,000 X g.
Each fraction, equivalent to 0.23 mg of wet weight tissue, was ana-
lyzed in Western blot for the presence of drebrin A and drebrin E.

RESULTS

Developmental change of drebrin isoform
expression

We analyzed the developmental change of drebrin iso-
form expression in the cerebral cortex, hippocampus, and
cerebellum. Western blot analysis showed that the expres-
sion level of drebrin E in the cortex was relatively constant
during the first 2 weeks after birth, based on measure-
ments of immunoreactivity of the lower band using the
monoclonal antibody M2F6 (lower band in Crude of Fig.
2A, left column). Immunoreactivity of the lower band de-
creased gradually and was hardly detectable in adulthood.
A similar developmental expression pattern of drebrin
was observed in the hippocampus (Crude of Fig. 2A, mid-
dle column). In comparison, drebrin E decreased more
slowly in the cerebellar cortex (Crude of Fig. 2A, right
column) than in the cerebral cortex and or in the hip-
pocampus.

The expression of drebrin A in the cerebral cortex, mea-
sured using M2F6 (upper band in Crude of Fig. 2A, left
column) or using the drebrin A-specific antibody, DAS1
(Crude of Fig. 2B, left column), increased sharply at
around PNd10. The expression of drebrin A also increased
in the hippocampus at around the same age (Crude of Fig.
2B, middle column). In the cerebellar cortex, M2F6 barely
detected drebrin A throughout development (Crude of Fig.
2A, right column). A faint band for drebrin A, recognized
by DAS1, increased at around PNd10 but soon decreased
and never showed such sharp increases as was seen for
the cerebral cortex or the hippocampus (Crude of Fig. 2B,
right column).

A: The drebrin isoforms A and E are detected using the monoclonal
antibody M2F6. B: The drebrin A-band was detected by using an
antibody, DAS1, directed against the amino acid sequence unique to
drebrin A (Shirao et al., 1994). Left column is cerebral cortex; middle
column is hippocampus; and right column is cerebellar cortex. Details
of the procedure appear under the Materials and Methods section.

Disappearance of drebrin from the
supernatant fraction in parallel with
neuronal development

To assess the subcellular distribution of drebrin iso-
forms during postnatal development, homogenates, pre-
pared in the presence of the mild nonionic detergent,
NP-40, were fractionated into the supernatant and the
pellet fractions by centrifugation. Drebrin E and drebrin A
in homogenates of the cortex, the hippocampus, and the
cerebellum were analyzed by Western blot. The superna-
tant was interpreted to be cytoplasmic or membranous,
whereas the pellet was interpreted to be bound to or-
ganelles, possibly including F-actin (Fox, 1985; Crosbie et
al., 1991).

Drebrin E. Before PNd12, drebrin E in cortex was
detected in both the supernatant and pellet, using the
monoclonal antibody M2F6. However, the protein level in
the supernatant fraction decreased rapidly at around
PNd14 and was no longer detectable by PNd20 (Sup of
Fig. 2A, left column). On the other hand, the level of
drebrin E in the pellet fraction was relatively constant
until PNd20 (Pellet of Fig. 2A, left column). This develop-
mental change in the subcellular distribution of cortical
drebrin E was observed also for the hippocampus and the
cerebellar cortex, although the change in the cerebellar
cortex was not as sharp (middle and right columns of Fig.
2A).

Drebrin A. The emergence of drebrin A was detectable
using the monoclonal antibody M2F6 (Fig. 2A). To inves-
tigate the appearance of drebrin A more directly, a poly-
clonal antibody, DAS1, that recognizes only drebrin A
(and not drebrin E; Shirao et al., 1994) was used for the
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Western blotting. A faint band of drebrin A in cortex was
detected in both the supernatant and the pellet fractions
at around PNd6. After PNd10, drebrin A in the cortex was
barely detectable in the supernatant fraction but clearly
was observed in the pellet fraction (Fig. 2B, left column).
Drebrin A in the pellet increased in parallel with postna-
tal development.

The developmental change in the subcellular distribu-
tion of drebrin A in the hippocampus was similar to that in
the cerebral cortex. Although drebrin A in the pellet frac-
tion increased in parallel with development, drebrin A in
the supernatant fraction disappeared after PNd14 (Fig.
2B, middle column). On the other hand, in the cerebellum,
drebrin A in both the supernatant and the pellet fractions
decreased after PNd14 (Fig. 2B, right column). Two
regions—the cortex and the hippocampus—which showed
particularly prominent developmental changes in the
amount of drebrin A were chosen for further analysis of
the cellular and subcellular distribution of drebrin A.

Light microscopy

Drebrin A immunoreactivity was analyzed throughout
the cortical areas and hippocampus of PNd7 and adult
tissue, using the newly generated antibody, DAS2 (Fig. 3).
All three fixation conditions yielded similar patterns of
immunolabeling and, thus, will not be described sepa-
rately.

PNd7 cortex. PNdA7 cortices exhibited a diffuse but
darkened band that was midway between the pial surface
and the white matter (Fig. 3). At a higher magnification
(Fig. 4A1), it was evident that these bandings corre-
sponded to delicate immunolabeling of perikaryal cyto-
plasm. Immunoreactive primary dendrites emanated hor-
izontally from these perikarya within layer 5. Based on
the size and the prominence of their apical dendrite that
extended into layer 1 (white arrows in Fig. 4A1), these
perikarya were identifiable as layer 5 pyramidal neurons.
Layer 1 contained smaller puncta (<0.5 pm in diameter),
immediately dorsal to the point where apical dendrites of
the layer 5 pyramidal neurons formed tufts (white arrows
in Fig. 4A1). The apical tufts and small puncta together
formed an intense band within layer 1 (Fig. 3A). The most
ventral, immunoreactive band within the cortex (SP in
Fig. 3A) consisted of immunolabeled neurons residing im-
mediately dorsal to the corpus callosum. These were mul-
tipolar, nonpyramidal neurons of the subplate (also re-
ferred to as layer 6b; Fig. 4A2). Some of the
immunoreactive processes in this layer appeared long,
varicose, and more intensely labeled than were the
perikarya in the same tier (white arrows in Fig. 4A2).

Adult cortex. In place of the dark banding that corre-
sponded to layer 5 of the PNd7 cortex, drebrin A immu-
noreactivity was most dense in layer 1 (Figs. 3A, 4C). At
higher magnifications, it became evident that immunore-
activity consisted of uniformly sized puncta, less than 0.5
pm in diameter (Fig. 4B1-3). These puncta were distrib-
uted throughout the neuropil but were not detectably as-
sociated with the main trunks of dendrites (white arrows
in Fig. 4B2,B3) or with neuronal perikarya (white aster-
isks in Fig. 4B3). Sections immunolabeled using the pre-
adsorbed DAS2 showed complete elimination of the small
puncta, whereas the diffuse labeling within the nucleus
remained.

PNd7 and adult hippocampus. Labeling of the hip-
pocampus resembled the pattern seen in the cortex. As
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seen for the PNd7 layer 5 pyramidal neurons, pyramidal
neurons in the CA1-CA3 fields and the granule cells in the
dentate gyrus exhibited prominent, continuous labeling
within dendritic branches at PNd7 (Fig. 3B,C). Also, as
seen for the adult cortex, the adult CAl exhibited high
density of immunolabeled puncta, and these puncta were
not detectable over the primary dendrites’ trunks or neu-
ronal perikarya (Fig. 3D). The immunoreactive puncta
were of markedly heightened density in the stratum lacu-
nosum moleculare.

Immunolabeled puncta in stratum lucidum of the CA3
field also were fine, and these coalesced along the surface
of major dendritic trunks of the CA3 pyramidal neurons
(Fig. 3F). Puncta were even more intense in the stratum
oriens of the CA3 field (Fig. 3F). In contrast to the adult
cortex, adult pyramidal neurons in the CA3 field and
granule cells in the dentate gyrus also retained the
neonate-like form of labeling, i.e., continuous labeling
within dendrites (Fig. 3E).

The puncta seen in adult tissue matched the sizes of
spine heads, and the laminar distribution of the puncta
matched the reported laminar distribution of excitatory
synapses (Petralia and Wenthold, 1992; Megias et al.,
2001; Levy and Aoki, 2002). These puncta were eliminated
completely when the DAS2 antibody was preadsorbed.
This observation indicated that the puncta reflected dis-
crete, specific immunolabeling. We surmised that the dif-
ferences seen between the two ages could reflect alteration
in the subcellular distribution of drebrin A, as was indi-
cated by the light microscopic and biochemical results, i.e.,
from the cytoplasm and plasma membrane of dendritic
trunks and perikarya to spines. To determine whether
drebrin A was localized to the cytoplasm of perikarya and
dendritic trunks at PNd7 and became distributed more
distally to spine heads in adulthood, electron microscopy
was performed. Electron microscopy was also used to an-
alyze the distribution of drebrin A in relation to the newly
forming and well-established synaptic junctions within
single PNd7 tissue.

Electron microscopy

For electron microscopic analyses, adult cortex and hip-
pocampus were analyzed first, because it was easier to
identify axons, dendritic shafts, and dendritic spines
within adult tissue than in PNd7 tissue. Within the adult
tissue, we aimed to establish whether drebrin A occurred
pre- or postsynaptically or on both sides of synapses. The
following morphological criteria were used to identify syn-
apses as asymmetric: presence of vesicles, typically clus-
tered into a group of 10 or more, near the synaptic cleft;
thick coating along the intracellular surface of the other
profile, recognized as the PSD. These were presumed to be
excitatory, based on earlier studies that used immunore-
activity of synapses to AMPA and NMDA receptor sub-
units as indicators (Petralia and Wenthold, 1992; Aoki et
al., 1994; Farb et al., 1995; Aoki, 1997; He et al., 1998). In
the present study, we also verified that the presynaptic
terminals of asymmetric synapses were consistently
GABA-negative, based on PEG immunolabeling for GABA
upon a subset of grids (Fig. 5A).

Twenty-three percent of the adult cortical synapses
lacked PSDs. These will be referred to as symmetric and
were presumed to be inhibitory or modulatory (Purpura
and Pappas, 1972; Megias et al., 2001; Marty et al., 2002;
Peters, 2002; Minelli et al., 2003). Immunolabeling for



Fig. 3. Drebrin A immunoreactivity within postnatal day (PNd) 7
and adult cortex and the hippocampal formation. A: Sagittal sections
show the overall distribution of drebrin A immunoreactivity, as re-
vealed using the new drebrin A-specific antibody DAS2. At both ages,
drebrin A immunoreactivity is particularly intense in the CA3 field of
the hippocampus, the infrapyramidal leaf of the dentate gyrus (DG),
and layer 1 of cortex. At PNd7 but not in adult, banding is also evident
in the upper blade of the dentate gyrus as well as layers 5 and the
subplate (SP) of cortex. In adulthood, but not at PD7, the stratum
lacunosum moleculare (SLM) shows high concentration of immunore-
activity. B,C: Montages of light photomicrographs showing details of
drebrin A immunoreactivity in the hippocampus of a PNd7 brain.
D-F: Montages from an adult brain. At this magnification, it is
evident that drebrin A immunoreactivity undergoes a laminar shift
during development. At PNd7, immunoreactivity is intense in the
perikaryal cytoplasm (labeled “pcl” for the pyramidal cell layer and
“gcl” for the granule cell layer). Equivalent levels of immunoreactivity

Adult CAS field

can be traced into the dendrites (arrows). In contrast, within the adult
hippocampal formation, immunoreactivity is barely detectable within
the cell bodies (asterisk), but is more intense within the synaptic
layers. Immunolabeling is not contiguous, as seen in PNd7 brain but,
instead, consists of high densities of puncta. D: Within the synaptic
layers of the CA1l field (sr = stratum radiatum), the cytoplasm of
apical dendrites’ shafts appears unlabeled (arrows). Note the partic-
ularly intense labeling of puncta in the stratum lacunosum molecu-
lare (slm). F: In stratum lucidum of the CA3 field, it is evident that
these puncta aggregate along dendritic shafts (arrows). At both ages,
immunoreactive puncta occur more dispersed in the hilus of the
dentate gyrus. These dispersed puncta in the hilus are larger than the
puncta coating dendrites. Most likely, these are cross-sectioned den-
dritic shafts. DG, dentate gyrus; gcl, granule cell layer; pcl, pyramidal
cell layer; SLM, stratum lacunosum moleculare; so, stratum oriens;
sr, stratum radiatum; sp, subplate. Scale bars = 1 mm in A, 50 pm in
B,F (applies to B-F).
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Fig. 4. Details of immunoreactivity in the neocortex at postnatal
day (PNd, PD) 7 and in adulthood. Al: A montage showing drebrin A
immunoreactivity in and surrounding a layer-5 pyramidal cell of
PNd7 somatosensory cortex. The vertically oriented white arrows
point to immunoreactivity within tufts of apical dendrites at the base
of layer 1 (L1). Immunoreactivity continues along the apical dendrite
of one cell that can be followed down to layer 5 (five angled, white
arrows). The soma of this and the immediately neighboring cell (as-
terisk) show evenly distributed immunolabeling within the cyto-
plasm. A2: The subplate (SP, also referred to as layer 6b) of the same
cortical tissue. Drebrin A immunolabeling is moderate within somata
(asterisks) and more intense within dendrites (white arrows).
B1,B2,B3: The middle column shows neuropil labeling of adult cortex,

photographed and shown at the same magnification as that of the
PNd7 tissue. In contrast to the PNd7 tissue, immunoreactivity is
absent from the somata (asterisks in B3) but, instead, is distributed
throughout the neuropil in the form of puncta. The white angled
arrows point to examples of dendritic shafts, revealed by the absence
of immunoreactivity.C: The right column shows a montage of the
same adult neocortex, reduced in magnification to show the layers
continuously. At this magnification, the unlabeled perikarya, embed-
ded within the synaptic neuropil of the gray matter, are easily detect-
able from layers 2 through 5 (L1, L2/3, L5). All photomicrographs
were obtained from sections immunolabeled using the newly gener-
ated drebrin A-specific antibody DAS2. Scale bars = 50 pm in A2
(applies to A1,A2), B3 (applies to B1-B3), C.



Fig. 5. Electron microscopic localization of drebrin A in adult
cortex and hippocampus. A-D: Horseradish peroxidase—
diaminobenzidine was used as the label to visualize drebrin A sites
stratum oriens of the CA1 field of hippocampus (A,B) and in layer 6 of
adult somatosensory cortex (C,D). All photomicrographs were ob-
tained from sections that were immunolabeled using the new drebrin
A-specific antibody DAS2. A: In A, only, immunoreactivity to
v-aminobutyric acid (GABA) is also shown by the postembedding
immunogold labeling procedure (PEG) and also shows an absence of
drebrin A labeling along somatic, symmetric synapses (filled arrow-
heads). These are inhibitory axosomatic synapses, as evidenced by the
immunoreactivity of the axon terminal to GABA (GABA-T). In con-
trast, an asymmetric, axospinous synaptic junction immediately
above the GABA-TSs is drebrin A immunoreactive on the postsynaptic
side (arrow). Immunoreactivity appears diffusely within the spine
cytoplasm (Drebrin + Sp). Based on the thickness of the postsynaptic
density and the absence of GABA in the presynaptic terminal
(nonGABA-T1), this synapse is likely to be glutamatergic and excita-
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tory. Another spine to the right is unlabeled for drebrin A (open
arrowhead), even though it is postsynaptic to a non-GABAergic ter-
minal (nonGABAergic T2, probably glutamatergic). B: An adjacent
ultrathin section from the hippocampus is shown. Drebrin A immu-
noreactivity is more intense, because this tissue has not undergone
the osmium-extraction step required for the PEG shown in A. B also
shows an unlabeled symmetric synapse (filled arrowhead, at the den-
dritic shaft, DS), an unlabeled asymmetric synapse (open arrowhead,
on a spine), and many more drebrin A-immunolabeled asymmetric
synapses on spine heads (arrows). BVL, blood vessel lumen. C: Two
asymmetric synapses associated with a single axon terminal, one of
which is immunolabeled (right, arrow) and the other of which is
unlabeled (left, arrowhead). D: Heterogeneous labeling among spine
heads, all located at the resin-tissue interface and, therefore, expected
to have received optimal exposure to immunoreagents. Arrows point
to immunolabeled spines’ postsynaptic densities, whereas the arrow-
heads point to unlabeled asymmetric synapses. Scale bar = 500 nm in
B (applies to A—C); 565 nm for D.
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TABLE 1. Ultrastructural Characteristics of Synapses in Relation to Drebrin A: Adult Cortex (190 encountered synapses)

Asymmetric 147

Labeled 111 Unlabeled 36

Spinous 106 On shaft 5 Spinous 29 On shaft 7

Symmetric 43

Labeled 3
On shaft 3

Unlabeled 40
On shaft 40

Spinous 0 Spinous 0

TABLE 2. Ultrastructural Characteristics of Synapses in Relation to Drebrin A: Adult Hippocampus (179 encountered synapses)

Asymmetric 150

Labeled 102
On shaft 3

Unlabeled 48

Spinous 99 Spinous 44 On shaft 4

Symmetric 29

Labeled 0
On shaft 0

Unlabeled 29
On shaft 29

Spinous 0 Spinous 0

GABA by the PEG procedure upon a subset of grids veri-
fied that axon terminals forming symmetric synapses
were GABAergic (Fig. 5A).

All three fixation conditions used for the study yielded
excellent preservation of the ultrastructure and antigenic-
ity, thereby allowing for sampling of synapses at surface-
most regions of tissue, where penetration by immunore-
agents would be the greatest. The proportion of
encountered synapses with detectable levels of labeling
did not differ greatly across the layers. Thus, the immu-
nolabeling features described below apply to all layers.

Adult tissue, labeled using HRP-DAB: Asymmetric
synapses are drebrin A-positive on the postsynaptic
side. Twenty nonoverlapping fields along the tissue-
resin interface were sampled from the adult cortical tis-
sue, covering 245 um? of the neuropil, mostly from the
infragranular layers. 77% of the encountered synaptic pro-
files (147 of 190) were identifiable as asymmetric (Table 1)
and of these, 76% (111 of 147) were detectably immunola-
beled for drebrin A (Table 1). Drebrin A immunoreactivity
was never on the presynaptic side. An analogous survey
was performed for the adult hippocampus, using 14 non-
overlapping fields, spanning 171.5 um? of the neuropil,
mostly from the infrapyramidal leaf of the dentate gyrus.
A total of 179 synapses were encountered and of these 84%
(150 of 179) were asymmetric (Table 2) and of these, 68%
(102 of 150) were immunolabeled for drebrin A (Table 2).
Again, immunoreactivity was strictly on the postsynaptic
side.

Unlabeled asymmetric junctions occurred immediately
adjacent to immunolabeled asymmetric synapses (Fig. 5).
A striking example of the juxtaposition of immunolabeled
and unlabeled synapses is shown in Figure 5C. Here, the
two synapses are immediately adjacent to one another and
receiving inputs from a single presynaptic terminal. Jux-
taposition of labeled and unlabeled asymmetric synapses
occurred even along the extreme edges of tissue (Fig. 5D),
where large portions of the dendritic shafts were visibly
cut open by the Vibratome knife. Such observations indi-
cated that lack of immunoreactivity to drebrin A cannot be
explained entirely by failure of immunoreagents to pene-
trate tissue. Rather, these observations indicated that
asymmetric synapses of adult cortices and hippocampi
vary in drebrin A content.

Analysis of the tissue immunolabeled using the pread-
sorbed DAS2 antibody indicated further that the labeling
of asymmetric synapses was specific: the percentage of
asymmetric synapses that were detectably immunola-
beled was reduced from approximately 80% down to 7%,
accompanied by a markedly reduced intensity of immuno-
labeling within the individual spines.

Large subset of the drebrin A-immunoreactive asym-
metric synapses is axospinous. The great majority of
immunolabeled synaptic junctions with thick PSDs in the
cortex (95%, 106 of 111) and hippocampus (97%, 99 of 102)
were axospinous (Fig. 5A; Tables 1, 2). On the other hand,
asymmetric junctions on dendritic shafts of cortex also
were drebrin A immunoreactive (5 of 12 in cortex, 3 of 7 in
hippocampus; Tables 1, 2), indicating that spinous loca-
tion was not a strict requirement for the presence of dre-
brin A. Conversely, more than half of the asymmetric
synaptic junctions on shafts were unlabeled, as opposed to
approximately one third to one-quarter of the axospinous
asymmetric synaptic junctions that were unlabeled, indi-
cating that drebrin A is preferentially clustered within
spines.

Symmetric synapses have low amounts or no dre-
brin A. All of the symmetric synapses were on dendritic
shafts and almost all of these were unlabeled for drebrin A
(40 of 43 in cortex; 29 of 29 in hippocampus; black arrow-
heads in Fig. 5A). The three immunolabeled synapses on
shafts that appeared symmetric may actually have been
asymmetric synapses that were not sectioned at a favor-
able plane to reveal the presence of PSDs.

Neonatal tissue, labeled using HRP-DAB: Drebrin A
occurs in dendrites, not axonal growth cones. Within
neonatal tissue, labeling was apparent along the intracel-
lular surface of plasma membranes. Considering the dif-
fuse nature of HRP-DAB label in general, the immunore-
activity was surprisingly discrete, occurring as small
patches that were immediately opposed to sites contacted
by axons. These processes exhibiting drebrin-A immuno-
reactive patches were identifiable as dendrites, based on
the smooth but irregular contour, large diameter, absence
of vesicles, and occasional abutting with profiles identifi-
able as axonal. Not all dendrites exhibited clear arrays of
microtubules (compare Fig. 6B,C, which shows no micro-
tubules, with Fig. 6D, which shows microtubule arrays
clearly). Axons, in turn, were identified based on the pres-
ence of a few vesicles. Typically, these vesicles were gath-
ered at sites removed from the junctional membrane (Fig.
6A, synapse 2 in Fig. 6D, Fig. 6E). Only 1 of the 149
encountered synapses exhibited drebrin A immunoreac-
tivity in a profile that was judged to be possibly axonal.

Drebrin A appearance precedes synapse formation.
Unlike the adult tissue, drebrin-A immunoreactivity was
present in profiles lacking any features identifiable as
synaptic (Fig. 6B). Where spine-like protrusions could be
detected, these appeared incompletely formed, in that the
neck was still nearly as wide as the spine head (Fig 6A,
right, and synapse 1 in Fig. 6D). In addition, those that
appeared to be junctional were still immature, because the



Fig. 6. Ultrastructural localization of drebrin A in postnatal day
(PNd) 7 cortex. Horseradish peroxidase—diaminobenzidine was used
to detect the presence of drebrin A. A: A large-caliber axon that is
largely devoid of vesicles, yet synaptically associated with two den-
dritic processes. Of the two small clusters of vesicles, only one is at a
synapse. The synapse showing a slight indentation of the plasma
membrane, perhaps an early sign of spine neck formation, lacks
vesicles presynaptically. Both synapses show accumulation of drebrin
A immunoreactivity along the postsynaptic membrane (arrows). B: A
dendrite lacking morphologically identifiable synapses. Drebrin A
immunoreactivity has accumulated along small protrusions (aster-
isks). C: A well-established spine head forming a synapse with an
axon. The axon contains a moderate number of vesicles that are
clustered at the synaptic junction, and the postsynaptic membrane
(arrow) is slightly immunoreactive. Drebrin A immunoreactivity is
more intense along the nonsynaptic portions of the plasma mem-
brane. The nonsynaptic portions of the dendrite contain no detectable

microtubules and also exhibit plasma membranes with irregular con-
tours. D: A dendrite containing well-defined microtubules. Drebrin A
immunoreactivity is evident along a slight protruding portion of the
shaft (synapse 1) and along a spine with narrow neck (synapse 2) but
whose presumably “presynaptic” profile shows no vesicle clustering
near the juxtaposed portion of membrane. Drebrin A immunoreactiv-
ity is also associated with a dendritic shaft forming an asymmetric
synapse (synapse 3) opposite of another protuberance (asterisk) and
another dendritic protuberance (synapse 4) whose presynaptic ele-
ment shows adult-like vesicle clustering. E: A dendrite bearing a
spine that stains strongly for drebrin A. The neurite with which this
immunoreactive spine is associated shows only a few vesicles, scat-
tered widely and away from the juxtaposed portion of the plasma
membrane. In contrast, the other presynaptic element associated with
an unlabeled spine (arrowhead) of the same dendrite contains a large
cluster of vesicles. Scale bar = 500 nm in E (applies to B-E); 650 nm
for A.
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TABLE 3. Ultrastructural Characteristics of Synapses in Relation to Drebin A: PNd7 Cortex (149 Encountered Synapses)

Asymmetric 93

Labeled 40 Unlabeled 53

Mature 2 Immature 38 Mature 4 Immature 49

Symmetric 56

Labeled 18 Unlabeled 38

Mature 0 Immature 18 Mature 0 Immature 38

PNd, postnatal day.

PSDs were often absent (left arrow in Fig. 6A, Fig. 6C) and
the putatively presynaptic profile contained either no ves-
icle near the junctional membrane (Fig. 6A,D), only a few
vesicles (right synapse with straight arrow in Fig. 6A,
synapse 1 of Fig. 6D, Fig. 6E), or many more vesicles that
were removed from the junctional membrane (synapse 2
in Fig. 6D). We noted that some dendritic profiles showed
more intense drebrin A immunoreactivity in the nonjunc-
tional portions than in the synaptic portions (e.g., Fig. 6C).

Majority of asymmetric synapses are immature and
unlabeled for drebrin A. Quantitative analysis was
performed upon neonatal cortex, categorizing synapses
either as newly formed, immature, and presumed to be
synaptic, or as mature. The number of vesicles, detectabil-
ity of PSDs and narrowness of spine necks were used as
criteria to distinguish between the two categories. Those
intercellular contact sites lacking both the PSDs and ves-
icles were categorized as nonsynaptic. Twenty-six non-
overlapping fields were surveyed from which were found
149 synaptic profiles (labeled and unlabeled, asymmetric
and symmetric) and 31 nonsynaptic immunolabeled pro-
files. Ninety-six percent of these profiles appeared imma-
ture, using the above criteria. Unlike the adult tissue, in
which the majority of synapses were immunolabeled (114
of 190), only a minority (58 of 149) of the synaptic junc-
tions encountered in PNd7 cortex were drebrin A immu-
noreactive (Labeled, symmetric + asymmetric; Table 3).
This difference across the ages was statistically significant
(58 + 4% for adults, 31 = 4% for PNd7 tissue; P < 0.0005,
two-tailed unpaired ¢ test). Among the synapses identifi-
able as asymmetric, the majority of those in the PNd7
cortex (53 of 93) were also unlabeled, as opposed to the
adult cortex, for which only 36 of the 147 asymmetric
synapses were unlabeled (Table 3). This difference across
the ages was statistically significant (59 * 8% for PNd7;
23 + 5% for adult; P < 0.005, two-tailed unpaired ¢ test).

Larger proportion of the presumptive immature
symmetric synapses is immunolabeled for drebrin A.
Another notable departure from adult tissue was the prev-
alence of drebrin A at symmetric junctions. Thirty-two
percent (18 of 56) of the presumptive immature symmetric
synapses in PNd7 cortex were immunolabeled (Table 3).
Compared with the adult tissue, many more of the neona-
tal synapses were classified as symmetric, due to the ab-
sence of the PSDs (38% for PNd7-tissue, 23% for adult
tissue; Table 3). Most likely, many of these were glutama-
tergic synapses in which the PSD had not yet assumed
their mature thick form and in which the spine necks had
not yet narrowed (Aoki et al., 1994; Aoki, 1997).

Two PEG immunolabeling results supported the above
presumption that neonatal synapses exhibiting drebrin A
are excitatory. One was that the axons identifiable to be
presynaptic to the drebrin A-positive dendritic membrane
were almost always GABA-negative (more than 90% of the
drebrin A-positive synapses encountered, an example
shown in Fig. 7), with some of the exceptions consisting of

dendrites receiving convergent inputs from multiple axons
that included GABA-positive ones. The second was that
dendritic membranes, revealed to be drebrin A-positive by
the SIG label (detailed below), also were immunopositive
for the NR2B subunit of NMDA receptors (an example
shown in Fig. 8).

Adult tissue, immunolabeled for drebrin A using
SIG, exhibit dendritic localizations. Another set of tis-
sue was immunolabeled using SIG, so as to be able to
analyze the distribution of drebrin A within postsynaptic
profiles. Although light microscopy indicated only low
amounts of drebrin A in perikarya and dendritic trunks,
electron microscopy revealed discrete labeling along the
intracellular surface of perikarya (data not shown). These
immunoreactive sites of perikaryal plasma membranes
were not synaptic. The immunoreactive patches of the
membrane typically occurred adjacent to arrays of endo-
plasmic reticulum.

Synaptic labeling with SIG was exclusively postsynaptic
and at asymmetric synapses. The proportion of synapses
labeled (30 of 51 or 59%) was lower than that seen using
HRP-DAB (111 of 147 or 76%), indicating that many more
synapses may have expressed drebrin A but at amounts
too low to be detectable by the less-sensitive SIG proce-
dure. Nevertheless, the SIG-labeled tissue could be used
to reveal more precise information regarding the intracel-
lular distribution of drebrin A. Drebrin A was detected
immediately adjacent to PSDs (Fig. 9B). However, more
often, SIG particles within dendrites occurred along mem-
branous portions removed from PSDs (Fig. 9A), indicating
that a larger pool of drebrin A exists at nonjunctional
sites.

Neonatal tissue, labeled using SIG, shows enrich-
ment of drebrin A at presumptive immature synapses.
Neonatal tissues were also subjected to drebrin-A immu-
nolabeling using SIG. As expected, the proportion of syn-
aptic profiles labeled by the SIG label was less, compared
with the HRP-DAB labeling. Nevertheless, the SIG label-
ing resembled the DAB labeling’s developmental pattern,
in that the proportion of synapses labeled was less at
PNd7 (9 of 31 or 29%) than in adulthood (59%).

The SIG procedure revealed an additional feature re-
garding drebrin A, namely that the presumptive imma-
ture synapses are more frequently labeled than are the
synapses with relatively more established morphological
characteristics. Some of the immunoreactive sites showed
no intercellular specializations, whereas other immunore-
active sites were synapses with distinctively immature
features (arrowheads in Fig. 10). In contrast, mature syn-
apses with clearly identifiable PSDs in the immediate
vicinity were frequently unlabeled (open arrows in Fig.
10). Over the scanned area, only 1 of the 24 mature syn-
apses encountered within PNd7 tissue was immunola-
beled by SIG, in contrast to 9 of the 21 presumptive
immature synapses encountered that were immunola-
beled. These observations indicated that the amount of
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Fig. 7. Drebrin A is postsynaptic to y-aminobutyric acid (GABA)
-negative terminals of postnatal day (PNd) 7 tissue. At PNd7, den-
drites rarely exhibit axospinous asymmetric synapses, thereby mak-
ing the distinction between excitatory and inhibitory synapses more
difficult than for adult tissue. The section shown here was dually
labeled for drebrin A (by horseradish peroxidase—diaminobenzidine
[HRP-DAB]) and for the inhibitory neurotransmitter, GABA by the
postembedding gold immunolabeling procedure (PEG). The 10-nm
colloidal particles reflect GABA immunoreactivity. GABA immunore-

drebrin A expressed at single synapses varied, with ma-
ture synapses exhibiting relatively less than the newly
forming ones. Examples were seen where two axons con-
verged upon a single postsynaptic profile, with each axon
abutting a distinct spine head (Fig. 10B). Here, too, dre-
brin A immunoreactivity was more robust within the less
mature spine head, so identified by the absence of PSD
and absence of vesicle clusters within the abutting portion
of the axon.

Although the SIG labeling for drebrin A was not strictly
along the postsynaptic membrane (small arrows in Fig.
10), it appeared to be biased toward the inner surface of
the dendritic plasma membrane, rather than being dis-
tributed evenly in the cytosol. Quantitative analysis of
SIG particle positions showed that the above impressions
regarding the membranous bias of labeling were valid.
The 331 SIG particles encountered within the 46 nonover-
lapping surveyed fields were collected from two PNd7 and
two adult brains; 20% of the SIG particles occurred di-
rectly on the membrane, and 45% remained within 50 nm
from the plasma membrane. This distance corresponded
to the 0 to 10% distance from the plasma membrane,
relative to the diameter of the profiles (Fig. 11). This
proximity of drebrin A sites to the membrane was rela-
tively more prominent for the PNd7 tissue. Specifically,
56% of the SIG particles for one PNd7 tissue occurred
within the 10% distance from the plasma membrane, and
the corresponding value for the other PNd7 tissue was
64%. Both of these values were greater than the value
obtained for the two adult tissue—40% and 41% (Fig. 11).

activity is detectable in one profile that appears to be an axon termi-
nal (GABAergic T), based on the presence of a few vesicles. This
profile is juxtaposed to a drebrin A-negative profile that is likely to be
a dendrite. In contrast, the dendrite to the right is HRP-DAB-labeled
for drebrin A (Drebrin A-pos) and is also immunoreactive for GABA
(GABA-pos). However, its presynaptic terminal is completely devoid
of 10-nm colloidal gold particles, indicating that is it non-GABAergic
(nonGABAergic T). The arrow points to the postsynaptic membrane
over which drebrin A accumulates. Scale bar = 200 nm.

However, data from more animals will need to be collected
before we can be certain about the age-dependent differ-
ences.

Western blotting reveals developmental loss of dre-
brin A in the supernatant. The electron microscopic
observation showing association of drebrin A with the
intracellular surface of the plasma membrane prompted
us to further quantify the subcellular distribution of dre-
brin. To this end, Western blotting was performed to ob-
tain quantitative measures of drebrin in the supernatant
(mostly free cytosolic, but also including drebrin associ-
ated with the membrane) and in the pellet (mostly asso-
ciated with F-actin and microsomes) fractions (Fox, 1985;
Crosbie et al., 1991). Based on the developmental data
obtained from Western blotting (Fig. 2), PNd8 was taken
as the representative ages of the neonatal stage (where a
large portion of the drebrin is still in the E-isoform),
whereas PNd16 was taken as the representative, youngest
adult-like stage, in which the A-isoform dominates.

Quantitative analysis of drebrin content in the PNd8
and PNd16 cortices was performed by measuring the in-
tensity of Western blots, using the M2F6 monoclonal an-
tibody that could recognize both the E and A isoforms (Fig.
12). In agreement with the decline of both the A and E
isoforms of drebrin in the supernatant during develop-
ment, the total drebrin intensity (drebrin A + drebrin E)
in the supernatant fraction at PNd16 significantly de-
creased to 17.9 % of that at PNd8 (P < 0.001). In compar-
ison, there was no significant difference in the actin in-
tensity in the supernatant fraction between PNd8 and
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Fig. 8. Coexistence of drebrin A with the NR2B subunit of
N-methyl-p-aspartate receptors at the postsynaptic membrane of a
postnatal day (PNd) 7 dendrite. D1 to the left exhibits silver-
intensified colloidal gold particles (SIG), reflecting immunoreactivity
for drebrin A. Two of the SIG particles occur along the intracellular,
postsynaptic membrane surface. Immediately adjacent to each of the
SIG particles, two to four postembedding gold immunolabeling proce-
dure (PEG) particles occur, reflecting the presence of low levels of

PNd16. Also, in the crude homogenate or the pellet frac-
tion, drebrin intensity did not change significantly be-
tween PNd8 and PNd16.

Based on previously published results, we surmised
that the pellet fraction prepared after centrifugation at
200,000 X g represented the association of drebrin with
F-actin (Ishikawa et al., 1994). Earlier studies had estab-
lished that high salt could extract actin binding proteins
from F-actin pellets (Glenney et al., 1982; Yamashiro-
Matsumura and Matsumura, 1985). When this same pro-
cedure was used on our pellet fractions, a large portion of
drebrin A was extracted from the pellet and entered the
supernatant fraction (Fig 13). This outcome indicated that
a large portion of drebrin A in the pellet was bound to the
cytoskeleton and most likely to F-actin and microsomes
and not to the plasma membrane.

DISCUSSION

The present study revealed a clear-cut segregation of
drebrin A to postsynaptic sides of asymmetric synapses
within mature cortex and hippocampus. During the phase
of active synaptogenesis, drebrin A was present at the
submembranous zone of dendritic plasma membranes be-
fore the formation of PSDs or spine heads, and also before
the aggregation of vesicles presynaptically. This observa-
tion is consistent with results from our previous in vitro
study, indicating that clustering of drebrin A precedes the
formation of spines (Takahashi et al., 2003). Contrary to
the presumptions we held before this ultrastructural
study, our new observations indicate that drebrin E, to-
gether with drebrin A, are involved in the initial formation
of protospines, rather than the involvement of drebrin E,
alone. Moreover, the present ultrastructural study was

NR2B subunits. The presynaptic terminal T1 contains only a few
vesicles. In contrast, the terminal, T2, forming the adjacent synapse
contains many vesicles, and the postsynaptic membrane of D2 exhib-
its a thick postsynaptic density (PSD). At least 12 PEG particles occur
over the postsynaptic density, indicating the prevalence of NR2B
subunits. This postsynaptic membrane does not show detectable lev-
els of drebrin A. Instead, drebrin A immunoreactivity is slightly
removed from the postsynaptic membrane. Scale bar = 200 nm.

able to verify that drebrin A occurs at membranous sites
that were positively identifiable as synaptic, based on the
emergence of a few vesicles, PSDs, and/or aggregation of
glutamate receptor subunits there. The biochemical re-
sults indicate that the phase of synaptogenesis is paral-
leled by the increasing association of drebrin A with the
pellet fraction containing actin. Below, we discuss the
possibility that drebrin A may be involved in organizing
the dendritic pool of actin for the formation of at least
some of the spines and axospinous excitatory synapses.

Drebrin A is postsynaptic for excitatory
synapses

The segregation of drebrin A to the postsynaptic side
was clearer than it was for any of our previous observa-
tions of synaptic proteins, including the glutamatergic
receptors (Aoki et al., 1994; Farb et al., 1995) and PSD-95
(Aoki et al., 2001). This was so, even though the immuno-
labeling for glutamatergic receptor subunits and PSD-95
faced similar technical limitations. We also noted absence
of drebrin A at almost all of the mature symmetric syn-
apses. Symmetric synapses are sites for inhibitory inputs,
indicated by the clustering of GABA, receptor subunits,
proteins such as gephyrin for the anchoring of these sub-
units and contacts formed by GABAergic axon terminals
(reviewed by Fritschy and Brunig, 2003). Symmetric syn-
apses also are associated with axons releasing neuro-
modulators, such as the monoamines and acetylcholine
(Descarries, 1991).The segregation of labeling between
symmetric and asymmetric synapses indicates that dre-
brin A is involved in the formation of at least some of the
excitatory synapses but not of the GABAergic or purely
modulatory synapses. Whether or not another organizer of
F-actin occurs at GABAergic synapses remains unknown.
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Fig.9. Drebrin A in the synaptic neuropil of the molecular layer of
the adult infrapyramidal dentate gyrus. Silver-intensified colloidal
gold particles (SIG) were used to detect drebrin A. A: Five synapses,
all asymmetric and associated with immunoreactivity to drebrin A on
the postsynaptic side, only. The postsynaptic side is indicated as DS
for dendritic shafts or as SP for spines, whereas the presynaptic
profiles are indicated as T for terminal. At synapses formed with

terminals T1, T2 and T3, the SIG particles occur along nonsynaptic
portions of the plasma membrane and at the periphery of the postsyn-
aptic density (PSD). At these synapses and all others, SIG particles
occur in the cytoplasm as well. B: Three more synapses, two of which
exhibit SIG particles discretely along the postsynaptic membrane.
Additional SIG particles occur at nonjunctional sites. Scale bar = 666
nm in B; 500 nm for A.



Fig. 10. Drebrin A in the molecular layer of postnatal day (PNd) 7
infrapyramidal dentate gyrus. Silver-intensified colloidal gold parti-
cles (SIG) were used as the label to detect the presence of drebrin A.
A: Selective labeling along junctional portions of the plasma mem-
brane. The arrowhead to the right shows SIG particles associated
with a morphologically identifiable synapse (T1 marks the presynap-
tic terminal), whereas the SIG particle to the left shows no association
with postsynaptic densities (PSDs). The immediately adjacent profile,
T2, appears to be an axon terminal, indicating that this site is an
immature synapse. The open arrow in the middle (and in other pan-
els) points to a well-differentiated synapse lacking SIG particles.
B: Three SIG particles occurring within a spine head (SP) lacking a
PSD (arrowhead points to membranous SIG; small arrow to a cyto-
plasmic SIG). The immediately adjacent profile is an axon (Ax), as is

evident by the cluster of vesicles in the same profile, toward the left.
The same filopodia branches (curved arrow) from a more well-
established but unlabeled spine with PSD (open arrows). C: A den-
drite with irregular contours, no apparent microtubules, and contain-
ing six clusters of SIG particles. SIG occurs discretely along the
plasma membrane forming a protuberance (arrowhead to the left) and
contacting an axon. The arrowhead in the center points to an SIG
particle along the plasma membrane that lacks apparent association
with any axon. The arrowhead to the right points to the SIG particle
associated with a portion of the plasma membrane beginning to form
a PSD adjacent to an axon terminal, T. Arrows point to SIG particles
in the cytoplasm, away from the plasma membrane. Scale bar = 500
nm in C (applies to A-C).
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Proximity of Drebrin A
to the Plasma Membrane
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Fig. 11. Histograms showing the distribution of silver-intensified
colloidal gold (SIG) particles in relation to the plasma membrane. The
percentage values on the x-axis depict distances from the plasma
membrane, normalized to the diameter of the profile in which the SIG
particles are found. The y-axis depicts frequency of encounters at
these varying distances from the membrane. Zero percent denotes
SIG occurring at the plasma membrane. The encountered SIG parti-
cles were tallied from two postnatal day 7 and two adult hippocampal
tissues.

Because GABAergic synapses occur at nonspinous por-
tions of the plasma membrane, these synapses may not
require F-actin binding proteins. Alternatively, a counter-
part to an F-actin binding protein like drebrin may still be
required at GABAergic synapses for the sake of receptor
clustering and anchoring.

It has been shown previously that asymmetric synapses
increase progressively in the neuropil during early post-
natal development and that the spines emerge from
stubby protospines along dendritic shafts after dendritic
filopodia have disappeared (Vaughn, 1989; Harris, 1999;
Jontes et al., 2000). Based on these observations, we sur-
mise that PSDs convert from thin to thick during ontog-
eny, thereby converting synapses with symmetric appear-
ances along protospines into those with asymmetric
appearances at the spine heads. Our past (Aoki et al.,
1994; Aoki, 1997) and present dual PEG immunocyto-
chemical localization of glutamatergic receptor subunits
corroborate this finding, because these receptors are found
on synapses with very thin PSDs early on, and at progres-
sively thicker PSDs in later weeks and in adulthood. The
association of drebrin A with symmetric synapses at PNd7
and with asymmetric synapses in adulthood is likely to
reflect drebrin A’s association with newly formed gluta-
matergic synapses and of its persistence there during
varying phases of maturation, rather than the switching
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of drebrin A from inhibitory to excitatory synapses during
development. In support of this idea, drebrin A immuno-
reactivity was absent from symmetric synapses that had
begun to acquire some of the morphological characteristics
of mature GABAergic synapses (e.g., large cluster of ves-
icles that are associated along the presynaptic membrane;
clearly defined microtubules within the postsynaptic den-
drite, GABA immunoreactivity within the terminal). Dre-
brin A may be useful for identifying immature excitatory
synapses before they acquire the more obvious morpholog-
ical features. Studies are under way to determine whether
the arrival of drebrin A to the dendritic membrane pre-
cedes arrival of NMDA receptor subunits or is linked to
NMDA receptor recruitment.

Drebrin A arrives at dendritic membranes
before synaptogenesis

By using both SIG and DAB as immunolabels for elec-
tron microscopy, we show that drebrin A appears at the
earliest phase of synaptogenesis. Although neither label
can be used to reveal the absolute values of drebrin A
concentrations at junctions, the SIG label could be used to
assess the relative concentration of antigens in the prox-
imity of synaptic junctions. Our observations of tissue
immunolabeled using HRP-DAB and SIG as the label
indicate that the proportion of synaptic junctions lacking
drebrin A immunoreactivity is greater at PNd7 than in
adulthood. It has been reported that the turn-over rate of
spines is higher in neonatal brain than in adult brain
(Lendvai et al., 2000). It may be that drebrin A plays a role
not only at the beginning of synaptogenesis and spinogen-
esis but also in the maintenance of spines. Once a spine
loses drebrin A, that spine may be cleared from the neu-
ropil more rapidly. If so, then the higher turnover rate of
spines neonatally may be a consequence of a larger pro-
portion of spines having lost drebrin A. Further experi-
ments are needed to link physiological characteristics of
spines to the presence of drebrin A and of the cause—effect
relationship between spine turnover and drebrin A con-
tent.

Possible role of Drebrin A in neonatal
cortex and hippocampus

In this study, we show that the rapid increase of drebrin
A is paralleled by the disappearance of drebrin from the
supernatant fraction at PNd8. Because we prepared crude
homogenates in the presence of a mild detergent, NP-40,
we expect the supernatant fraction to contain proteins
that are free in the cytosol or solubilized from the mem-
brane. Although G-actin (actin monomers) occurs in high
amounts in the supernatant, we know that drebrin does
not associate with actin monomers (Ishikawa et al., 1994).
Thus, drebrin in the supernatant could represent free
drebrin and those loosely attached to the plasma mem-
brane. This interpretation agrees well with the SIG label-
ing PATTERN, which showed membranous labeling for
drebrin A more at PNd7 than in adulthood. The drebrin
appearing in the supernatant may be the correlate of
ultrastructurally observed junctional and nonjunctional
drebrin at flat portions and shallow protrusions (proto-
spines) along intracellular surfaces of dendritic mem-
branes.

The extraction experiment shows that drebrin’s associ-
ation with the pellet is ionic and nonmembranous. The
best candidate for an element contained within pellets
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Fig. 12. Densitometric analysis of drebrin in each subcellular frac-
tion. Each fraction equivalent to 0.23 mg of wet weight tissue was
quantitatively analyzed in Western blots for drebrin content. Drebrin
content was measured as intensity in Western blots from the crude,
supernatant, and pellet fractions of postnatal day (PNd) 8 and PNd16
cortex homogenates. Panel A shows an example of a Western blot
using M2F6 monoclonal antibody directed against drebrin and B-actin
immunostaining used for comparison. Drebrin intensity in the super-
natant fraction at PNd16 (d16) was significantly less than that at
PNd8 (d8,n = 4, *P < 0.001, ¢ test). Drebrin intensity in the crude and
pellet fractions did not change during the same developmental period
(n = 4; P = 0.42 for crude fraction; n = 4; P = 0.30 for the pellet
fraction). AU, Arbitrary unit. Error bars indicate SEM. Histograms
show mean values + SEM.

that can provide ionic and nonmembranous association is
the cytoskeletal matrix (Glenney et al., 1982; Yamashiro-
Matsumura and Matsumura, 1985), of which F-actin is
the main constituent within mature spines (Matus, 2000).
Drebrin associated with F-actin in the pellet may be the
component involved in the formation of spines from the
shallow protrusions (protospines).

How does drebrin A associated with F-actin promote
spine formation? In vitro assays have shown that drebrin
reduces the association of F-actin with a-actinin and tro-
pomyosin, possibly by binding competitively to these lat-
ter proteins’ binding sites to actin (Shirao and Sekino,
2001). Because a-actinin mediates cross-linking and bun-
dling of actin filaments, the consequence of drebrin bind-
ing to F-actin within the submembranous zone would be to
relax the actin cytoskeletal matrix, thereby allowing for
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Fig. 13. Drebrin is bound to the cytoskeleton in the pellet. Crude
fractions were prepared from cerebral cortices of postnatal day (PNd)
18 (upper panel) and adult rats (lower panel) and was the centrifuged
at 200,000 X g for 60 minutes at 4°C. The resultant pellet was then
homogenized in high-salt buffer and recentrifuged. Proteins in each
fraction equivalent to equal amount of wet weight tissue (0.23 mg)
were analyzed by Western blot using the M2F6 antibody. Note that
intense bands in the supernatant fraction appeared in the high-salt
buffer. A, drebrin A; E, drebrin E.

shape changes to take place. Flexibility is exactly what
would be needed for the formation and retraction of den-
dritic filopodia, enabling actin-based shape changes to
occur there.

Our recent and older observations indicate that drebrin
A may also play a role at the initial event of synaptogen-
esis, that is, contact between an axon and a dendrite, even
before it plays a role in spine formation. The new obser-
vation supporting this idea is that drebrin A immunore-
activity could be found along the flat submembranous
surfaces of dendrites and at protospines. This finding is
corroborated by earlier studies analyzing the role of dre-
brin upon intercellular adhesion of cells grown in culture.
Specifically, Tkeda et al. (1996) observed that drebrin A
transfection of fibroblasts led to the stabilization of adhe-
sion plaques. The isoform drebrin E has been observed to
interact with connexin at sites of functional GAP junctions
within brain tissue (Butkevich et al., 2004) and also to
occur at junctional plaques, defining a specific microfila-
ment anchorage system in polar epithelial cells (Peitsch et
al., 1999). There is additional evidence indicating that
drebrin A may recruit synaptic proteins resident in spines.
Interactions between PSDs and the postsynaptic cytoskel-
eton involve Shank, a scaffold protein (Naisbitt et al.,
1999). Shank is reported to promote the maturation of
dendritic spines by regulating the accumulation of spine-
resident proteins, such as PSD-95, F-actin, and the NR1
subunit of NMDA receptors (Sala et al., 2001). This influ-
ence of Shank upon spine maturation, in turn, is depen-
dent on its binding to Homer. We have shown that drebrin
A, like Shank, promotes the accumulation of PSD-95 (Ta-
kahashi et al., 2003). Because Homer binds to drebrin A
(Mizutani et al., 1999) as well as to Shank, drebrin A may
facilitate the synaptic recruitment of Homer and Shank
and, hence, the accumulation of PSD-95 and receptors for
a coordinated maturation of spines and synapses.
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Possible role of drebrin A in adulthood

The developmental increase of drebrin A’s association
with the pellet fraction and, thus, with actin indicates that
drebrin A may continue to regulate dendritic shape in
adulthood. Recent studies have permitted direct visualiza-
tion of spines in vivo over a period of days. Such studies
have shown that, indeed, spines undergo turnover
throughout adulthood, with approximately 20% of those in
the adult cortex disappearing within a day (Trachtenberg
et al., 2002; Majewska and Sur, 2003). Spinogenesis is
even more active in the hippocampus, with profound
changes in spine density occurring every 4-5 days, in
synchrony with the estrous cycle (Gould et al., 1990; Wool-
ley et al., 1990; Leranth et al., 2004). The same studies
and many others (Bonhoeffer and Yuste, 2002; Star et al.,
2002; Konur and Yuste, 2004) have also shown that spine
motility is dependent on synaptic activity (reviewed by
Harris, 1999). Studies are planned that will examine the
impact of overexpression and loss of expression of drebrin
A and/or drebrin E upon spine and synapse formation.
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Drebrin A is a neuron-specific F-actin binding protein, and plays a
pivotal role in the spine formation. In this study, we expressed drebrin
A tagged with green fluorescent protein (GFP-DA) in hippocampal
neurons at 7—9 days in vitro when presynaptic terminals are not fully
maturated. GFP-DA was accumulated in dendritic protrusions and
formed large abnormal structures. Since these structures were similar
to filopodia in terms of lack of MAP2 immunostaining, we named them
“megapodia” meaning large dendritic filopodia. F-actin and PSD-95
were also accumulated in megapodia, and their amounts were
significantly correlated with that of GFP-DA. However, the expression
of GFP-DA did not result in the promotion of the morphological
change from filopodia into spines. These results demonstrate that
drebrin A accumulates spine-resident proteins via protein—protein
interaction in filopodia, and suggest that the spine formation requires
the concurrence of the increase of drebrin-A expression and the
functional presynaptic contact.

© 2005 Elsevier Inc. All rights reserved.

Introduction

Dendritic spines are the postsynaptic reception regions of most
excitatory synapses, and spine formation is fundamental to the
development of neuronal networks (Harris, 1999; Harris and Kater,
1994; Yuste and Bonhoeffer, 2001). It has been reported that long
thin protrusions from dendrites, dendritic filopodia, change into
morphologically mature spines, such as mushroom or stubby
spines (Dailey and Smith, 1996; Dunaevsky et al., 1999; Ziv and
Smith, 1996). Previous studies suggested that the actin cytoskele-

* Corresponding author. Fax: +81 27 220 8053.
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ton controlled the shape of both filopodia and spines (Dunaevsky
et al., 1999; Fischer et al., 1998). We have recently shown that the
accumulation of spine-resident actin cytoskeleton occurs at the
initial stage of the morphological change from filopodia to spines
and that this accumulation is necessary for the synaptic targeting of
PSD-95 (Takahashi et al., 2003). However, the molecular
mechanisms that regulate the initial stage of spine formation are
still unclear.

Drebrin is a major binding protein of F-actin in the brain (Asada
et al., 1994; Ishikawa et al., 1994; Shirao and Obata, 1985) (for
review, see Shirao, 1995; Shirao and Sekino, 2001). Drebrin
inhibits the actin-binding activity of tropomyosin and «-actinin
(Ishikawa et al., 1994), and suppresses actomyosin interactions
(Hayashi et al., 1996). Drebrin A is a neuron-specific isoform
(Kojima et al., 1993; Shirao et al., 1989; Shirao and Obata, 1986),
and its expression is increased in parallel with synapse formation
(Hayashi et al., 1998; Shirao et al., 1989; Shirao and Obata, 1986).
In adult, drebrin A is a major drebrin isoform, and locates at
dendritic spines (Hayashi et al., 1996; Shirao et al., 1987).
Transfection experiments have shown that drebrin A expressed in
fibroblasts remodels straight actin bundles into thick and winding
bundles (Shirao et al., 1994). Overexpression of drebrin A in
mature neurons resulted in the elongation of the spine length
(Hayashi and Shirao, 1999). Thus, drebrin A regulates dendritic
spine shapes by changing the actin cytoskeletal properties.

PSD-95 is a postsynaptic density protein that associates with
receptors and cytoskeletal elements at synapses. The overexpres-
sion of PSD-95 induced the enlargement of spines, suggesting that
PSD-95 regulates the spine formation (El-Husseini et al., 2000).
However, we have shown that the accumulation of drebrin and F-
actin in dendritic filopodia precedes that of PSD-95 during spine
formation (Takahashi et al., 2003). In addition, suppression of
drebrin-A expression in developing neurons attenuates not only the
accumulation of drebrin and F-actin but also that of PSD-95.
Furthermore, replenishment of drebrin-A expression rescues the
accumulation of PSD-95. These data suggest that the increase of
drebrin-A expression during neuronal development plays a pivotal
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role in the initiation of the spine formation. If so, it would be
expected that overexpression of drebrin A at an early devel-
opmental stage facilitates the accumulation of spine-resident
proteins into filopodia, and promotes the formation of mature
spines.

In this study, we expressed drebrin A tagged with enhanced
green fluorescent protein (GFP-DA) in cultured hippocampal
neurons at 7—9 days in vitro (DIV). We analyzed the effect of
exogenously expressed drebrin A on the accumulation of F-actin
and PSD-95, and its effect on the morphological change of
dendritic filopodia.

Results

Formation of abnormal dendritic protrusions by expression of
GFP-DA

To analyze morphological changes induced by drebrin A, we
co-expressed GFP-DA and DsRed2 in neurons at 7-9 DIV. In
these immature neurons, mature spines are seldom observed
(Takahashi et al., 2003), and only trace amount of endogenous
drebrin A is expressed although drebrin E, which is not neuron
specific, is highly expressed (Hayashi et al., 1998; Shirao et al.,
1989). Neurons co-expressing GFP-DA and DsRed2 (GD-DR
neurons) formed abnormal large dendritic protrusions (arrows in
Fig. 1), in which GFP-DA was highly accumulated. Similar
abnormal protrusions were also observed around the cell soma
(asterisks in Figs. 1A—C). DsRed2 images showed that these

GD-DR neuron

abnormal protrusions (arrows in Figs. 1A, E) were thick and long,
and did not have a head-like structure that was a characteristic
feature of the mature spine. In addition to abnormal protrusions,
transfected cells also have normal filopodia (arrowheads in Fig.
1E). In comparison, control neurons expressing only DsRed2 (DR
neurons) did not form any large protrusions similar to the abnormal
protrusions of GD-DR neurons, although they formed normal
dendritic filopodia (arrowheads in Fig. 1H).

Quantitative analyses showed that the density of dendritic
protrusions of GD-DR neurons (36.9 + 2.1 per 100 um dendrite,
n = 25 dendrites) was not different from that of DR neurons
(36.0 £ 2.1 per 100 um dendrite, » = 28 dendrites) (Fig. 2A).
However, dendritic protrusions of GD-DR neurons were signifi-
cantly longer and wider than those of DR neurons [the average
length of dendritic protrusions of GD-DR neurons was 3.9 + 0.1
um (rn = 600 protrusions) and that of DR neurons was 2.5 + 0.05
um (n = 518 protrusions); the average width of dendritic pro-
trusions of GD-DR neurons was 1.1 + 0.02 pm (n = 600 pro-
trusions) and that of DR neurons was 0.7 £ 0.01 pm (n = 518
protrusions)] (Figs. 2B, C).

We classified dendritic protrusions into abnormal or normal
protrusions using DsRed2 images: protrusions that were longer
than 4 pm and wider than 1 pum were classified as abnormal
protrusions (gray area in Figs. 2D, E); and all other dendritic
protrusions were classified as normal protrusions. In GD-DR
neurons, 17.5% of dendritic protrusions were abnormal protru-
sions. In comparison, only 0.8% of dendritic protrusions in control
DR neurons were abnormal protrusions. The GFP-DA fluorescent
intensity of abnormal dendritic protrusions (1336 + 72.1 arbitrary

DR neuron

v AL

=

Fig. 1. Expression of GFP-DA in cultured hippocampal neurons at an early developmental stage. DsRed2 cDNA vector with GFP-DA vector or without it was
microinjected into nuclei of neurons at 7 DIV, and the neurons were fixed at 9 DIV. (A—C, E—G) Neurons expressing GFP-DA and DsRed2 (GD-DR). (D and
H) Control neurons expressing only DsRed2 (DR). Panels E—H are high-magnification images of the boxed region in panels A—D, respectively. Panels A, D,
E, and H are DsRed2 images. Panels B and F are GFP-DA images. Panels C and G are merged images of GFP-DA (green) and DsRed2 (red) fluorescences.
DsRed2 images (A and E) demonstrated that GD-DR neurons form abnormal dendritic protrusions (arrows) in addition to normal filopodia (arrowheads).
Similar abnormal protrusions were also observed around the cell soma (asterisks) in panel A. Note that GFP-DA is highly accumulated in abnormal protrusions,
which are observed yellow color in merged images (C and G). In control DR neurons (D and H), normal dendritic filopodia are observed (arrowheads), but no
abnormal protrusions are observed. Scale bars: A—D are 20 pm; E—H are 5 um. Open triangles indicate dendritic shafts.
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Fig. 2. Quantitative comparisons on the density, length, and width of dendritic protrusions between GD-DR neurons and control DR neurons. The density,
length, and width of dendritic protrusions were manually measured using DsRed 2 images. (A) The density of dendritic protrusion of GD-DR neurons (n = 25
dendrites) is not different from that of control DR neurons (n = 28 dendrites). (B and C) The length (B) and the width (C) of dendritic protrusions of GD-DR
neurons (n = 600 dendritic protrusions) were significantly higher than those of DR neurons (n = 518 dendritic protrusions) (*P < 0.001; ¢ test). Histograms
show means + SEM. (D and E) Scatter plots of dendritic protrusion length versus its width in GD-DR neurons (D) and in DR neurons (E). Protrusions in gray

areas (length, >4 um; width, >1 pm) are defined as abnormal.

units, n = 141) was significantly higher than those of normal
protrusions (771 + 48.2 arbitrary units, » = 201) and dendritic
shafts (677 = 78.3 arbitrary units, n» = 32) in GD-DR neurons (Fig.
3). To analyze the effect of GFP-DA expression on the formation
of abnormal dendritic protrusions in more mature neurons, which
already have differentiated spines, we expressed GFP-DA in
neurons at 21-23 DIV. In these more mature GFP-DA expressing
neurons, only 1.3% of dendritic protrusions were abnormal
protrusions.

We then analyzed effects of GFP-drebrin A expression on
dendritic complexity using Sholl analysis, which quantifies the
number of times the dendrites from a given neuron cross concentric
circles of increasing diameter. We co-expressed GFP-DA and
DsRed2 in neurons at 7-9 DIV, and immunostained them with
anti-MAP2 antibody. The Sholl analyses using MAP2 immuno-
fluorescence images showed no significant difference in dendritic
complexity between DR neurons (z = 15 neurons) and GD-DR
neurons (n = 20 neurons; ¢ test) (Fig. 4).

Absence of MAP?2 in the abnormal protrusions

In order to clarify whether the abnormal protrusions were
similar to dendritic shafts or dendritic filopodia, we expressed
GFP-DA or GFP in immature neurons, and immunostained them
with anti-MAP2 antibody. In GFP-DA expressing neurons, MAP2
immunostaining was faintly observed in abnormal dendritic
protrusions (arrows in Fig. 5A), in which GFP-DA was highly
accumulated (arrows in Fig. 5B). Instead, intense MAP2 immu-
nostaining was observed throughout dendritic shafts (open
triangles in Fig. 5A), in which GFP-DA was observed discontin-
uously at the submembranous regions along dendrites (open
triangles in Fig. 5B). These abnormal protrusions, in which GFP-
DA was highly accumulated, were never observed upon axonal
processes that did not have intense MAP2 immunostaining. The
fluorescent intensity for MAP2 in the abnormal dendritic protru-
sions (277 + 11.2, n = 116) was significantly lower than that in
dendritic shafts (788 + 81.6, n = 28) (Fig. 5C). In control GFP
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Fig. 3. Accumulation of GFP-DA in abnormal dendritic protrusions. GFP-
DA and DsRed2 cDNA vectors were microinjected into nuclei of neurons at
7 DIV, and neurons were analyzed at 9 DIV. The GFP-DA fluorescent
intensity of the abnormal dendritic protrusions (n = 141) was significantly
higher than that of the normal protrusions (n =201) (*P <0.001; ¢ test), and
that of the dendritic shaft (n = 32) (*P < 0.001; ¢ test). Histograms show
means + SEM. AU, arbitrary unit.

expressing neurons, similar distribution pattern of MAP2 was
observed. MAP2 immunostaining was faintly observed in dendritic
protrusions and intensely observed in dendritic shafts (Figs. 5D, E).
The fluorescent intensity for MAP2 in dendritic protrusions (244 +
10.1, n = 264), which were identified by GFP images, was
significantly lower than that in dendritic shafts (1020 + 79.3, n =
15) (Fig. 5F).

Comparison of the amount of F-actin and PSD-95 between
abnormal dendritic protrusions and normal dendritic filopodia

To examine whether F-actin is more highly accumulated in the
abnormal protrusions than in normal dendritic filopodia, we
labeled GFP-DA expressing neurons and neighboring control
neurons with rhodamine-conjugated phalloidin. Dendritic filopodia
in control neurons were weakly labeled (Fig. 6A), but abnormal
protrusions in GFP-DA expressing neurons were intensely labeled
(Figs. 6B—D). Quantitative analysis showed that RFPS (the ratio of
the fluorescence intensity in dendritic protrusion to that in dendritic
shaft) for F-actin of GFP-DA expressing neurons (3.58 £ 0.24, n =
208) was significantly higher than that of control neurons (0.65 +
0.03, n = 326) (Fig. 6E).

Then, we analyzed the accumulation of PSD-95 in abnormal
protrusions by immunocytochemistry. In control neurons, a faint
punctate staining pattern for PSD-95 was observed mainly in
dendritic shafts but seldom in dendritic filopodia (Fig. 6F). In GFP-
DA expressing neurons, a similar punctate staining pattern for
PSD-95 was observed in the abnormal dendritic protrusions in
addition to dendritic shafts (Figs. 6G—I). Quantitative analysis
showed that RFPS for PSD-95 of GFP-DA expressing neurons

(1.31 £ 0.06, n = 208) was significantly higher than that of control
neurons (0.45 £ 0.02, n = 113) (Fig. 6J).

Correlation of GFP-DA with F-actin and PSD-95 in the abnormal
dendpritic protrusions

In the abnormal dendritic protrusions, there were significant
positive correlations in the fluorescent intensity between GFP-DA
and F-actin (the correlation coefficient R = 0.803, n = 69) (Figs.
7A, B), and between GFP-DA and PSD-95 (R = 0.669, n = 115)
(Figs. 7C, D). The linear regression analysis yielded a straight line
between the intensities of GFP-DA and F-actin with an 7 value of
0.644 and a slope of 0.87, and between those of GFP-DA and PSD-
95 with an > value of 0.448 and a slope of 0.14. In contrast, there
was no significant correlation in the fluorescent intensity of the
abnormal dendritic protrusion between GFP-DA and MAP2 (R =
0.235, n = 118) (Figs. 7E, F).

Effect of GFP-DA expression on presynaptic terminals

In order to clarify whether GFP-DA expression affects
presynaptic terminals, we analyzed synapsin I clusters of control
and GFP-DA expressing neurons at 7-9 DIV. In control
neighboring neurons, most of synapsin I clusters were observed
along dendrites (Fig. 8A). In GFP-DA expressing neurons, the
distribution pattern of synapsin I clusters was similar to that in
control neurons (Fig. 8B). Some, but not all, abnormal protrusions
were associated with synapsin I clusters (Figs. 8C, D). Quantitative
analysis demonstrated that the number of synapsin I clusters along
dendrites of GFP-DA expressing neurons was not different with
that of neighboring control neurons (Fig. 8E). As shown in Fig. 8F,
the average area of synapsin I clusters along dendrites of GFP-DA
expressing neurons (0.67 = 0.07 um?, n = 6 dendrites) was similar

10 —o—DR

—e—GD-DR

# of dendritic crossings

0 1 1 1 1 Il 1 1
20 30 40 50 60 70 80

Distance from the cell body

Fig. 4. Dendritic complexities of control DR neurons and GD-DR neurons.
GD-DR neurons at 7-9 DIV were immunostained with anti-MAP2
antibody, and analyzed their dendritic complexity using Sholl analysis.
DR neurons were used as control. The numbers of times the dendrites
crossed concentric circles were not different between DR neurons (n = 15
neurons) and GD-DR neurons (# = 20 neurons; ¢ test).
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Fig. 5. Lack of MAP2 immunostaining in abnormal dendritic protrusions. GFP-DA vector was microinjected into nuclei of neurons at 7 DIV, and neurons were
immunostained with anti-MAP2 antibody at 9 DIV. GFP vector was used as control. (A—C) GFP-DA expressing neuron. Fluorescence images of MAP2 (A)
and GFP-DA (B) demonstrated that MAP2 was hardly observed in the dendritic protrusions in which GFP-DA is highly concentrated. Histogram (C) showed
that the fluorescence intensity of MAP2 in dendritic shafts (n = 28) was significantly higher than that in dendritic protrusions (n = 116) (*P < 0.001; ¢ test).
(D—F) Control neuron. Fluorescence images of MAP2 (D) and GFP (E) demonstrated that MAP2 was hardly observed in dendritic filopodia. Histogram (F)
showed that the fluorescence intensity of MAP2 in dendritic shafts (n = 15) was significantly higher than that in dendritic filopodia (n = 264) (*P < 0.001; ¢
test). Arrows show dendritic protrusions. Open triangles show parent dendrites. Histograms show mean + SEM. Scale bars: 2 pm. AU, arbitrary unit.
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Fig. 6. Accumulation of F-actin and PSD-95 in abnormal dendritic protrusions. (A—D) Fluorescence images of F-actin in a control neighboring neuron (A) and
in a neuron expressing GFP-DA (B—D). (E) Histogram showing the ratio of fluorescence intensity in dendritic protrusions to that in dendritic shafts (RFPS) for
F-actin. (F—I) Fluorescence images of PSD-95 in a control neighboring neuron (F) and in a neuron expressing GFP-DA (G-1). (J) Histogram showing RFPS
for PSD-95. Data showed that both RFPS for F-actin and PSD-95 of GFP-DA expressing neurons were significantly higher than those of control neurons (*P <
0.001; 7 test). Dotted lines in panels E and J show the level that the fluorescence intensity of dendritic protrusion is equal to that of dendritic shaft. Scale bars: 2
pm. Histograms show means + SEM.
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Fig. 7. Correlation of F-actin, PSD-95, and MAP2 levels with GFP-DA level. (A, C, E) Double fluorescence images of abnormal protrusions for GFP-DA and
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(D), and of GFP-DA and MAP2 (F). The fluorescence intensity of GFP-DA is plotted on x axes (B, D, and F), and the fluorescence intensities of F-actin (B),
PSD-95 (D), and MAP2 (F) are plotted on the y axes. There were significant positive correlations in the levels between GFP-DA and F-actin, and between
GFP-DA and PSD-95. There was no significant correlation in the levels between GFP-DA and MAP2. Scale bars: 2 um. AU, arbitrary unit.

to that of control neurons (0.68 + 0.13 um?, n = 6 dendrites).
Further, the average area of synapsin I clusters associated with
abnormal protrusions of GFP-DA expressing neurons (0.74 + 0.12
um?, n = 6 dendrites) was not significantly different from that
along dendrites.

Discussion

We show here that the expression of GFP-DA in neurons at an
carly developmental stage results in the formation of abnormal
large headless protrusions along dendrites. Expressed GFP-DA is
highly accumulated in the abnormal protrusions, in which F-actin
and PSD-95 are accumulated in correlation with the amount of

GFP-DA. However, the expression of GFP-DA does not promote
the morphological change from filopodia into spines. These results
indicate that accumulation of spine-resident proteins in the
filopodium is not sufficient for the spine formation.

The shape of abnormal protrusions is different from those of
normal dendritic filopodia and spines. However, these abnormal
protrusions are similar to dendritic filopodia in terms of the
headless structure and the absence of MAP2 immunostaining.
Hence, we name these abnormal protrusions “megapodia” mean-
ing large dendritic filopodia. Sholl analysis demonstrates that the
dendritic complexity of GFP-DA expressing neuron is not different
from that of control neuron. This suggests that GFP-DA
specifically affects megapodia formation but does not affect entire
dendritic growth and arborization.
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Fig. 8. Effect of GFP-DA expression on synapsin I clusters. (A and B) Low
magnification of fluorescence images for synapsin I along dendrites of a
control neighboring neuron (A) and of a GFP-DA expressing neuron (B).
White lines indicate the contours of dendrites, which are determined with
enhanced PSD-95 immunofluorescence image. (C and D) High magnifi-
cation of double fluorescence images of abnormal protrusions for GFP-DA
(green) and synapsin I (red) in GFP-DA expressing neurons. (E) The
number of synapsin I clusters per 100-um dendrites. There was no
significant difference in the number of synapsin I clusters between control
neurons (n = 12 dendrites) and GFP-DA expressing neurons (n = 12
dendrites, ¢ test). (F) The area of synapsin I clusters. There was no
significant difference in the synapsin I cluster area between control shafts
(n = 6 dendrites), GFP-DA shafts (n = 6 dendrites), and abnormal
protrusions (n = 6 dendrites, ¢ test). Histograms show means + SEM. Scale
bars: 5 pm.

Strong linear relationship between the amounts of F-actin and
GFP-DA in megapodia indicates that drebrin A accumulates F-actin
via direct protein—protein interaction. It is consistent with our
previous finding that drebrin binds to actin filaments stoichiometri-
cally in vitro (Ishikawa et al., 1994). Since the correlation coefficient
R between the amounts of GFP-DA and PSD-95 is smaller than that
of GFP-DA and F-actin, drebrin A probably accumulates PSD-95
via indirect protein—protein interaction. Expression of GFP-DA
does not alter the density and size of synapsin I clusters along
dendritic shafts. In addition, synapsin I clusters associated with
megapodia are not bigger than those associated with dendritic shafts.
These data indicate that upregulation of drebrin A during neuronal
development in vivo directly relates to the formation of drebrin—

actin complex in postsynaptic sites, and that this drebrin—actin
complex enables PSD-95 to target at synapses.

Nevertheless, expression of GFP-DA in 7—9 DIV neurons does
not promote the morphological maturation of filopodia into spines,
and induce megapodia formation instead. In contrast, expression of
GFP-DA in 21 DIV cortical neurons, which has many mature
spines, results in the elongation of their spine lengths, but not in the
megapodia formation (Hayashi and Shirao, 1999). Further, it has
been reported that overexpression of PSD-95 in 12 DIV neurons
promotes synapse maturation (El-Husseini et al., 2000).

What is the difference between our present finding and other
previous findings? One possible explanation is the lack of
functional presynaptic terminals at 7—9 DIV. Although it has been
reported that synaptic vesicle marker proteins begin to increase in
contact sites between axons and dendrites at 7 DIV, these
presynaptic terminals hardly have functional synaptic vesicle
turnover by 8—10 DIV (Renger et al., 2001). At 12—14 DIV, on
the other hand, many functional presynaptic contacts on cultured
neurons are observed (Renger et al., 2001). The lack of functional
presynaptic contacts may cause megapodia formation. It is
consistent to our present observation that the percentage of
megapodia in total dendritic protrusions of GD-DR neurons at
21-23 DIV is less than 1/10 of that at 7—9 DIV. These indicate that
spine formation requires the influence of presynaptic terminals in
addition to the accumulation of drebrin A, F-actin, and PSD-95 at
postsynaptic sites. However, we cannot rule out the possibility that
lack of some other postsynaptic cytoskeletal molecules, such as
aN-catenin, Shank, Homer, and SPAR (Abe et al., 2004; Pak et al.,
2001; Sala et al., 2001), prevents spine formation.

In the elongated spines that are formed in mature neurons
expressing GFP-DA, GFP-DA is highly concentrated in spine
heads but not in spine necks (Hayashi and Shirao, 1999). This
suggests that functional presynaptic contacts regulate the sub-
cellular localization of drebrin A and its abundance at postsynaptic
sites. When a functional presynaptic contact is absent, expressed
GFP-DA may be over-accumulated through entire dendritic
filopodia, and consequently dendritic filopodia may change into
megapodia. Taken together, it is suggested that the spine formation
requires the concurrence of the increase of drebrin-A expression
and the functional presynaptic contact.

Experimental methods
Primary culture

Hippocampi were dissected from fetuses at embryonic day 18
(E18) from timed pregnant Wistar rats. Hippocampal cells were
prepared by trypsinization and mechanical dissociation according
to the methods described previously (Takahashi et al., 2003).
Briefly, cell suspensions were plated at a density of 5000 cells/cm?
on coverslips coated with poly-L-lysine and were incubated in
Minimum Essential Medium (MEM) (Invitrogen, San Diego, CA)
supplemented with 10% fetal bovine serum. After attachment of
the cells, the coverslips were transferred into a culture dish
containing a glial mono-layer sheet and maintained in serum-free
MEM with a B27 supplement (Invitrogen). Cytosine P-D-
arabinofuranoside (Sigma, St. Louis, MO) (10 uM) was added to
the cultures at 4 DIV, to inhibit glial proliferation.

All animal experiments were carried out according to the
Animal Care and Experimentation Committee, Gunma University,
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Showa Campus (Maebashi, Japan). All efforts were made to
minimize animal suffering and reduce the number of animals used.

cDNA microinjection

The construction of GFP-DA was described previously
(Hayashi and Shirao, 1999). EGFP-C1 and DsRed2-C1 vectors
(Clontech, Palo Alto, CA) were used as control. For
transfection of these vectors into neurons, we used a micro-
injection method. Glass micropipettes (Femtotips; Eppendorf,
Hamburg, Germany) were filled with Tris—EDTA buffer pH
8.0, which contained cDNA (0.5 pg/ul). We injected cDNA
solution into nuclei of multipolar neurons at 7 DIV using a
micromanipulator (Micromanipulator 5171; Eppendorf). At 2
days after the injection, the neurons were fixed and analyzed
immunocytochemically.

Immunocytochemistry and fluorescent microscopy

Cells were fixed in 4% paraformaldehyde in phosphate-buffered
saline pH 7.4 (PBS) at 4°C for 20 min. Fixed cells were
permeabilized with 0.1% Triton X-100 in PBS for 5 min and
incubated in blocking solution (3% bovine serum albumin in PBS)
for 60 min. Then, the cells were incubated overnight at 4°C with a
monoclonal antibody against PSD-95 (clone 7E3-1B8; Affinity
BioReagents, Golden, CO), or against MAP2 (clone HM-2; Sigma).
F-actin was detected with rhodamine-conjugated phalloidin (Molec-
ular Probes, Eugene, OR). After washing with PBS for 30 min, the
cells were incubated for 1 h at room temperature with secondary
antibodies. Anti-mouse IgG antibodies labeled with rhodamine and
with Cy5 (Chemicon, Temecula, CA) were used for detection of the
monoclonal antibodies against MAP2 and against PSD-95, respec-
tively. For analyzing Synapsin I clusters, some of neurons were
further immunostained using rabbit polyclonal anti-synapsin I
antibody (Chemicon) as primary antibody and anti-rabbit IgG
antibodies labeled with Cy5 (Chemicon) as secondary antibody.
After washing with PBS, the cells were mounted on glass slides with
Perma Fluor mounting medium (Thermo Shandon, Pittsburgh, PA).

All fluorescent images of cells were obtained on a Zeiss
Axioplan 2 microscope (Zeiss, Jena, Germany) equipped with a
Cool Snap fx cooled CCD camera (Photometrics, Tucson, AZ), and
operated with Meta Morph software (Universal Imaging, West
Chester, PA) through a 63, 1.4 numerical aperture objective lens
(Zeiss). A filter set (86000 Sedat Quad; Chroma, Brattleboro, VT)
was mounted in excitation and emission filter wheels (Ludl
Electronic Products, Hawthorne, NY) on the microscope. All of
the data were collected at 1300 x 1030 resolution at 12 bits/pixel.
A single pixel in the image corresponded to a 106-nm square in the
specimen plane. The images used for the comparison in this study
were collected under an identical condition. Captured fluorescent
images were analyzed using Meta Morph software. The signals of
GFP and DsRed2 were obtained through the filters for FITC and
rhodamine, respectively. We found no unsuitable fluorescent
leakage of these signals through the other filters. Images for
presentation were prepared using Adobe Photoshop software
(Adobe Systems, San Jose, CA).

Quantification

For quantification, multipolar neurons (5—11 neurons) were
selected from at least three separate cultures. The density, length,

and width of dendritic protrusions were analyzed as described
previously (Takahashi et al., 2003). The level of average
fluorescent intensity at a dendritic protrusion or at a dendritic
shaft was measured using Meta Morph software. For comparison
of the amount of each protein between abnormal protrusions and
normal dendritic filopodia, the ratio of the fluorescence intensity in
dendritic protrusion to that in dendritic shaft (RFPS) was used.

For quantification of dendritic complexity, MAP2 immuno-
fluorescence images of neurons were taken with 40x objective.
The concentric sphere method of Sholl modified by Ma et al.
(Sholl, 1953; Ma et al., 2003) was used to analyze dendritic
complexity. Briefly, concentric spheres of a constant interval, 10
um, were brought over each cell, and the cells were oriented with
the center of soma as origin. Crossing of spheres were counted
manually.

For quantification of the cluster number and area, clusters were
defined as a staining region with a peak fluorescent level that was
twofold greater than the averaged fluorescent level of dendrites.
The contours of dendritic shafts were traced with enhanced
immunofluorescence images. The clusters along dendritic shafts
were automatically counted and measured by computer.

Statview v.5.0.1 software (SAS Institute, Cary, NC) was used
for statistical analysis. Data were analyzed by unpaired Student’s ¢
test (with Welch’s correction for unequal variance, if appropriate).
To assess correlations between GFP-DA and other proteins, data
were analyzed with Fisher’s z transformation and linear regression
analysis. All of the data were presented as a mean + SEM. A P
value < 0.001 was considered significant.
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IN VIVO, COMPETITIVE BLOCKADE OF N-METHYL-b-ASPARTATE
RECEPTORS INDUCES RAPID CHANGES IN FILAMENTOUS ACTIN
AND DREBRIN A DISTRIBUTIONS WITHIN DENDRITIC SPINES OF

ADULT RAT CORTEX
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Abstract—In vitro studies have demonstrated that prolonged
N-methyl-p-aspartate receptor (NMDAR) blockade triggers a
homeostatic up-regulation of NMDARs at synapses. Such
upregulation can also be seen within 30 min in vivo in adult
rats, implicating trafficking of reserve pools of NMDARs.
Here, we evaluated the involvement of filamentous actin (F-
actin), the major cytoskeletal component in spines, in this
rapid in vivo homeostatic response, using biotinylated phal-
loidin as its probe. We also immuno-labeled spines for dre-
brin A, an F-actin-binding protein found at excitatory syn-
apses and with a proposed role of modulating F-actin’s
cross-linking with one another and interactions with
NMDARSs. Quantitative 2-D analysis of ultrastructural images
revealed that NMDAR blockade increased filamentous actin
labeling per spine by 62.5% (P<0.005). The proportion of
dendritic spines immuno-labeled for drebrin A also increased
significantly, from 67.5% to 85% following NMDAR blockade
(P<0.001), especially among larger spines. The frequency
distributions of spine widths and postsynaptic density
lengths were not affected by the p-(+)-2-amino-5-phosphono-
pentanoic acid (p-APV) treatment. However, the average
postsynaptic density length was reduced by 25 nm among
the fewer, drebrin A immuno-negative spines, indicating that
drebrin A confers stability to synapse size. We propose that, in
a homeostatic in vivo response, increases of drebrin A and
F-actin within spines can enhance NMDAR trafficking by reduc-
ing cytoskeletal rigidity within the spine cytoplasm without
changing the overt morphology of axo-spinous synapses. Al-
ternatively or in addition, the cytoskeletal redistribution within
spine cytoplasm may be triggered by the p-APV-induced, ho-
meostatic up-regulation of NMDAR. © 2006 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: F-actin, drebrin, activity-dependent, trafficking,
electron-microscopy, immunocytochemistry.
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Abbreviations: AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid; BSA, bovine-serum albumin; DAB, diaminobenzidine;
D-APV, D-(+)-2-amino-5-phosphonopentanoic acid; EM, electron mi-
croscopy/electron microscope; F-actin, filamentous actin; L-APV,
L-(+)-2-amino-5-phosphonopentanoic acid; LTP, long-term potentia-
tion; NMDAR, N-methyl-p-aspartate receptor; PB, phosphate buffer;
PBS, phosphate buffer saline; PSD, postsynaptic density; SIG, silver-
intensified gold.

Dendritic spines exhibit high concentrations of cytoskeletal
proteins, such as filamentous actin (F-actin) (Capani et al.,
2001), and these proteins are believed to be involved in
activity-dependent organization of synaptic molecules. For
example, Fukazawa et al. (2003) showed that F-actin in
spines is essential in long-term potentiation (LTP)-induced
trafficking of alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors. However, the involve-
ment of cytoskeleton in activity-dependent trafficking of
N-methyl-D-aspartate subtype of glutamate receptors
(NMDARSs) is not as well understood. Previous in vitro
studies showing that NMDARSs increase within dendritic
spines in response to long-term NMDAR blockade (Rao
and Craig, 1997; Turrigiano, 1999; Barria and Malinow,
2002; Carpenter-Hyland et al., 2004). Our laboratory has
shown that a 30-minute in vivo application of an NMDAR
antagonist, b-(+)-2-amino-5-phosphonopentanoic acid (b-
APV), also produces a significant increase in the number
of pre- and post-synaptic NR2A subunits and a concurrent
decrease of synaptic NR2B subunits (Aoki et al., 2003;
Fujisawa and Aoki, 2003). This rapid, homeostatic regula-
tion of NMDAR may be achieved by trafficking of receptors
along cytoskeletal tracts that connect the postsynaptic
density (PSD) to the cytoplasm of spine heads and den-
dritic shafts. The current study examined p-APV-induced
changes in the amount of two major cytoskeletal proteins
within spines, namely, F-actin and the F-actin-binding pro-
tein, drebrin A.

F-actin functions as part of the PSD anchor for synaptic
proteins, including NMDARs and drebrin. The disruption of
F-actin drastically alters the localization of these molecules
within spines (Adam and Matus, 1996; Allison et al., 1998,
2000), indicating that F-actin is also involved in intra-spine
trafficking and endo/exocytosis of receptors (Kaech et al.,
2001; Zhou et al., 2001; Qualmann et al., 2004). Reorga-
nization of actin cytoskeleton is, in turn, initiated by
changes in synaptic activity (van Rossum and Hanisch,
1999). Influx of extracellular Ca®* via activation of
NMDARSs causes stabilization of F-actin (Star et al., 2002)
and spine morphology (Ackermann and Matus, 2003;
Brunig et al., 2004). Strong stimulation of NMDARs, how-
ever, induces massive depolymerization of F-actin and
eventual collapse of dendritic spines (Rosenmund and
Westbrook, 1993; Halpain et al., 1998). We surmised that
F-actin within spines might be increased by the 30-min
NMDAR blockade, and this promotes the intra-spinous
trafficking of NMDARSs.

0306-4522/06$30.00+0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reserved.
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We also hypothesized that receptor trafficking might
be facilitated by the dissociation of NMDARs from the
cytoskeletal anchors. «-Actinin-2 is known to anchor
NMDARSs onto actin cytoskeleton (Wyszynski et al., 1997;
Dunah et al., 2000). An increase of another F-actin-binding
protein, drebrin A, would competitively displace a-actinin-2
from F-actin, thus freeing receptors from cytoskeletal an-
chors and allowing them to relocate (review by Shirao and
Sekino, 2001). Thus, we predicted that NMDAR blockade
would increase intra-spinous levels of drebrin A and this
event facilitates NMDAR trafficking within spines. Here, we
report that our findings concur with these predictions about
drebrin A and F-actin.

EXPERIMENTAL PROCEDURES
In vivo blockade of NMDARSs in the cerebral cortex

We used tissues from brains of four animals prepared in our
previous NMDAR-blockade experiments and prepared brains
from four additional animals, using an alternative fixative (de-
scribed below). In vivo application of NMDAR antagonist was as
described previously (Aoki et al., 2003; Fujisawa and Aoki, 2003).
Briefly, adult male Sprague—Dawley rats were anesthetized with
50 mg/kg of Nembutal. After stabilizing their heads in a stereotaxic
apparatus, bilateral craniotomy and durotomy was performed over
the medial parietal cortex. A small piece of Gelfoam (approxi-
mately 5 mm?) soaked in 5 mM Dp-APV (Sigma, St. Louis, MO,
USA) was placed above the durotomy site (~2 mm in length) in
one hemisphere. The contralateral hemisphere received an equal-
sized piece of Gelfoam soaked in an equal concentration of the
inactive enantiomer, L-(+)-2-amino-5-phosphonopentanoic acid
(L-APV) (Sigma). Both drugs were dissolved in artificial cerebro-
spinal fluid (115 mM NaCl, 3.3 mM KCI, 1 mM MgSO,, 2 mM
CaCl,, 25.5 mM NaHCO3, 1.2 mM NaH,PO,, 5 mM lactic acid,
and 25 mM glucose). The drug application lasted for 30 min. All
surgical procedures were in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Experimental
Animals and were approved by the NYU Animal Care and Use
Committee. Care was taken to minimize the number of animals
used and their suffering.

Tissue processing for ultrastructural analysis

At the end of drug application, the animals were perfused
transcardially, first for 30 s with saline containing 300 USP
units/ml of heparin (Henry Shine, NY, USA), followed immedi-
ately with the aldehydes. The perfusate was either 4% parafor-
maldehyde (EMS, Hatfield, PA, USA), mixed with 1% glutaral-
dehyde (EMS; therein called “glutaraldehyde-fixed”) and dis-
solved in 0.1 M phosphate buffer (PB) (Aoki et al., 2003;
Fujisawa and Aoki, 2003), or 4% paraformaldehyde alone
(therein called “paraformaldehyde-fixed”). The brain was dis-
sected out of the skull, and cut into 40 um-thick sections using
a vibratome. This procedure yielded approximately 20 vi-
bratome sections that contained the cortical neuropil residing
directly under the drug-soaked Gelfoam. All of these vibratome
sections were stored, free-floating, in 0.01 M PB with 0.9%
sodium chloride (phosphate buffer saline, PBS) and 0.05%
sodium azide, at 4 °C.

Ultrastructural localization of F-actin and drebrin A
for electron microscopy (EM)

F-actin was detected by its binding to biotinylated phalloidin
(Molecular Probes, Eugene, OR, USA), while drebrin A was
detected immunocytochemically using a well-characterized an-

tibody (Aoki et al., 2005). First, the sections were freeze-
thawed (see Aoki et al., 2003) in order to enhance penetration
of histological reagents, then incubated in 1% hydrogen perox-
ide in PBS for 30 min and washed in PBS in order to minimize
background labeling. Subsequently, the sections were incu-
bated in 1% bovine-serum albumin in PBS (PBS-BSA) for 30
min in order to block non-specific binding of phalloidin or of the
anti-drebrin A antibody.

We detected F-actin using silver-intensified gold (SIG) as the
label. This label is non-diffusible and discrete, thus amenable to
quantification and precise localization within single spines (Aoki et
al., 2003). The sections were incubated in biotinylated phalloidin
(Molecular Probes), diluted 1:20 in PBS—-BSA with 0.05% sodium
azide for 3 days at room temperature. After washes in PBS,
tissues labeled with phalloidin were further incubated in a 1:100
dilution of 0.8 nm gold-conjugated goat anti-biotin antibody (EMS)
for 3 h. Following post-fixation with 1% glutaraldehyde, the colloi-
dal gold particles were intensified with silver (SIG), using the
IntensEM Kit (Amersham, Arlington Heights, IL, USA). This pro-
cedure enlarges the gold particles to sizes detectable under the
EM. Tissues labeled with phalloidin underwent osmium-free tissue
processing to minimize loss of SIG labels (see Phend et al., 1995;
Aoki et al., 2003).

The vibratome sections allotted for drebrin A immuno-la-
beling were processed for HRP-diaminobenzidine (DAB)-
based labeling. HPR-DAB-based labels are diffusible and en-
zymatically amplified, thereby allowing for better detection of
antigens. This label was chosen over SIG, because we wanted
to optimize detection of the protein within spines, more than the
precise localization or quantification within single spines. The
tissues were incubated in PBS—-BSA-azide solution containing
a 1:1000 dilution of the anti-drebrin A antibody for 3 days at
room temperature. After washes in PBS, these sections were
incubated in a 1:200 dilution of secondary antibody, biotinylated
goat anti-rabbit IgG (Vector, Burlingame, CA, USA) for 30 min,
followed by PBS washes. Tissues were then incubated in the
avidin—biotin complex solution (Elite Kit, Vector) for 30 min.
Bound antibodies were visualized by the peroxidase reaction,
using 0.3% 3,3’-DAB HCI in PBS with 0.01% hydrogen perox-
ide as a substrate. After washing in PBS, drebrin A-labeled
tissues were fixed using 1% osmium tetroxide for 1 h.

Cytochemical control sections for both F-actin and drebrin
labeling underwent the same procedures in parallel, except that
they were incubated in PBS—-BSA-azide without phalloidin or the
drebrin A antibody.

The phalloidin- and drebrin A-labeled sections were dehy-
drated through incubations in ethanol and acetone, and then
embedded in EMBed 812 (EMS). Drug-treated areas of the brain
were determined by slight indentations of the cortex that resulted
from craniotomy. Small areas of cortex (~1 mm in diameter) from
the region immediately below the craniotomy were embedded in
Beem capsules (2 vibratome sections from each animal). Previous
studies showed that the p-APV-induced NMDAR redistribution
was restricted to a 2 mm diameter of surface area immediately
below the craniotomy (Aoki et al., 2003), and a depth extending
down to layer 2 (Fujisawa and Aoki, 2003). The quantitative EM
analysis in the current study was restricted to this zone showing
the NMDAR trafficking. Each capsule was coded so that the
experimental condition of each vibratome section would be un-
known to the experimenter until the data analysis stage.

EM

Labeled tissues were cut into approximately 80 nm-thick sections
using an ultramicrotome before examination under the EM (JEOL
1200XL, Japan). Conventional EM negatives or a digital camera
(Hamamatsu CCD Camera, Japan; AMT, Danvers, MA, USA)
were used to capture EM images from at least two grids per
capsule. These images were taken in a systematically random
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order for unbiased sampling, and in close proximity (within 5 um)
to the tissue—Epon interface, where labeling was most intense. At
least two grids from each hemisphere from each animal were
examined under the EM. For every animal, 40~80 pictures were
taken for each experimental condition at 20,000~30,000X mag-
nification. During the process of picture taking and the subsequent
data collection, the experimenter had no knowledge of the treat-
ment condition of the tissues being examined.

Data sampling: DAB and SIG labeling

We tallied the synapses in the electron micrographs in the order
encountered. Asymmetric synapses were identified by the juxta-
position of two plasma membranes, with the presynaptic terminals
containing synaptic vesicles, and the opposing profiles containing
electron-dense PSDs.

Control tissues received no exposure to biotinylated phal-
loidin, but were incubated in a solution containing gold-conju-
gated anti-biotin antibodies. These displayed an extremely low
level of non-specific, background labeling. Only one or two
particles were observed within 20 um? of the tissue captured by
any single digital picture, and none of them fell on top of a
synapse. Therefore, in F-actin-labeled tissues, a synapse was
categorized as “labeled” if it contained even a single SIG par-
ticle within either the pre- or postsynaptic profile. In labeled
synapses, the number of SIG particles within the pre- and
postsynaptic profiles was recorded.

For drebrin-labeled tissues, synapses were categorized into
one of three tiers, according to the intensity of the DAB reaction
product. If the labeling filled the entire profile and was of strong
intensity, the profile was categorized as “intensely labeled.” If the
labeling was discretely concentrated to a small area within the
profile, or if it was of lighter intensity, the profile was categorized
as “lightly labeled.” Synapses with no detectable peroxidase re-
action product were categorized as “not labeled.”

Data sampling: spine widths and PSD lengths

In order to determine whether the 30-min p-APV blockade of
NMDARs causes a change in the size of spines and synapses, we
undertook a quantitative morphometric analysis. The ultra-thin
sections used for these measurements were the same ones that
had undergone immunolabeling for drebrin A. All of the tissue
used for morphological analysis had undergone drebrin A-immu-
nocytochemistry, followed by osmium tetroxide fixation. This set of
tissue was chosen, because osmium post-fixation minimized tis-
sue shrinkage. A minimum of two grids were used from each of the
seven D-APV and the seven L-APV-treated hemispheres. As
stated previously, these were derived from a systematically ran-
dom selection of vibratome sections.

For measurements of spine widths and PSD lengths, we
identified axo-spinous synapse profiles by the presence of PSDs,
the spine apparatus and by the lack of mitochondria and microtu-
bules in the postsynaptic profile. While we understand that there
are large dendritic protrusions containing mitochondria and micro-
tubules (Li et al., 2004), we excluded postsynaptic structures with
these organelles, so that we could be sure to exclude dendritic
shafts, many of which would be GABAergic and only sparsely
spiny (White, 1989). Thus, by excluding the potentially GABAergic
postsynaptic profiles from the sample, we were able to focus our
analysis to excitatory synapses formed upon glutamatergic neu-
rons (i.e. glutamate-to-glutamate connections). Synapses for
which only a part of the spine was visible in the micrograph were
also excluded from this analysis.

For each analyzable postsynaptic spine encountered within a
single plane of section, we measured a drawn line that coursed
parallel to the PSD at the widest point of the spine. The distance
from one to the other end of the PSD darkening was measured
using an Accutracker pen (Precision Technology Devices, IL,

USA), taking care to follow the PSD’s curvature. The lengths of
these lines in nanometers were calculated according to the mag-
nification of the micrographs taken.

Unlike a 3-D morphometric analysis, such as the disector
method, the 2-D analysis introduces two forms of bias: greater
sampling of larger spines than of smaller ones, and inability to
verify that spine widths are being measured at their widest points
(Mouton, 2002). Indeed, a limited 3-D analysis of a dozen ran-
domly encountered spines indicated that spine width measure-
ments differed by about 20% compared with the outcome from 2-D
analysis (data not shown). However, our aim was not to determine
the absolute values of spine diameters or PSD lengths, but to
determine whether the p-APV treatment caused a population shift
in the size of synapses and spines, relative to the values observed
within the L-APV-treated hemispheres. Moreover, we wished to
use the same sample for analyzing whether the b-APV treatment
had different effects upon drebrin A-immunoreactive versus dre-
brin A-negative spines. Since immunoreactivity is strongly influ-
enced by the depth from the vibratome surface, we opted to
sample widely and more efficiently using single-plane sections at
portions that captured the resin-vibratome interfaces, rather than
to perform 3-D reconstructions. Care was taken to use matched
final magnifications to view and capture images from the p- and
L-APV tissues.

Data analysis

In order to determine whether the proportion of F-actin- or drebrin-
labeled synapses was different between the L-APV- and p-APV-
treated tissues, we calculated the percentage of labeled synapses
for every 20 synapses encountered. Student’s f-test was used to
determine the significance of differences between mean percent-
ages of L- vs. D-APV tissues. Additionally, we also performed a
Freeman-Tukey transformation method (Freeman and Tukey,
1950) of converting binomial data set into normal distributions.
The results of this statistical test were similar to the t-test and thus
are not shown.

When analyzing the differences in the number of F-actin-
labeled SIG particles within single synapses, we grouped ani-
mals according to the aldehyde used for brain fixation. The two
groups were 4% paraformaldehyde alone (will be referred to as
the “paraformaldehyde-fixed tissue”) and 4% paraformalde-
hyde plus 1% glutaraldehyde (“glutaraldehyde-fixed tissue”).
The frequency distributions of average SIG particles per syn-
apse were skewed heavily to the right regardless of the fixative
used. Therefore, instead of using a parametric test to compare
data from L- vs. D-APV tissues, we performed the non-paramet-
ric, Mann-Whitney U test. The group statistics were calculated
by averaging the percent-changes from the L-APV data for each
animal. The significance of the differences in percent-changes
was tested using single-sample t-test, since the distributions
were normal (data not shown).

The frequency distributions of spine widths and PSD lengths
were normal, and therefore these sets of data from L-APV tissues
and D-APV tissues were statistically compared using the Student’s
t-test.

Multiple linear regressions were performed to determine the
degree of correlation between spine widths and PSD lengths.

RESULTS

NMDAR blockade induces an increase in the
proportion of synapses labeled for F-actin using
phalloidin

The cortical surfaces of adult rats were treated with a
competitive NMDAR antagonist, o-APV, over one hemi-
sphere and with its inactive enantiomer, L-APV, on the
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Fig. 1. Electron micrographs show phalloidin-labeling of F-actin in presynaptic axon terminals and postsynaptic spines of L-APV- and p-APV-treated
tissues. The micrographs in these figures were derived from tissues of a paraformaldehyde-fixed animal, sampled strictly along the tissue-Epon
interface (asterisks on the Epon-side). Arrowheads, indicating synapses, reside in the presynaptic terminals and point to PSDs. White arrowheads
point to unlabeled synapses. Black arrowheads point to labeled synapses; i.e. those with one or more SIG particles in pre- and/or postsynaptic
terminals. Post, postsynaptic spine; Pre, presynaptic axon terminal. Scale bar=200 nm. (A) Cytochemical control tissue from b-APV-treated
hemisphere, incubated in a buffer lacking biotinylated phalloidin but containing gold-conjugated anti-biotin antibody. There was very little SIG labeling;
none of them were found at synapses. (B) Pharmacological control, L-APV-treated tissue. Phalloidin labels were found in dendritic shafts, spines and
axon terminals. Those found in dendritic spines were tallied as “postsynaptic labels,” while those of the axon terminals were tallied as “presynaptic
labels.” In this example, two out of three synapses within this field show no detectable phalloidin-binding sites. (C) pb-APV-treated tissue. More
synapses were labeled with SIG particles and each labeled synapse contained more particles, compared with the L-APV-treated tissue.

contralateral hemisphere for 30 min. Aldehyde-fixed brain
tissues from these animals were labeled for F-actin, using
biotinylated phalloidin. Phalloidin was visualized with SIG
particles, and their presence at drug-infused synapses in
layer | of the cortex was determined by EM. Fig. 1B and C
show examples of L- and p-APV-infused areas respec-
tively, taken from one of four paraformaldehyde-fixed ani-
mals. Tissues from glutaraldehyde-fixed animals (n=3)
exhibited relatively less labeling. In both types of tissues,
SIG particles were observed in dendritic spines and axon
terminals, as well as in dendritic shafts.

Since no synapse exhibited background SIG particles
when phalloidin was omitted from the incubation cocktail
(Fig. 1A), we were able to categorize a synapse as “la-
beled” (black arrowheads in Fig. 1), even if it contained
only one SIG particle within its pre- or postsynaptic profile.
When we calculated the average percentage of labeled
synapses for every 20 synapses encountered in the
L-APV-treated hemisphere, the paraformaldehyde-fixed
tissues contained more synapses labeled with phalloidin
(40.3=1.8% S.E.M.) than the glutaraldehyde-fixed tissues
(24.5+2.1% S.E.M.; Fig. 2). Presumably, this difference in
labeling reflects differences in accessibility of the phalloidin
binding site brought about by the different fixation condi-
tions. In both glutaraldehyde- (=4.78, df=63, P<0.001)
and paraformaldehyde-fixed tissues (t=3.64, df=91,

P<0.001), the proportion of F-actin-labeled synapses in
the p-APV-treated area was increased significantly, com-
pared with the L-APV-treated area, using Student’s t-test
(Fig. 2). This indicated that more synapses reached
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Fig. 2. The proportion of phalloidin-labeled synapses increases after
p-APV application. For every 20 synapses encountered, the percent-
age of immuno-labeled synapses was calculated. The bar graphs
show the mean percentage with S.E.M. as error bars. The numbers in
parentheses below the bars correspond to the N for that data set. The
distributions were compared between L-APV and p-APV treatments of
single animals. Student’s t-test showed significant increase in the
proportion of labeled synapses, in both glutaraldehyde- and paraform-
aldehyde-fixed tissues. * Indicates P<0.001.
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Fig. 3. The number of SIG particles labeling F-actin in the synaptic subcellular domains is greater in the b-APV-treated tissues. Top two graphs
(A and B) represent the average number of SIG particles found within presynaptic profile, postsynaptic profile and across both micro-domains of each
synapse (“All’). Data in graph A were taken from tissues of animals perfused with 4% paraformaldehyde—1% glutaraldehyde mixture (n=3). Data in
graph B were from paraformaldehyde-fixed animals (n=4). Error bars show the standard error of means across synapses. Lighter-colored bars are
data from L-APV-treated tissues from each animal, and darker-shaded bars are those from p-APV-treated tissues. The total number of synapses
examined for both tissues is shown in parentheses next to the legend. Statistical analysis comparing L- and b-APV-treated tissues was performed for
each micro-domain of each animal separately, using the non-parametric Mann-Whitney U test. Single asterisk indicates P<<0.001. Panel C combines
the data from both groups of data, by averaging the percent change from L-APV from all of the glutaraldehyde- and paraformaldehyde-fixed animals
examined (n=7). Single-sample t-test was used to determine whether the changes were significantly different from zero; single star denotes P<<0.005.

threshold level for F-actin detection, following the p-APV
application.

NMDAR blockade induces an increase in the average
number of F-actin labels within single synapses

We suspected that an increase in the number of synapses
with detectable levels of F-actin reflects an increase in the
amount of spinous F-actin within single synaptic profiles.
Since SIG particles are quantifiable, we calculated the
average number of SIG particles found within the following
ultrastructural domains: within the presynaptic axon termi-
nal, within the postsynaptic dendritic shaft or spine, and
combined across both domains (“all”; Fig. 3). For each cate-
gory, the average number of SIG particles per synapse was
compared between the L- and p-APV-treated areas.

In glutaraldehyde-fixed brain tissues (Fig. 3A), SIG
particles were less numerous in the presynaptic domain
than in the postsynaptic domain. Comparisons across the
drug treatments revealed a 63.3% greater density of SIG
particles in the “all” category of the b-APV condition, rela-
tive to the L-APV condition (z=5.15, df=1348, P<0.001,
Mann-Whitney U test). The p-APV condition exhibited an
increase of SIG particles in the “presynaptic” (z=2.16,

df=1348, P<0.05) and “postsynaptic’ (z=3.98, df=1348,
P<0.001) micro-domains of synapses as well.

As seen in the glutaraldehyde-fixed tissue, the para-
formaldehyde-fixed tissue (Fig. 3B) also exhibited less SIG
particles in the presynaptic domain. Comparisons across
the drug-treatment conditions revealed that SIG particles
were significantly greater within postsynaptic profiles of the
p-APV condition (z=4.51, df=1987, P<0.001), but not
significantly different within presynaptic terminals (z=0.49,
df=1987, P>0.05). In the combined “all” category, a sig-
nificant increase by 43.1% followed the p-APV application
(z=4.25, df=1987, P<0.001).

In order to analyze the overall trend across both fixa-
tive groups, the data from all animals (n=7) were com-
bined by taking an average of percent-changes induced by
the p-APV treatment, relative to the L-APV data, from each
animal (Fig. 3C). Using single-sample t-test, we found a
significant increase of SIG counts in the “postsynaptic”
category (66.3%; t=4.8, df=6, P<0.005) and the “all” cat-
egory (62.5%; t=4.98, df=6, P<0.005). Presynaptic
counts also increased by the drug treatment, but the
changes were too variable to be statistically significant
(t=2.19, df=6, P>0.05). The data suggest that NMDAR
blockade induces a greater, more consistent increase of
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Fig. 4. p-APV treatment induces significant increases in drebrin A-labeled spines. All micrographs were taken from a representative animal. As with
phalloidin-labeled tissues, pictures were taken along the tissue—Epon interface. All arrows indicating synapses are in presynaptic terminals, pointing
at PSDs. White arrowheads point to unlabeled synapses; black arrows to lightly-labeled synapses; and black arrowheads to intensely-labeled
synapses. Drebrin A labeling, when present, was always found within the postsynaptic profile and was never found presynaptically. (A) Control tissues
incubated in a buffer without the primary antibody but otherwise treated identically to experimental tissue. No synapse was labeled by DAB (white
arrows). (B) L-APV-treated tissue. Most synapses were labeled with DAB, but many of them were only lightly labeled (black arrows). (C) b-APV-treated
tissue. There were more intensely labeled synapses (black arrowheads). (D) Each bar represents the proportion of unlabeled (white), lightly-labeled
(gray) and intensely-labeled (dark gray) spines among all spines encountered (indicated in parentheses on the x axis). The proportion of unlabeled
spines was significantly reduced within p-APV tissues, while the proportion of intensely-labeled synapses was significantly increased. Asterisk

indicates P<<0.001 by Student’s t-test.

F-actin labels within postsynaptic profiles compared with
presynaptic terminals.

NMDAR blockade increased the proportion of drebrin
A-immunoreactive spines

We next evaluated whether the p-APV-induced increase of
F-actin was accompanied by changes in drebrin A, an
adult isoform of an F-actin-binding protein. In four glutar-
aldehyde-fixed animals, we immuno-labeled drebrin A with
an isoform-specific antibody and visualized it with an im-
muno-peroxidase reaction product (Fig. 4B and C). There
was not a single synapse whose presynaptic terminal was
labeled for drebrin A but the majority of postsynaptic
spines were immunolabeled. The average percentage of
synapses lacking any immuno-labeling (white arrowheads
in Fig. 4A and B) for every 20 synapses encountered was

32.5% in the L-APV-treated tissues and 15.0% in the
D-APV-treated tissues. This decrease following p-APV
treatment was statistically significant by the Student’s t-test
(Fig. 4D; t=6.00, df=100, P<0.001).

The peroxidase immuno-reaction product was catego-
rized to be “intensely labeled” or “lightly labeled” depend-
ing on the extent and intensity of labeling within spines.
Fig. 4 shows examples of intensely-labeled spines where
the entire profile is filled with dark reaction product (Fig. 4B
and C, black arrowheads). A lightly-labeled profile was so
categorized when the reaction product was either only
partially filled or was less intense (Fig. 4B and C, black
arrows). Since the intensely- and lightly-labeled spines
occurred within close proximity of one another, it is unlikely
that this heterogeneity in the intensity of labeling resulted
from varied degrees of penetration of immuno-reagents.
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Fig. 5. D-APV treatment did not cause enlargement of spine heads or lengthening of PSDs. (A) Schematic drawing of how spine widths were
measured on electron micrographs taken from glutaraldehyde- and osmium-fixed, drebrin immuno-labeled tissue. All spines encountered, whether or
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that were present along the synaptic cleft. (B, C) Normalized frequency distributions of spine widths and PSD lengths, respectively, binned by 50 nm.
The numbers in parentheses in the legend represent the N for each group. There were no statistical differences in frequency distributions from the

L- and D-APV tissues.

Rather, this heterogeneity is more likely to reflect varied
amounts of drebrin A within spines, or differences in dre-
brin A’s conformation that allow more antigenic sites to be
available for antibody binding.

The proportion of intensely-labeled synapses was de-
termined for every group of 20 randomly encountered syn-
apses. Analysis of these groups revealed a significant
increase in the proportion of intensely-labeled synapses
following p-APV application (t=4.79, df=100, P<0.001;
Fig. 4D). On the other hand, the proportion of lightly-labeled
synapses did not change ({=0.79, df=100, P>0.05), sug-
gesting that b-APV-induced increase in the number of drebrin
A-immuno-positive synapses was due almost entirely to an
increase of the intensely-labeled synapses.

NMDAR blockade does not induce
morphological changes

Following an LTP-inducing protocol, an increase of F-actin
within dendritic spines is accompanied by an increase in
the volume of those spines (Matsuzaki et al., 2004). Al-
though our pharmacological treatment was not an LTP-

inducing paradigm, we also observed an increase of
F-actin within spines. Thus, we sought to determine
whether p-APV induced changes in the apparent size of
dendritic spine profiles and PSD profiles. 2-D analysis was
chosen over 3-D analysis, so as to maximize the sample
size within the zone that was both p-APV-treated and
immunolabeled. (Further discussion of the rationale for this
approach appears under “Experimental Procedures.”)

Altogether we measured 1619 spine profiles. In L-APV-
treated tissue, the average spine width (drebrin A-labeled
and unlabeled, combined) was 538.5 nm (+7.6 nm S.E.M.)
and ranged from 58.8 nm to 1323.5 nm. The mean spine
width in the p-APV tissue was 551.8 nm (=7.4 nm S.E.M.)
and ranged from 58.8 nm to 1323.5 nm (Fig. 5B). Student’s
t-test revealed that there is no significant difference in the
spine-width distribution between the L-APV and the b-APV
tissues (t=1.24, df=1617, P>0.05).

Analysis of PSD lengths from the same sample of
spines showed that b-APV application did not induce any
change in this parameter either (t=0.87, df=1617,
P>0.05). The average PSD length in the L-APV tissue was
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345.3 nm (£5.0 nm S.E.M.), ranging from 88.2 nm to
941.2 nm. In the p-APV tissue, PSD lengths had the same
range of distribution, and the average length was 351.4 nm
(*+4.9 nm S.E.M.) (Fig. 5C).

Correlation between spine widths and PSD lengths
was significant in the L-APV tissues (?=0.589, P<<0.001),
as tested by multiple regression analysis. As expected, the
correlation between these two values remained significant
in the b-APV tissues (r?=0.567, P<<0.001).

Spines containing drebrin A-immunoreactivity are
larger and the larger spines are more likely to gain
drebrin A-immunoreactivity following the NMDAR
blockade

Although the average size of synapses remained the
same, a possibility remained that a size change occurred
within the subpopulation distinguishable by drebrin A-im-
munoreactivity.

We first noted that, in L-APV tissues, drebrin A im-
muno-positive spines were larger (567.4+9.9 nm S.E.M.)
and had longer PSDs (371.7+6.2 nm S.E.M.) than those
lacking drebrin A immunoreactivity (490.7+11.4 nm S.E.M.
for spine widths; 301.4=7.1 nm S.E.M. for PSD lengths).
These differences were significant, as tested by the Stu-
dent’s t-test (=4.93, df=785, P<0.001 for spine widths;
t=6.99, df=785, P<0.001 for PSD lengths). Similarly sig-
nificant differences were found in spine widths and PSD
lengths in the p-APV tissues (t=5.13, df=830, P<0.001 for
spine widths; t=7.04, df=830, P<<0.001 for PSD lengths).

NMDAR blockade induced a small reduction in the
average spine width of drebrin A-negative synapses
(25.2 nm reduction), compared with those in L-APV tis-
sues, but this difference did not reach statistical signifi-
cance (t=—1.27, df=427, P>0.05). The drug application
also reduced the average PSD length of drebrin A-nega-
tive synapses by 27.4 nm, and this change reached sta-
tistical significance (t=—2.23, df=427, P<0.05). The PSD
lengths of drebrin A-positive spines decreased following
D-APV ftreatment, but to a smaller extent (by 5.6 nm).
Widths of these drebrin A-immunoreactive spines were
unaffected by the NMDAR blockade, increasing only by
0.8 nm. These results suggested that the drebrin A-posi-
tive spines are resistant to the b-APV-induced decrease of
spine and PSD sizes.

Seeing that the p-APV treatment induced no significant
overall changes in spine widths or PSD lengths, but did
cause an increase in the proportion of spines with drebrin
A-immunoreactivity, we then asked whether drebrin A-im-
munoreactivity increased similarly across spines of differ-
ent sizes. To address this question, we categorized spines
into two: those with diameter greater than 700 nm and
those with diameter less than 700 nm. A comparison
across the two size groups revealed that larger spines
were more likely to contain drebrin A, as seen within the
L-APV tissue (t=4.23, df=38, P<0.001). p-APV-induced
increase of drebrin A-immunoreactivity was greater among
the larger spines (by 61.1%) than the smaller spines (by
54.5%). Altogether, these observations indicated that
larger spines are more likely to be drebrin A-immunoreac-

tive and are also more likely to gain drebrin A-immunore-
activity following NMDAR blockade.

DISCUSSION

Previously, our laboratory showed that 30-minutes of in
vivo NMDAR blockade causes trafficking of the NR2A
subunits of NMDARs into the synaptic area and of the
NR2Bs away from synapses (Aoki et al., 2003; Fujisawa
and Aoki, 2003). In the present study, we have demon-
strated that the same manipulation also causes changes in
the distribution of cytoskeletal proteins, especially within
the larger spines, without causing overt changes in the size
of spines or PSDs.

NMDAR blockade alters cytoskeletal distribution:
postsynaptic impact

We have shown that both the number of synapses labeled
with phalloidin and the density of labeling within single syn-
aptic profiles significantly increased following NMDAR block-
ade (Figs. 2 and 3). How might the increased F-actin level
contribute to the homeostatic up-regulation of NMDARs?
Compared with AMPA receptors, relatively little is known
about the trafficking of NMDAR within spines (Wu et al.,
2002; Schulz et al., 2004; Wierenga et al., 2005). F-actin
allows vesicles to traffic via myosin motor proteins (Baker
and Titus, 1998; Wu et al., 2002) and these myosin motor
proteins have been localized to spines (Morales and
Fifkova, 1989; Walikonis et al., 2000). Although NMDARs
have not been identified as cargoes, Naisbitt et al. (2000)
have shown that PSD-95, a scaffolding protein often as-
sociated with NMDARs, is trafficked along F-actin via my-
osin-V. For trafficking up to the spine but not within spines,
Hirokawa’s group has identified KIF-17-containing motor
protein complexes that carry NR2B subunits along micro-
tubules in the dendrites (Setou et al., 2000; Guillaud et al.,
2003). Taken together, the increased F-actin observed
within p-APV-blocked spines may facilitate the movement
of NMDAR-containing vesicles within spines relatively
more than in dendritic shafts.

NMDAR blockade alters cytoskeletal distribution:
presynaptic impact

We have demonstrated here that p-APV induces an in-
crease of F-actin within terminals, albeit to a lesser degree
than within spines. Perhaps the lack of postsynaptic
NMDAR activity is reported back to the presynaptic termi-
nal via retrograde signaling, and the presynaptic terminal
increases F-actin in order to maintain homeostasis. How
might axonal F-actin be involved in the maintenance of
homeostasis?

F-actin’s role within axon terminals remains unclear
(Doussau and Augustine, 2000; Halpain, 2003). Some stud-
ies suggest that neurotransmitter vesicles are trafficked along
actin filaments via myosin (Evans et al., 1998). F-actin may
also be involved in vesicle recycling (Shupliakov et al., 2002),
scaffolding of vesicles (Sankaranarayanan et al., 2003)
and/or vesicular release (Cole et al., 2000). Increased levels
of F-actin in the terminals may enhance these vesicular func-


Tomo
ハイライト表示


S. Fujisawa et al. / Neuroscience xx (2006) xxx 9

tions and, together, increase neurotransmitter release as a
response to NMDAR blockade.

Increased F-actin in terminals may also facilitate the traf-
ficking of presynaptic NMDARs. NMDARs are present in the
axon terminals as autoreceptors (Woodhall et al., 2001; Sjos-
trom et al., 2003), and we have seen changes in the distri-
bution of these receptors within axons following p-APV appli-
cations (Aoki et al., 2003; Fujisawa and Aoki, 2003).

NMDAR blockade may create a plastic cytoskeletal
environment via drebrin A

Drebrin A is the adult form of an F-actin-binding protein
that is found exclusively in postsynaptic compartments of
excitatory synapses (Fig. 4B and C, also see Aoki et al.,
2005). In this study, we have shown that 30 min of NMDAR
blockade causes a significant increase in the proportion of
synapses immuno-labeled for drebrin A (Fig. 4D). This
increase is likely to reflect the influx of drebrin A from
dendritic shafts. De novo synthesis of drebrin A is less
likely, since the p-APV treatment was brief. It is possible
that conformational changes have also taken place, yield-
ing enhanced immunoreactivity of the protein.

What does the observed increase of drebrin A immu-
nolabeling signify? Firstly, drebrin A competes with a-ac-
tinin-2 for actin-binding. a-Actinin-2 is another dynamic
PSD protein (Nakagawa et al., 2004) with binding sites for
both F-actin and NMDARs (Wyszynski et al., 1997; Dunah
et al., 2000). If a-actinin-2 anchors synaptic NMDARs onto
the actin cytoskeleton, and if the observed increase of
drebrin A (due to increased protein level or possibly also
due to conformational changes) leads to greater displace-
ment a-actinin-2 from the actin cytoskeleton, this disrup-
tion may free NMDARSs to be trafficked into or out of the
synaptic zone (review by Shirao and Sekino, 2001).

Besides linking NMDARSs to the cytoskeleton, «-acti-
nin-2 also has an actin cross-linking activity (Dunah et al.,
2000; Gimona et al., 2002). With drebrin preventing a-ac-
tinin-2 from bundling the actin filaments (Ishikawa et al.,
1994), the actin cytoskeleton may be more mobile and
plastic, thereby allowing for increased trafficking of
NMDARs within spines.

Drebrin also competes with tropomyosin for actin-bind-
ing (Ishikawa et al., 1994). Tropomyosin, when bound to
actin, protects actin filaments from actin-destabilizing
agents. Since increased drebrin A levels should reduce the
number of tropomyosin-actin complex, we suggest that
actin cytoskeleton in p-APV-treated spines could be more
susceptible to severing. Perhaps this is a necessary con-
dition to allow filaments to break free of a rigid organization
and then enhance motility of NMDARSs within spines.

An increase of drebrin is associated with various types
of plasticity. For example, increased levels of drebrin are
observed in the stimulated layers of the hippocampus after
in vivo LTP induction (Fukazawa et al., 2003). Conversely,
cultured hippocampal neurons with decreased levels of
drebrin A expression fail to exhibit the p-APV-induced el-
evation of NMDARs within spines (Takahashi et al., 2005).
Drebrin A is also known to be highly expressed in spines
that are just maturing (Takahashi et al., 2003; Aoki et al.,

2005). In contrast, drebrin is found in low amounts in brains
of Alzheimer’s or Down syndrome patients (Harigaya et al.,
1996; Hatanpaa et al., 1999; Shim and Lubec, 2002). Our
present finding leads us to believe that there is a yet
unknown cascade within spines that forms a tight link
between cytoskeletal changes via drebrin A and synaptic
strength modifications.

NMDAR blockade does not trigger enlargement of
spines, but larger spines exhibit greater cytoplasmic
plasticity

Since increases in F-actin labeling and over-expression of
drebrin A are both known to promote morphological plas-
ticity in spines (Hayashi and Shirao, 1999; Takahashi et
al., 2003; Matsuzaki et al., 2004; Mizui et al., 2005), we
predicted that the size of spines may change following
D-APV application. However, this was not the case. When
spine widths and PSD lengths were measured from micro-
graphs, we observed that, despite the apparent increases
in cytoskeletal proteins, p-APV application did not induce
morphological changes in spines. If anything, the p-APV
treatment caused a slight decrease of PSD lengths. This
size reduction was measurable only among the population
of spines lacking drebrin A. Since the p-APV treatment
increased the population of drebrin A-immunoreactive
spines, drebrin A may have conferred morphological sta-
bility upon an increasing sub-population of spines. These
PSD-length reductions among the drebrin A-negative
spines did not result in a significant shift in the overall size
of spines and PSDs, presumably because the drebrin A-
negative spines are much fewer in number. A separate
study from our laboratory supports the idea that drebrin A
may have a stabilizing influence upon spines (Mahadom-
rongkul et al., 2005). Together, these findings indicate that
drebrin A may stabilize overt morphology, such as the size
of spines and PSDs, while also redirecting the intracellular
organization of F-actin toward a state favoring trafficking of
synaptic proteins, such as the NR2A and NR2B subunits of
NMDARs.

There are a number of explanations for why overt
morphological changes did not accompany increases in
cytoskeletal proteins in this study. One possibility is the
one we alluded to earlier, namely that the increases in the
cytological detection of the proteins may have been
caused by conformational changes, with or without
changes in the overall levels of F-actin or of drebrin A. One
approach that is tailored more toward measuring protein
levels is Western blot analyses. However, studies compar-
ing Western blot data with EM immunocytochemical anal-
yses of spine proteins indicate that neither is a good pre-
dictor of the other (Harigaya et al., 1996; Rodrigues et al.,
2004; Mahadomrongkul et al., 2005). Such differences in
outcomes might be expected, since Western blot analyses
cannot exclude proteins residing at subcellular domains
outside of spines, while EM-ICC cannot distinguish altered
levels of protein detection derived from conformational
changes versus protein level changes.

Another explanation for the lack of apparent changes
in spine widths is that 2-D analyses fail to detect changes
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in spine shapes. However, this explanation seems unlikely,
because we could already detect small changes (25 nm,
7.5% change) in PSD lengths within a sample size of 429,
or roughly one-quarter of the sample size of all spines
encountered. This sample size was likely to have been
large enough to minimize the variance of the data (Um-
briaco et al., 1994) and detect changes, if there were any.

It is possible that the amount of increases in cytoskel-
etal proteins triggered by NMDAR blockade is much less
than those evoked by LTP-inducing protocols. What we
have shown is that changes in the intracellular environ-
ment of spines may be separable from the overt changes
in spine shape or size.

Molecular steps leading to cytoskeletal
reorganization must be explored

Other studies have also shown that prolonged changes in
NMDAR activity lead to cytoskeletal reorganization. Ma-
tus’s group has shown that influx of Ca®* via NMDAR
stimulation leads to reduced spine motility (Brunig et al.,
2004), and conversely, others have pointed to a link be-
tween reduced NMDAR activity and increased spine mo-
tility (Fischer et al., 2000; Burrone et al., 2002; Star et al.,
2002; Ackermann and Matus, 2003). Together, we hypoth-
esize that decreased levels of NMDAR-mediated synaptic
activity may be the ftrigger that initiates cytoskeletal
changes. In the case of the current study, this reorganiza-
tion may facilitate or be required for trafficking of NMDARs.

Since AMPA-to-NMDA receptor ratio is maintained
well following LTP in cortical synapses (Watt et al., 2000),
the mechanism regulating NMDAR trafficking may overlap
with that for trafficking of AMPA receptors that occur during
the late phase of LTP. Matsuzaki’'s (2004) group and oth-
ers (Toni et al., 2001; Okamoto et al., 2004) have repeat-
edly shown that LTP induction increases spine size and
F-actin content. This cytoskeletal plasticity seems to be
crucial in trafficking of AMPA receptors for the mainte-
nance LTP (Fukazawa et al., 2003). Perhaps accelerated
polymerization of actin is required whenever there is an
increased targeting of receptors into spine heads, regard-
less of how receptor trafficking is triggered (by LTP or by
smaller changes associated with homeostasis). However,
molecular mechanisms that initiate cytoskeletal reorgani-
zation are not well understood and await further research.
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Abstract

Drebrin is a major F-actin-binding protein in the brain. We
have recently demonstrated that drebrin A (neurone-specific
isoform) clusters at synapses and governs targeting of the
post-synaptic density 95 protein to synapses during develop-
ment. To determine the role of drebrin A on excitatory synapse
formation, we analysed whether the suppression of drebrin A
expression affects filopodia-spine morphology and synaptic
targeting of NMDA receptors in cultured hippocampal
neurones. Suppression of developmentally programmed
up-regulation of drebrin A by antisense treatment significantly
decreased the density and width of filopodia-spines.

Immunocytochemistry showed that the antisense treatment
did not attenuate synaptic clustering of NMDA receptors under
conditions that permitted spontaneous activities but inhibited
the accelerated targeting of NMDA receptors into synapses by
its antagonist Db-(-)-2-amino-5-phosphonopentanoic acid.
These results indicate that drebrin A up-regulation plays a
pivotal role in spine morphogenesis and activity-dependent
synaptic targeting of NMDA receptors.

Keywords: actin cytoskeleton, antisense oligonucleotide,
dendritic spine, drebrin, NMDA receptor, synaptic targeting.
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Drebrin A is a neurone-specific F-actin-binding protein and
its expression is increased in parallel with synapse formation
(see review, Shirao 1995). Drebrin A is found exclusively in
dendrites and is particularly concentrated in dendritic spines
(Aoki et al. 2005). Overexpression of drebrin A in mature
neurones induces elongation of spines (Hayashi and Shirao
1999). Down-regulation of drebrin A expression during the
process of spine morphogenesis suppresses the accumulation
of spinal F-actin, the most prevalent cytoskeletal element in
spines (Takahashi et al. 2003). These observations suggest
that spine morphogenesis depends on the drebrin A accu-
mulation in the spine.

Further, drebrin is necessary for synaptic clustering of a
post-synaptic density (PSD) scaffold protein, PSD-95
(Takahashi et al. 2003). PSDs contain high concentrations
of NMDA receptors (NMDARs) as well as PSD-95 (Ken-
nedy 2000). As PSD-95 binds to the NMDAR subunits
NR2A and NR2B (Niethammer ef al. 1996), drebrin A might
also regulate synaptic targeting of NMDARSs via PSD-95.

In this study, we analysed whether down-regulation of
drebrin A expression affects spine morphogenesis and
synaptic targeting of NMDARs in developing hippocampal

© 2005 The Authors

neurones. Our results indicate that developmentally pro-
grammed up-regulation of drebrin A expression is involved
in the spine morphogenesis and activity-dependent synaptic
targeting of NMDAR.

Materials and methods

Hippocampal cell culture and antisense treatment

Low-density cell cultures of hippocampal neurones were prepared
by Banker’s methods (Takahashi et al. 2003). p-(—)-2-amino-
5-phosphonopentanoic acid (AP5; 50 pum) (Tocris, Ellisville, MO,
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USA) was added to the culture medium from 14 days in vitro (DIV).
Antisense oligonucleotides against drebrin A-specific exon (AOD;
10 pum) and reversed AOD (ROD; 10 pm) were used as described
previously (Takahashi ef al. 2003). ROD-treated neurones repre-
sented an immunostaining pattern of NR1 and synapsin I similar to
untreated neurones (data not shown). Therefore, we used ROD-
treated neurones as controls for the analysis of the synaptic targeting
of NR1.

Western blot, F-actin staining and immunocytochemistry
Western blot, F-actin staining and immunocytochemistry were
performed as described previously (Takahashi et al. 2003), with a
minor modification. For immunocytochemistry, neurones were
simultaneously fixed and permeabilized in methanol for 10 min at
—20°C. We used mouse monoclonal anti-NR1 antibody (clone 54.1,
PharMingen, San Diego, CA, USA), which recognizes all splice
variants of NR1, and polyclonal anti-synapsin I antibody (Chemicon,
Temecula, CA, USA). The acquisition of fluorescent images, analysis
of captured images and preparation of images for presentation were
performed as described previously (Takahashi et al. 2003).

Quantification

For quantification of spine morphology, spiny neurones with
pyramidal morphology were selected from four independent cultures
using phalloidin staining. The dendrites that existed between the cell
soma and second branch point were selected for the analysis.
Dendritic protrusions were selected as described previously
(Takahashi ef al. 2003). The maximum length and width of each

Fig. 1 Developmental up-regulation of drebrin A expression and
effects of antisense oligonucleotides against drebrin A-specific exon
(AOD) treatment on morphological characterization of filopodia-
spines. (a) Proteins equivalent to 1/20 of a culture dish at 7, 14 and
21 days in vitro (DIV) were separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis, blotted onto the membrane and
immunostained with antibodies specific to pan-drebrin (M2F6), drebrin
A and B-actin. Immunoreactivity of drebrin A at 7 DIV is hardly
detected. Note that drebrin A expression is up-regulated after 14 DIV.
(b) Western blots showing a representative effect of AOD and re-
versed AOD (ROD) on expression of drebrin A and B-actin. 12-DIV
neurones were cultured further for 2 days in the medium supple-
mented without antisense oligonucleotides (untreated) and in those
with 10 um ROD and 10 um AOD. AOD treatment selectively inhibits
the expression of drebrin A. ROD treatment has no effect on the
expression of drebrin and B-actin. (c) F-actin labelling of untreated,
ROD-treated or AOD-treated neurones. Top panels show grayscale
images of F-actin labelling of untreated (left), ROD-treated (middle)
and AOD-treated (right) neurones. Boxed regions in top panels are
shown below at higher magnification. Scale bars, 10 um (top panels)
and 5 um (bottom panels). (d) A histogram of filopodia-spine density
(number of filopodia-spines/100 um dendrite; mean + SEM) of each
neurone group (n =20 dendritic segments for each group;
*p < 0.0001) Fisher's protected least significant difference tests
(PLSD). Cumulative frequency plots of filopodia-spine width (e) and
length (f) of untreated, ROD-treated and AOD-treated neurones (961,
720 and 342 filopodia-spines from the 20 dendritic segments of
untreated, ROD-treated and AOD-treated neurones, respectively). All
morphometric measurements were performed using phalloidin staining.

© 2005 The Authors
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protrusion were manually measured. For quantification of NR1 and
PSD-95 clustering, we obtained the data from two independent
cultures. NR1 and PSD-95 clusters were defined as a round stained
region with a peak fluorescent intensity that was twofold greater
than the averaged fluorescent intensity of dendrites. NR1 clusters
were judged to be ‘synaptic’ when the NR1 clusters overlapped with
synapsin I clusters at one or more pixels of each fluorescent
imaging. Data were statistically analysed by Student’s #-test for
comparing between two groups or by aNova with a post-hoc test
using Fisher’s protected least significant difference tests (PLSD) for
multiple comparisons, as applicable. All data are presented as the
mean + SEM.

Results

Down-regulation of drebrin A expression decreased the
density and width of filopodia-spines of developing
hippocampal neurones

Our previous studies have shown that developmental
up-regulation of drebrin A expression in the cerebral cortex
and hippocampus occurs after 1 week post-natal in vivo
(Aoki et al. 2005). We first analysed whether drebrin A
up-regulation occurs in the hippocampal neurones in

low-density cultures similar to that in vivo (Fig. 1a). Western
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blot using anti-drebrin antibody showed a single band at
7 DIV and double bands at 14 and 21 DIV. The upper band
for drebrin corresponds to drebrin A and the lower band to
drebrin E. Western blot using antibody specific to the drebrin
A isoform also showed that drebrin A was hardly detected at
7 DIV. Faint and intense bands of drebrin A were detected at
14 and 21 DIV, respectively. Western blot using anti-B-actin
antibody showed a slightly more intense band at 14 than at
7 DIV.

We have previously shown that AOD treatment (10 pwm for
2 days from 12 DIV) significantly reduces drebrin A expres-
sion to 48% of untreated neurones but does not affect B-actin
expression (Takahashi et al. 2003). ROD (control sense)
treatment did not have any effect on either drebrin A or B-actin
expression (Fig. 1b). In the present study, we performed
phalloidin labelling at 14 DIV of untreated, ROD-treated and
AOD-treated neurones (Fig. 1c), and analysed the density
and morphology of dendritic protrusions emerging from
dendrites (called filopodia-spines) of each treated neurone
(Figs 1d-f). Filopodia-spine density in AOD-treated neurones
(29.6 £+ 3.9 filopodia-spines/100 pm, n = 20 dendritic seg-
ments) was significantly less than that in untreated
(59.6 £ 3.4 filopodia-spines/100 pm, » = 20 dendritic seg-
ments) and ROD-treated (64.1 + 4.6 filopodia-spines/
100 um, n = 20 dendritic segments) neurones (p < 0.0001)
(Fig. 1d). There was no significant difference in the

Fig. 2 Activity-dependent synaptic targeting of NR1 is inhibited by the
suppression of drebrin A expression. Cultured hippocampal neurones
(12 days in vitro) were incubated in the medium containing antisense
oligonucleotides against drebrin A-specific exon (AOD) or reversed
AOD (ROD) for 2 days and further incubated in the above medium
supplemented with or without 50 pm p-(-)-2-amino-5-phosphonopent-
anoic acid (AP5) for another 2 days. The neurones were then double-
labelled for NR1 and synapsin I. (a) Left panels show NR1 staining in
ROD-treated (control) and AOD-treated neurones with or without AP5
exposure. Right panels show double labelling for NR1 (green) and
synapsin | (red). In control neurones, AP5 exposure increased NR1
clusters, which were associated with synapsin | clusters (second top,
arrowheads). In contrast, in AOD-treated neurones, AP5 exposure
had no effect on NR1 clustering (bottom). Arrows indicate non-syn-
aptic NR1 clusters. Scale bars, 5 um. Quantitative analysis of densi-
ties of total (b) and synaptic (c) NR1 clusters in the ROD-treated
(control) and AOD-treated neurones with or without AP5 exposure.
Note that the density of total and synaptic NR1 clusters of the control
neurones exposed to APS5 is significantly higher than those of three
other neuronal groups (n = 30 dendritic segments for each group,
*p <0.0001, Fisher's PLSD). (d) Post-synaptic density (PSD)-95
immunostaining in control and AOD-treated neurones with or without
AP5 exposure. In control neurones, AP5 treatment decreases PSD-95
clustering. In contrast, in AOD-treated neurones, AP5 treatment
increases PSD-95 clustering. (e) Quantitative analysis of density of
total PSD-95 clusters of each treated group. Note that AP5 treatment
induced a different response of PSD-95 from that of NR1 in both
control and AOD-treated neurones (n =20 dendritic segments for
each group, *p < 0.0001, Fisher's PLSD).
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filopodia-spine density between untreated and ROD-treated
neurones. Filopodia-spine width in AOD-treated neurones
(0.72 £ 0.02 um) was significantly less than that in untreated
(0.79 £0.02 um) and ROD-treated (0.80 = 0.02 pum)
neurones (p < 0.05) (Fig. le). However, there was no signi-
ficant difference in filopodia-spine length among untreated
(2.28 £0.13 um), ROD-treated (2.16 + 0.15 pm) and
AOD-treated (2.61 + 0.20 pm) neurones (ANova, F' = 1.96,

p = 0.15) (Fig. 19).

Down-regulation of drebrin A expression inhibited
synaptic clustering of NMDA receptors accelerated by
chronic blockade of NMDA receptor activities

We analysed the effect of drebrin A down-regulation on
synaptic clustering of NR1 subunit, which is the essential
subunit for NMDARs. It has been reported that NR1 is not
highly clustered at synapses under conditions of spontaneous
activity but that chronic blockade of NMDARSs causes an
increase in synaptic NR1 clustering (Rao & Craig 1997).
Therefore, we incubated 14-DIV ROD-treated (control) and
AOD-treated neurones with or without the application of
NMDAR antagonist AP5 (50 pum) for 48 h and then labelled
them dually with anti-NR1 and anti-synapsin 1 antibodies
(Fig. 2a).
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Without AP5 exposure, control neurones showed NRI1
clusters along dendrites, which were hardly associated with
synapsin I clusters (Fig. 2a, top, arrows). AOD-treated
neurones without APS5 exposure also showed a similar
immunostaining pattern of NR1 to that of control neurones
(Fig. 2a, third top).

With APS5 exposure, control neurones increased the
number of NRI1 clusters, which were associated with
synapsin I clusters (Fig. 2a, second top, arrowheads). These
data indicate that the AP5 treatment accelerated synaptic
targeting of NR1 clusters, which is consistent with a previous
study (Rao and Craig 1997). In contrast, AOD-treated
neurones with AP5 exposure kept showing NR1 clusters
along dendrites, which were hardly associated with synapsin
I clusters (Fig. 2a, bottom).

We determined the density of total and synaptic NR1
clusters in neurones following each of four conditions and
statistically analysed the differences among them (» = 30 for
each group, ANovA with Fisher’s PLSD) (Figs 2b and c). The
density of total NR1 clusters of control neurones with AP5
exposure (109.5 + 5.5 clusters/100 pm) is significantly high-
er than those of other neurones (control neurones without
APS5, 62.0 £5.6; AOD-treated neurones without APS,
54.5 £ 6.7, AOD-treated neurones with AP5, 56.3 +
2.8 clusters/100 pm) (p < 0.0001) (Fig. 2b). The density of
synaptic NR1 clusters of control neurones with APS
exposure (46.8 £ 2.8 clusters/100 pm) is also significantly
higher than those of other neurones (control neurones
without AP35, 12.9 £ 1.6; AOD-treated neurones without
AP5, 16.5 £ 1.8; AOD-treated neurones with AP5, 19.7 +
2.0 clusters/100 pm) (p < 0.0001) (Fig. 2¢). These quanti-
tative data also showed that AOD treatment did not affect the
density of total and synaptic NR1 clusters in the absence of
APS5. In contrast, AOD treatment inhibited the AP5 inducing
increase of the density of total and synaptic NR1 clusters.

Post-synaptic density 95 binds to NR2A and NR2B of the
NMDAR subunits (Niethammer ef al. 1996). In mature
hippocampal neurones, NMDAR blockade does not affect
the distribution of PSD-95 but induces a redistribution of
NMDARSs to synaptic sites previously containing PSD-95
(Rao & Craig 1997). We have previously shown that synaptic
PSD-95 clustering depends on prior drebrin clustering, which
is triggered by drebrin A up-regulation in developing
hippocampal neurones (Takahashi et al. 2003). Therefore,
we determined the density of total PSD-95 clusters in neurones
following each of four conditions used in the NMDAR
experiments here and statistically analysed the differences
among them (n = 20 for each group, anova with Fisher’s
PLSD) (Figs 2d and e). Control neurones without APS
exposure had a large number of PSD-95 clusters (86.1 +
2.8 clusters/100 pm). On the other hand, control neurones
with AP5 exposure had a significant number (53.4 £ 5.8 clus-
ters/100 pm) of PSD-95 clusters but a smaller number of PSD-
95 clusters than control neurones without AP5 exposure
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(p < 0.0001). AOD-treated neurones without AP5 exposure
also had a smaller number (30.9 + 3.3 clusters/100 um) of
PSD-95 clusters than control neurones without AP5 exposure
(p < 0.0001), which is consistent with our previous study
(Takahashi et al. 2003). Interestingly, AOD-treated neurones
with AP5 exposure had a larger number (48.7 + 4.5 clusters/
100 um) of PSD-95 clusters than AOD-treated neurones
without AP5 exposure (p < 0.001). These data indicate the
possibility that synaptic clustering of NMDAR accelerated by
AP5 exposure is independent of the molecular interaction
between PSD-95 and NMDARs.

Discussion

In this study, we suppressed the developmentally pro-
grammed up-regulation of drebrin A in cultured hippocampal
neurones by AOD treatment, so as to analyse the role of
drebrin A on spine morphogenesis and synaptic targeting of
NMDARs. The AOD treatment decreases filopodia-spine
density and width, indicating that drebrin A up-regulation is
necessary for formation and/or maintenance of filopodia-
spines during development. Synaptic clustering of NMDARs
is accelerated by AP5 treatment and this acceleration was
also inhibited by the AOD treatment. AOD treatment has no
effect on synaptic targeting of NMDARs under conditions of
spontaneous activity. These data indicate that drebrin A plays
a pivotal role in spine morphogenesis and activity-dependent
alteration of synaptic NMDAR clustering.

Down-regulation of drebrin A causes the reduction in
density and width of filopodia-spines. Our previous study has
shown that down-regulation of drebrin A inhibits clustering
of drebrin, F-actin and PSD-95 at synapses on filopodia-
spines (Takahashi ef al. 2003). These data indicate that
drebrin A is necessary for spine formation. However, our
recent study has shown that overexpression of drebrin A does
not promote spine formation in immature neurones, although
it accumulates F-actin and PSD-95 into dendritic protrusions
(Mizui et al. 2005). These data suggest that drebrin A plays a
role in spine maintenance as well as spine formation. In fact,
drebrin A expression in fibroblasts induces cytochalasin
D-resistant actin structures at their adhesion plaques (Ikeda
et al. 1996). The dendritic spine is also a type of specialized
adhesion machinery with the accumulation of cytochalasin
p-resistant F-actin (Allison et al. 1998). Taken together, it is
suggested that the ability of drebrin A to accumulate spinal
proteins and stabilize F-actin contributes to spine formation
and/or spine maintenance.

NMDA receptor clusters can already be observed at
1 week in vitro (Rao et al. 1998), prior to the expression of
drebrin A. Such NMDAR clusters are localized on dendritic
shafts but not in spines. After 1 week in vitro, when drebrin
A expression is up-regulated, NMDAR clusters change their
localization from shafts to spines. The present study
demonstrates that AOD treatment inhibits AP5-accelerated
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synaptic clustering of NR1 without altering the NR1 clusters
under conditions of spontaneous activity. This indicates that
drebrin A is involved in synaptic targeting of NMDAR
clusters, rather than NMDAR cluster formation itself.

D-(—)-2-amino-5-phosphonopentanoic acid exposure in-
creased the density of both total and synaptic NR1 clusters in
control neurones. These results raise two possibilities: (i) that
APS exposure increases NR1 clustering itself and the density
of synaptic clusters passively increased thereafter and (ii) that
APS exposure specifically promotes targeting of NR1 into
synapses. The present study shows that AP5 exposure
increases synaptic NR1 cluster density to 359 +21% (n =
30) of control neurones without AP5 exposure, whereas AP5
exposure increases non-synaptic NR1 cluster density to only
128 + 11% (p < 0.0001). Therefore, our data support the
second possibility. In AOD-treated neurones, AP5 exposure
leads to no significant change in synaptic NR1 (119 + 12%
of AOD-treated neurones without AP5 exposure) and non-
synaptic NR1 (96 + 11%) cluster density. Taken together, it
is suggested that down-regulation of drebrin A inhibits AP5-
accelerated targeting of NR1 into synapses.

One possible explanation for the suppression of APS5-
accelerated NMDAR clustering by AOD treatment is the
reduction of filopodia-spine density, rather than a direct effect
of AOD upon NMDAR cluster targeting to synapses.
However, this possibility is unlikely because the present
study shows that ROD-treated (control) neurones with APS
exposure increase synaptic NR1 cluster density to
359 +21% (n = 30) of control neurones without APS5
exposure. Here, we assume the hypothetical condition that
all synapses locate on filopodia-spines, which maximizes the
effect of filopodia-spine loss on synaptic targeting of NR1.
As the AOD treatment causes filopodia-spine density to
decrease to about 50% of control neurones (see Fig. 1d), if
the NR1 clustering were to remain the same then AOD-
treated neurones with APS exposure should increase NR1
cluster density to about 180% of AOD-treated neurones
without AP5 exposure, which is 50% of the control
neurones’ AP5-induced change. However, the present study
shows that the increase of synaptic NR1 cluster density of
AOD-treated neurones by AP5 exposure is 119 + 12% (n =
30). This is significantly lower than the above estimated
percentage, even in this assumption (p < 0.0001, z-test).
Therefore, it is clear that drebrin A down-regulation reduces
NRI1 cluster density by inhibition of synaptic targeting of
NMDARS rather than just by filopodia-spine loss.

How does drebrin A regulate synaptic targeting of NR1
clusters? As far as we know, there are no data showing a
direct interaction between drebrin and NMDARs. It has been
reported that PSD-95 binds to NR2A and NR2B NMDAR
subunits (Niethammer et al. 1996). As we have shown that
drebrin A down-regulation inhibits synaptic clustering of
PSD-95 in developing hippocampal neurones (Takahashi
et al. 2003), drebrin may indirectly regulate synaptic target-
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ing of NMDARSs via PSD-95. However, PSD-95 mutant mice
represent normal synaptic localization of NMDARs (Migaud
et al. 1998). Further, overexpression of PSD-95 does not
promote synaptic targeting of NMDARs (El-Husseini et al.
2000), although it has been reported that overexpression of
PSD-95 enhances excitatory synapse size and reduces the
number of inhibitory synaptic contacts (Prange et al. 2004).
In addition, we here show that AP5 treatment in control
neurones accelerates synaptic clustering of NMDAR but
diminishes PSD-95 clustering and that APS treatment in
AOD-treated neurones has no effect on synaptic clustering of
NMDAR but enhances PSD-95 clustering. These data do not
support the idea that drebrin regulates synaptic targeting of
NMDARs via PSD-95.

It is known that activity-dependent alterations in NMDAR
trafficking play a role in a homeostatic form of plasticity
‘synaptic scaling’ (Perez-Otano and Ehlers 2005). The
present study clearly demonstrates that down-regulation of
drebrin A does not affect NMDAR distribution under
conditions of spontaneous activity but affects NMDAR
accumulation under conditions of homeostatic synaptic
scaling. Thus, it is suggested that drebrin A is a strong
candidate governing homeostatic synaptic scaling.
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