Nonaka et al. e Ligand Binding-Dependent PSD-95 Synaptic Clustering

A ___wr

ImAzZmb, 1mA-2mA

Q
%.c
o
= 0h
&
L2
L
C‘QN
N
. 15 h
Qe
L
cp°°
N
7 s WT
nimd-2mh
5 *p<o ol 17 h

o

Synaptic Clustering Index
oo

3 B3 WY
ZimbA-2mb
¥ =000
2 S
VUDMSC  2BrPa  2BrFa 5|
2h 2h Eh 5
g’ . e WT 81
= = im&-ZmA o
< * . w3
o 8 P01 2
Ny 5,
(% &
36 )
b7 l ol e
£ n 15n [
S, LatA Treattant {hour}
—
=]
A
32
€
3 *
= oldel L. B _
DMSO  2-Br-Pal 2-8r-Pal
2h Zh 8k

Figure 6. ligand-binding-deficient mutants are more loosely anchored to the postsynaptic membrane than the wild type. 4,
Synaptic clusters in neurons expressing ligand-binding-deficient PSD-95 mutants are rapidly dispersed in response to treatment
with a palmitoylation blocker, 2-Br-Pal. 2-Br-Pal dramatically reduces the clustering efficiencies in neurons expressing the mutant
PSD-95 (1mA-2mA-N3265) but only moderately in neurons expressing the wild-type PSD-95. Grayscale images show the
PSD-95-GFP fluorescence of the wild-type and TmA—-2mA-expressing neurons treated with DMSG or 2-Br-Pal for 2 or 8 h. The
top graph summarizes the results of the SCt analysis of the DMSO-treated or 100 pum 2-Br-Pal-treated wild-type and TmA-2mA-
expressing neurons. The bottom graph shows the cluster density (number of clusters per 20 pum dendritic segment) of the same
datasets. *p << 0.01 versus the SCl of DMSO 2 h by the Student's  test. B, Increased susceptibility to an actin-depolymerizing drug
(LatA) in neurons expressing a ligand-binding-deficient mutant. Actin depolymerization by 5 pmlatrunculin A caused much faster
cluster dissociation in the ImA—2mA mutant PSD-95-expressing neurons. Grayscale images of the wild-type and TmA—-2mA-
expressing neurons treated with LatA for 0, 1.5, and 17 h. The small images below are the colored images (PSD-95—GFP, green)
merged with synaptophysin staining {red) of the areas outlined by the white rectangles in the grayscale images. The graph shows
the SCl values of the LatA-treated and nontreated wild-type and 1mA—2mA-expressing neurons. Raw values are shown as bar
graphs (left y-axis), and scaled values (normalized to SCl at 0 h) are shown as line graphs (right y-axis). *p << 0.01 versus the SCI
of nontreated (0 h) WT and TmA—-2mA, respectively, by the Student’s £ test. Scale bars, 10 um.
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Together, these data demonstrated that
the clusters containing PDZ-binding-
deficient PSD-95 mutants were more sen-
sitive to treatment with a palmitoylation
inhibitor or an actin depolymerization re-
agent. These results are consistent with the
idea that efficient PDZ-ligand binding
strongly promotes the clustering of
PSD-95 and stabilizes the membrane an-
choring, subsequent to a step after the
activity-dependent palmitate cycling and
the actin cytoskeleton-dependent attach-
ment of the PSD-95 to the PSD complex.

These experiments alone may not for-
mally rule out the possibility that the ap-
parently increased susceptibility of the
1mA-2mA mutant-containing clusters to
disperse during various manipulations
(treatments with either a palmitoylation
inhibitor or an actin depolymerization re-
agent) might be at least partially elicited by
subtle reductions in the absolute amounts
of expressed proteins in various local den-
dritic compartments rather than by a de-
crease in PDZ-ligand binding. We do not
favor this interpretation, however, because
the low expression level of wild-type PSD-
95—GFP (less than the cutoff threshold of
100; see Materials and Methods) was not
accompanied by a reduction in the SCI
(data not shown).

To obtain independent support for the
PDZ-ligand-binding-mediated stabiliza-
tion of the localization of PSD-95 to the
PSD, we performed additional quantita-
tive measurements of PSD alterations, in-
cluding spine morphology.

The PDZ-ligand-binding deficiency is
correlated with a severe defect in the
dendritic localization of PSD-95 clusters
and may affect spine morphology
Consistent with the suggestion that the
stability of PSD-95 may be compromised
at postsynaptic clusters expressing PDZ-
ligand-binding mutants, the overexpres-
sion of PSD-95-GFP with dysfunctional
PDZ domains generated a significantly
large number of synaptic clusters that were
located away from the parent dendritic
shaft (Figs. 3D,H,], insets, 74, 8) (p <
0.001, Kolmogorov—Smirnov test). In
contrast, the wild-type PSD-95 clusters
were formed directly on the dendritic shaft
(Figs. 3A, 7A, 8), consistent with previous

previous experiments using 2-bromo-palmitate treatments,
the mutant (1mA-2mA) PSD-95, during actin depolymeriza-
tion, seemed to be more likely than the wild type to move away
from synaptic clusters, although the presynaptic marker stain-
ing remained intact. Thus, the PDZ1/2 binding activity prob-
ably plays a critical role in facilitating postsynaptic clustering,
in comjunction with a postsynaptic actin polymerization-
dependent process.

reports. To quantify this phenotype, we reanalyzed the same
dataset of cells shown in Figures 3 and 4, measured the projected
distance between each synaptic cluster and the closest dendritic
shaft (cluster-shaft distance; when clusters were formed within
the boundary of the dendritic shaft in a maximal projection im-
age, the distance was considered as zero), and compared this
index among the various types of mutants (Fig. 7A).

Most of the wild-type PSD-95 clusters were formed directly on
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the dendrite (80.7% of the clusters were
shaft clusters), and the average * SEM ap-
parent distance was 0.18 £ 0.029 um,
within the limit of the optical spatial reso-
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and attraction of presynaptic boutons to
the sites of PSD-95 clusters were not im-
paired at all, even in the PSD-95 mutant
expressing neurons.

We wondered whether the PDZ-
ligand-binding affinity might regulate this
distance between the PSD-95 cluster and
the shaft. To examine this possibility, we
measured the cluster-shaft distance in all
of the available PSD-95 mutants. Single
PDZ mutants (ImA-2 or 1-2mA) had
fewer shaft clusters (69.3 and 73.2%, respectively) compared with
the wild type, and, in these cells, many clusters were found on the
heads of spine-like protrusions. Similarly, in the PDZ3 N326S
mutant expressing neurons, some of the clusters were formed on
the spines, whereas 70.7% of the clusters were on the shafts (Fig.
8). The severest phenotype was found in the ImA-2mA-N3268
mutant expressing neurons, which had only 43.8% of the shaft
clusters. Some of these were farther from the dendritic shafts and
seemed to form on the cross-sections of thin, long protrusions
from the dendrites.

Together, these data indicated that the average cluster-shaft
distance was qualitatively (Fig. 3) and quantitatively (Figs. 74, 8)
longer in the mutant type with a lower SCI value. In fact, a statis-
tically significant negative correlation was found between the SCI
and the cluster-shaft distance (the coefficient of correlation, r =
—0.8637; p < 0.01) (Fig. 7B).

The loss of PDZ binding in synGAP replicates the clustering
and morphological phenotypes of PDZ-ligand-binding-
deficient PSD-95

One candidate PDZ ligand that may be involved in the pheno-
types associated with the overexpression of mutant PSD-95 is
synGAP (Fig. 5). To directly test whether synGAP binding to
PSD-95 is required for the efficient PSD-95 clustering and ma-
ture spine formation, we next examined the effects of overex-

neurons and negatively correlates with the ST value. 4, Ligand-binding-deficient PSD-95 mutants formed clusters on tips of
protrusions {spines) away from the dendritic shafts. The distance from the center of the synaptic clusters to the edge of the parent
dendritic shaft was measured on the same dataset of cells used to calculate the SCI (Figs. 3, 4). To the shaft clusters (clusters that
appeared to be formed directly on the dendritic shaft), the value 0 was arbitrarily assigned. Bars and error bars represent the
averages and the SEMs of the calculated means of each cell (open dots). The error bars of WT and 2-1 are exceptionally small,
because these cells predominantly have shaft clusters to which we applied the same values equally, and the large fraction of the
shaft clusters will result in average distances below 0.2 gm. *p << 0.05 versus WT. B, The SCt is negatively correlated with the
cluster-shaft distance. The average SCl and the average cluster-shaft distance, the distance from the PSD-95 dusters to the
dendritic shaft, of the wild type and each mutant type (n = 6-10 cells per mutant type), are plotted on the x-axis and y-axis,
respectively. Error bars indicate SEM. The broken line shows the fitted regression line {r = —0.8637; p << 0.01).

pressing a synGAP C-terminal deletion mutant with diminished
binding ability to the PDZ domains [synGAP(ASXV)]. We co-
transfected the wild-type synGAP(TRV) with the intact
C-terminal PDZ-binding motif or the mutant synGAP(ASXV),
which lacks five C-terminal residues, QQTRV (Vazquez et al.,
2004), together with the wild-type PSD-95-GFP. The expression
of the synGAP(ASXV) caused the PSD-95(WT)—-GFP to become
distributed in an aberrant pattern with a reduced SCI, very sim-
ilar to that of the ligand-binding-deficient PSD-95, i.e., ImA-
2mA (Fig. 94, B). The localization of synGAP(ASXV) no longer
overlapped with that of PSD-95, although many nonsynaptic
synGAP clusters were detectable (Fig. 9A), presumably because of
interactions with proteins other than PSD-95 (Tomoda et al.,
2004). In contrast, the expression of the wild-type synGAP(TRV)
did not change the pattern of PSD-95 localization, and the syn-
GAP(TRV) colocalized well with the PSD-95 clusters (Fig. 9A, B).
Similarly, the defect in synaptic clustering and the increase in
cluster-shaft distance found in neurons expressing the ImA-
2mA mutant (Figs. 4, 7) were primarily replicated by the coex-
pression of PSD-95(WT)-GFP with the synGAP(ASXV) mutant
(Fig. 9C,D). Consistently, the cluster density (the number of clus-
ters per 20 um dendritic segment) was greatly reduced in parallel
(Fig. 9C), and, conversely, the cluster-shaft distance was elon-
gated (Fig. 9D). This effect was specific for the PDZ-binding mo-
tif mutant synGAP(ASXV) and was not found with a mutant
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Figure 8.  Histograms of the cluster-shaft distance distributions in the PSD-95 wild-type-

and mutant-expressing neurons. The cumulative probability (right y-axis) of the duster dis-
tances for each individual cell is traced (fines with open circles), and the aggregate data are
traced (thicker lines with fifled squares). The frequency histogram of the aggregate data were
superimposed (left y-axis). Note that, in the mutant-expressing neurons, the cluster-shaft dis-
tance distribution cannot be fitted with a single Gaussian distribution, because they have a
substantial portion of nonshaft clusters. This discrepancy is statistically significant. *p < 0.05
and **p << 0.001 versus WT by Kolmogorov—Smirnov test.

synGAP lacking GAP activity synGAP(GAP*) (data not shown).
These data are consistent with the notion that the interaction of
synGAP with the PDZ domains of PSD-95 may be essential for
the efficient cluster formation at a higher density along the den-
drites and the proper localization of the PSD-95 clusters closer to
the dendritic shafts.

Additionally, we noticed that the combined expression of the
ImA—-2mA mutant of PSD-95 and the synGAP(ASXV) mutant
enhanced the phenotypes (reduced SCI, diminished synaptic
clusters, and larger cluster-shaft distances) compared with neu-
rons coexpressing the PSD-95(WT)-GFP in the presence of the
synGAP(ASXV) mutant (Fig. 9B~D). Thus, primary PDZ ligands
of PSD-95 distinct from synGAP may also contribute to the syn-
aptic clustering and morphological phenotypes associated with
decreased PDZ binding.
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These findings together raise the possibility that the PDZ-
ligand binding of PSD-95, in part via synGAP, may play a direct
role in the synaptic clustering of PSD-95, while also directing the
localization of PSD-95 containing clusters toward the vicinity of
the dendritic shafts, perhaps during the final step of spine
maturation.

Discussion

The localization and function of many essential synaptic proteins
are regulated by molecular interactions with PDZ-containing
scaffolding proteins. However, the molecular mechanisms that
regulate the clustering of such PSD scaffolds at synapses are not
fully understood. In this report, PDZ-ligand-binding-deficient,
full-length PSD-95 mutants were used to probe the contribution
of each of the three PDZ-ligand-binding affinities in various as-
pects of PSD-95-mediated PSD organization.

Independent and additive contributions of each PDZ

domain to PSD-95 clustering and recruiting PDZ ligands

to the PSD scaffold

Previous studies showed that at least one PDZ domain was
needed to target the PSD-95 to the synapse, in addition to the
requirement of the N-terminal region including the palmitoy-
lated pair of cysteines, which is essential for multimerization and
menbrane targeting (Craven etal., 1999; Hsueh and Sheng, 1999;
Christopherson et al., 2003). Furthermore, the inhibition of the
PDZ3 binding to the microtubule-binding protein CRIPT im-
paired the synaptic clustering of the PSD-95 (Passafaro et al,,
1999). We also found that overexpression of a ligand-binding-
deficient PDZ3 mutant of PSD-95 with a single point mutation,
in cultured hippocampal neurons, significantly reduced the clus-
tering efficiency of PSD-95 at synapses. This indicated that the
interaction between the PDZ3 and its ligand(s) plays an impor-
tant role in clustering PSD-95 at the synapses. Importantly, by
extending the mutagenesis to the ligand-binding sites of PDZ1
and PDZ2, we demonstrated that the ligand-binding activities of
PDZ1 and PDZ2 were equally critical for the efficient clustering
of PSD-95. Furthermore, the impact of losing the PDZ-binding
affinities one by one accumulated in an approximately additive
manner. Thus, our data indicated that each individual binding
event at each PDZ domain of PSD-95 independently and approx-
imately additively contributes to the additional clustering of
PSD-95 at the synapses.

We further verified this conclusion by a mutant study using
one of the major ligand proteins, synGAP. The absence of the
PDZ-binding motif of synGAP produced a pattern of results
quite similar to those obtained with the ligand-binding-deficient
PSD-95 mutants and strongly affected both the PSD-95 cluster-
ing and the spine morphology. In keeping with the results ob-
tained by a systematic introduction of the mutations to the PDZ
domains, the synGAP mutant data suggested that the presence of
PSD-95 ligand-binding motifs is not sufficient, but rather an in-
tact synGAP-PSD-95 interaction, mediated via PDZ-binding, is
necessary for the clustering and the functions of PSD-95.

Our results also revealed that the ligand-binding-deficient
mutants exhibited significantly weaker associations with the
PSD. The 2-bromo-palmitate treatment easily dispersed the mu-
tant PSD-95-GFP molecules from their clusters. These results
support the notion that PSD-95 is anchored to the PSD by both
the palmitate modification and the ligand-PDZ domain interac-
tions. Furthermore, the clusters expressing PSD-95 mutants be-
came extremely labile after F-actin depolymerization by the LatA
treatment, consistent with the possibility that the mutant PSD-95
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was unable to reach the core fraction of the
PSD and thus became mislocalized toward
the peripheral, cytoskeleton-dependent
fraction of the PSD (Allison et al., 2000;
Zhang and Benson, 2001). Together, the
data suggested that the tight and stable as-
sociation of PSD-95 with the PSD requires
the interactions of the PDZ domains with
their ligands, as well as the appropriate
PSD-95  lipidification  and  actin
polymerization.

Our results also suggested that each
ligand-binding event at the PDZ domains
may additionally fulfill two other separate
functions in parallel: efficient targeting of
PSD-95 to the spines, and stable recruit-
mentand incorporation of PSD-95 ligands
into the PSD. In this regard, it may be use-
ful to consider two distinct classes of
PSD-95 ligands: one class including PSD-
95-specific ligands, such as synGAP, and
another class that includes scaffold-
independent ligands, such as NMDA re-
ceptor subunits, which, for example, can
tightly interact with synapse-associated
protein 102 (SAP102) as well. Although
the latter may still become localized to the
synapses in the absence of PSD-95 (Mi-
gaud etal.,, 1998; Rao et al., 1998), our data
suggested that PDZ-ligand binding
strongly contributes to the tight associa-
tion of these two classes of proteins as sta-
ble multiprotein networks in the vicinity
of synapses.

Another implication of our work, in
view of the approximately additive effect
of the three PDZ domains in the clustering
of PSD-95, is that the tightness of the PSD
association with the PSD protein complex
may be tuned and controlled as a function
of the number of PDZ-ligand-binding
events. The intermolecular MAGUK in-
teraction is reportedly activity regulated, at
least in the case of SAP97 (Nakagawa et al.,
2004). Whether this activity dependence
in MAGUK clustering and dispersion is
actually mediated by the PDZ-ligand
binding still remains to be demonstrated.
If this is the case, then the clustering effi-
ciency of the MAGUK-like scaffolds, such
as PSD-95, could be dynamically modu-
lated depending on the local synaptic ac-
tivity, thereby accounting for the require-

ment for multivalent scaffolding proteins in the regulation of
synaptic plasticity (Migaud et al., 1998; Ehrlich and Malinow,

2004; Nakagawa et al., 2004).

Possible recruitment of a morphogenic signaling complex via

PSD-95 during synapse development

In our hands, the ligand-binding-deficient PSD-95 not only re-
duced the clustering efficiency and altered the composition of the
PSD but also localized its own clusters far from the dendritic
shafts in hippocampal neurons (Figs. 3, 7). The aberrant PSD
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Figure9.  Overexpression ofa mutant synGAP lacking the C-terminal PDZ-binding motif results ina severe defect in the PSD-95

cluster formation and a significant increase in the PSD-95 cluster-shaft distance. A, Immunolocalization of PSD-95 clusters [PSD-
95(WT)-GFP] and synGAP in neurons coexpressing the wild-type PSD-95 and either the wild-type synGAP (TRV, top panels) or the
PDZ-binding motif mutant synGAP {ASXV, bottom panels). Neurons were cotransfected at 8 DIV and fixed at 10 DIV. The coex-
pression of wild-type synGAP(TRV) with wild-type PSD-95 did not result in a detectable change in the dlustering efficiency and
duster density compared with the overexpression of PSD-95(WT)-GEP alone. Remarkably, during coexpression with
SYnGAP(ASXV), PSD-95(WT)—GFP displayed an aberrant dendritic distribution that was similar to the phenotypes seen with the
ligand-binding-deficient PSD-95 mutant (i.e., ImA~2mA). B-D, Quantification of the defects seen in synaptic duster formation
and in spine morphology. Based on the images of PSD-95~GFP, the SCI values (B), the cluster density (the number of synaptic
clusters per 20 zem dendritic segment) (€}, and the cluster-shaft distance (D) were measured in the neurons expressing the
indicated constructs and are shown as bar graphs. We confirmed that the PSD-95 clusters analyzed were all juxtaposed to the
synaptophysin-staining puncta. Scale bar, 10 gem. *p << 0.05, **p << 0.01, by one-way ANOVA with post hoc Tukey's test {n =
1216 newrons); or *p << 0.05, **p << 0.01, by the Student’s ¢ test in the experimental pairs of PSD-95(WT)-GFP only and
PSD-95(1mA~2mA)-GFP only.

cluster location and the higher frequency of elongated spine mor-
phology were consistently observed in both a transient plasmid
expression protocol by gene delivery at 8—9 DIV and after a long-
term expression protocol by electroporation at 0 DIV, with sub-
sequent 12-13 d cultures. Because no gross morphological
change was reported in the PSD-95 knock-out mouse (Migaud et
al., 1998), it may appear, at first glance, that the defect in the PSD
cluster localization seen in our culture could be interpreted as an
experimental artifact. However, we believe that this is not the case
for two reasons. First, the PSD location and the spine morphol-
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ogy defects are not observed in all spines but only in a minority of
the spines within a mutant PSD-95 expressing neuron (at most,
20.8% of spines longer than 1 um, even in the severest case).
Therefore, a large-scale quantification study in the knock-out
mice brain, using serial electron microscopy over entire dendritic
trees, would be needed to corroborate our findings, but such an
effort was not undertaken in the initial screen (Migaud et al,,
1998). Second, we observed correlations not only between the
synaptic clustering index and the cluster-shaft distance (a nega-
tive correlation) but also between the PSD-95 cluster formation
and the synGAP recruitment (a positive correlation). Indeed,
synGAP, a GTPase-activating protein for Ras, was less densely
localized at postsynaptic sites in the ImA-2mA-N326S express-
ing neurons, whereas Shank/Synamon, Homer 1¢/Vesl-L/PSD-
Zip45, and PSD-93/Chapsin-110 were normally localized, as in
the wild-type PSD-95 expressing neurons. Most critically, a syn-
GAP mutant lacking the C-terminal PDZ-binding motif showed
effects similar to those seen with PSD-95 mutants. These results
are consistent with the idea that synGAP, in part downstream of
PSD-95, may function in the clustering and movement of the
PSD proteins in the spines. Furthermore, synGAP reportedly also
negatively regulates spine formation and limits spine head expan-
sion and filopodial extension (Vazquez et al., 2004). Together,
alterations in the distribution and the PSD clustering of synGAP
may at least partially account for the aberrant phenotype ob-
served in cultured neurons. Thus, PSD-95 may play a role in
recruiting a morphogenic signaling complex within the PSD
complex.

Such a view is consistent with the following experimental re-
sults. (1) The morphological changes associated with the wild-
type PSD-95 overexpression were shown to increase both the
number and size of the spines, together with the accelerated syn-
aptic maturation (El-Husseini et al., 2000). (2) Several partners
interacting with PSD-95, such as Citron (Furuyashiki et al,,
1999), CRIPT (Niethammer et al, 1998), and SPAR (spine-
associated RapGAP) (Pak et al., 2001), were shown to interact
with cytoskeletal elements. The overexpression of related scatfold
proteins, such as Homer and Shank, which closely interact with
actin cytoskeletal components (Naisbitt et al., 1999; Shiraishi et
al., 1999), reportedly induces spine head enlargement (Sala et al.,
2001). (3) A growing list of morphogenic signaling molecules has
been identified within the PSD complex, such as FMRI (the frag-
ile X mental retardation gene) (Comery et al., 1997; Nimchinsky
etal,, 2001), LIM kinase (Meng et al., 2002), N-cadherin (Togashi
et al,, 2002), ephrinA3-EphA4 (Murai et al., 2003), cortactin
(Hering and Sheng, 2003), Rho-GEF (guanine nucleotide ex-
change factor) Kalirin-7 (Penzes et al., 2001), and EphB2 (Murai
et al., 2003). Because PSD-95-ligand binding is critical for main-
taining proper PSD organization, impairments of the scaffolding
functions of PSD-95 might indirectly disrupt the PSD localiza-
tion and the spine maturation by triggering the misorchestration
of a morphogenic signaling complex.

In summary, this work demonstrates that the ligand-binding
activities of each of the three PDZ domains are essential for
PSD-95 to organize the PSD properly and are likely to be involved
in achieving normal spine development, in part via interactions
with synGAP. We found that the multivalent binding nature of
PSD-95 plays a key role in the dynamic regulation of PSD protein
clustering. Our study thus provides new insights into the struc-
tural basis of the role of PSD-95 in synaptic development and

plasticity.
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Abstract

Cortactin is an F-actin-associated protein which interacts with the postsynaptic scaffolding protein Shank at the SH3 domain and is
localized within the dendritic spine in the mouse neuron. Green fluorescent protein (GFP)-based time-lapse imaging revealed
coriactin redistribution from dendritic cytoplasm to postsynaptic sites by application of brain-derived neurotrophic factor (BDNF). This
response was mediated by mitogen-activated protein (MAP) kinase activation and was dependent on the C-terminal SH3 domain. In
contrast, activation of N-methyl-D-aspartate (NMDA) receptors induced loss of cortactin from postisynaptic sites. This NMDA-
dependent redistribution was blocked by an Src family kinase inhibitor. Conversely, increasing Src family kinase activity induced
cortactin phosphorylation and loss of cortactin from the postsynaptic sites. Finally, blocking of endogenous BDNF reduced the
amount of cortactin at the postsynaptic sites and an NMDA receptor antagonist prevented this reduction. These results indicate the
importance of counterbalance between BONF and NMDA receptor-mediated signalling in the reorganization of the postsynaptic actin

cytoskeleton during neuronal development.

Introduction

The development of postsynaptic specializations, including dendritic
spines and postsynaptic density (PSD), is influenced by both cell-
autonomous factors and external molecular cues. Among the external
molecular cues, brain-derived neurotrophic factor (BDNF), a member
of the neurotrophin family (Thoenen, 1995; Bibel & Barde, 2000), is
of special interest, as this molecule regulates dendritic growth of
neocortical pyramidal neurons through activation of trkB receptor
tyrosine kinase (McAllister et al., 1995; Horch & Katz, 2002) and is
transferred from presynaptic sites to postsynaptic neurons (Kohara
et al., 2001), though the contribution of presynaptic trkB receptors
may not be completely excluded (Manabe, 2002). Because BDNF
synthesis and release are regulated by neuronal activity (Zafra et al.,
1990; Kohara et al., 2001), BDNF may function as an activity-
dependent morphogen for the postsynaptic development. Another
possible regulator of postsynaptic development is presynaptically
released glutamate. Among postsynaptic glutamate receptors,
N-methyl-D-aspartate (NMDA) receptors are thought to be important
in activity-dependent remodeling of synaptic organization (Li ef al.,
1994), mainly because calcium influx through NMDA receptors
activates a variety of postsynaptic kinases and phosphatases (Nakan-
ishi, 1992). Indeed, neocortex-specific deletion of NMDA receptors
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results in abnormal dendritic structure in the somatosensory cortex
(Iwasato ef al., 2000). How do BDNF and NMDA receptor activity
ultimately change cytoplasmic organization just beneath the PSD?
NMDA receptor activation reorganizes several postsynaptic molecules
including actin (Halpain et al., 1998; Furuyashiki et al, 2002;
Okamoto ef al, 2004) and calcium/calmodulin-dependent protein
kinase 1I (Shen & Meyer, 1999). While a-amino-3-hydroxy-5-methyl-
isoxazolepropionic acid (AMPA) receptor sorting has been linked to
BDNF-ttkB signalling in the developing thalamocortical synapses
(Itami ef al., 2003), there have yet been few examples of BDNF-
dependent reorganization of postsynaptic molecules. Furthermore,
little is known about whether there exist any interactions between
BDNF-dependent and NMDA receptor-dependent pathways for
postsynaptic remodeling.

Actin plays a central role in the organization of submembraneous
structure in many cellular systems. Actin filaments are highly
concentrated within the dendritic spine, suggesting a key role in
organization of the spine cytoplasm. In fact, recent experiments
indicate multiple interactions between PSD scaffolding proteins and
proteins involved in the actin cytoskeletal system (Wyszynski et al.,
1997; Allison et al., 1998; Boeckers et al., 1999). Among postsynaptic
actin-associated proteins, cortactin has several unique properties. First,
it interacts with both F-actin and the actin-related protein 2/3 complex
(Du Weed et al., 1998). Second, cortactin also binds to Shank, a PSD
scaffolding protein (Naisbitt ef al, 1999). Third, cortactin is a
substrate of the Src family tyrosine kinases including Fyn, which is
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known to be involved in postsynaptic signalling pathways (Wu et al.,
1991; Wu & Parsons, 1993). Thus cortactin is well suited to couple
postsynaptic signalling between the PSD and the actin cytoskeleton.
Indeed, a previous study revealed NMDA receptor-dependent
reduction of cortactin at the postsynaptic sites (Hering & Sheng,
2003). Here we show regulation of cortactin redistribution by BDNF
and NMDA receptor activity during development of hippocampal
neurons. Our results suggest the importance of counterbalance
between BDNF and NMDA receptor activation in the development
of the postsynaptic actin cytoskeleton.

Materials and methods

Generation of recombinant adenoviruses and hippocampal
cultures

The generation and characterization of recombinant adenoviruses
expressing PSD-95-enhanced green fluorescent protein (EGFP), PSD-
95-enhanced yellow fluorescent protein (EYFP) and EGFP-actin have
been described previously (Okabe ef al., 1999, 2001; Furuyashiki
et al., 2002). Mouse cortactin A, B and C ¢cDNAs were cloned by
PCR. Cortactin A, B and C, C-terminally labelled with enhanced cyan
fluorescent protein (ECFP), were constructed by inserting full-length
c¢DNA into pECFP-N1 (Clontech, Palo Alto, CA, USA). SH3 deletion
construct (1-487) and triple phenylalanine mutation constructs
(Y421F, Y466F and Y482F) were generated from Cortactin A cDNA
using PCR and the QuickChange Site-Directed Mutagenesis kit
(Strategene, La Jolla, CA, USA), respectively. Replication-deficient
adenoviruses expressing cortactin A, B and C, and cortactin A
mutants tagged with ECFP, were prepared as described previously
(Okabe ef al., 1999). All animal experiments performed in this study
have been carefully reviewed and approved by the Tokyo Medical and
Dental University animal experiments committee (approval number:
0050274). Pregnant mice were briefly anaesthetized with ether, then
killed by cervical dislocation. Preparation of hippocampal cultures
from 17-day-old embryonic mice has been described previously
(Okabe et al., 1999). Cells were maintained for 10-23 days in culture
and then exposed to adenoviruses at a multiplicity of infection of 20—
60. Cells were observed by confocal microscopy after 2448 h. Under
this infection and observation protocol, the level of cortactin
expression was 150-200% of the endogenous level and we did not
observe any change in dendritic morphology and densities of PSD-95-
or synaptophysin-immunoreactive puncta. For imaging, we assayed
primary neurons expressing cortactin A and its mutants tagged with
ECFP. For immunoprecipitation and imnmunoblotting, both cortactin A
and B tagged with ECFP were characterized.

Immunocytochemistry and immunoblotting

Cells were fixed in 2% paraformaldehyde in PBS for 25 min at room
temperature or with methanol for 10 min at ~20 °C, permeabilized by
incubating with 0.2% Triton X-100 in PBS for 5 min, blocked with
5% normal goat serum and incubated with mouse monoclonal
anticortactin (Upstate Biotechnology, Lake placid, NY, USA), rabbit
polyclonal anticortactin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), mouse monoclonal anti-PSD-95 (Affinity Bioreagents, Golden,
CO, USA), rabbit polyclonal anti-PSD-95 (Watanabe et al., 1998),
rabbit polyclonal anti-GKAP (a postsynaptic marker; Usui et al.,
2003), rabbit polyclonal anti-Shank (Usui ef al., 2003), rat polyclonal
anti-Homer (Chemicon, Temecula, CA) and guinea pig polyclonal
anti-VGLUTI (a marker of excitatory presynaptic sites; Chemicon)
antibodies. Primary antibodies were visualized with goat antimouse,

antirabbit or antiguinea pig IgG conjugated to Cy3 (Jackson Immu-
noResearch, West Grove, PA, USA) or Alexa 488 (Molecular Probes,
Eugene, OR, USA). For the identification of the postsynaptic density,
we utilized anti-PSD-95 and anti-Homer antibodies interchangeably.
In mature neurons, the percentage of overlap in immunopositive
clusters was >90%. A minor fraction of the culture preparation treated
with H,O, showed excitotoxicity. Therefore we fixed H,0,-treated
cells with paraformaldehyde to check the absence of excitotoxicity and
subsequently reacted them with rabbit anticortactin and rat anti-
Homer. Anti-PSD-95 antibodies did not show specific staining when
cells were fixed with paraformaldehyde. For H,O, treatment, 20
neurons from two independent culture preparations were recorded and
quantified for cluster density. For trkB-IgG treatment, 30 neurons
from three independent culture preparations were analysed.
Immunoblotting was performed using rabbit polyclonal anti-GFP
antibody (Molecular Probes) and mouse monoclonal antiphosphotyr-
osine antibody (Upstate Biotechnology). Primary hippocampal neu-
rons infected with recombinant adenoviruses were extracted with
RIPA buffer and immunoprecipitation was performed by using
protein-G-conijugated agarose (Santa Cruz Biotechnology).

Pharmacological manipulation

Live cells were placed in a chamber containing Tyrode’s solution {in
mM: NaCl, 119; KCl, 2.5; Ca®", 2; Mg2+, 2; 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES), pH 7.4, 25; and glucose,
30) for 30 min before the experiment. The chamber was maintained at
37 °C by setting the temperature of the microscope stage to 37 °C, the
microscope objective lens to 39 °C and the chamber lid to 40 °C. The
concentrated stock of recombinant human BDNF, neurotrophin-3 (NT-
3) and B-nerve growth factor (PeproTech EC, London, UK) in
prewarmed Tyrode’s solution was applied to the microscope chamber
at final concentrations of 50 ng/mL. To evaluate the effects of protein
kinase inhibitors, cells were incubated with each inhibitor for 15 min
before application of BDNF at a concentrations of 200 nM for K252a
(Alamone Laboratories, Jetusalem, Israel), 25 umM for 4-amino-5-(4-
chlorophenyl)-7-(+-butyl)pyrazolo[3,4-d]pyrimidine  (PP2; Calbio-
chem, Darmstadt, Germany), 10 uM for PD098059 (Biomol Research
Laboratories, Plymouth Meeting, PA, USA) and 5 pM for LY294002
(Sigma, St Louis, MO, USA). We applied concentrated stock of
jasplakinolide (Molecular Probes) in prewarmed Tyrode’s solution to
the chamber. The final concentration of jasplakinolide was 5 um. To
stimulate cells with NMDA, cells were pretreated with 10 uM 6-
cyano-7-nitroquinoxaline-2,3-dione  (CNQX; Tocris, Ballwin, MO,
USA) and 2 pM tetrodeotoxin (TTX; Tocris) in Tyrode’s solution for
15 min and subsequently exposed to 20 pM NMDA plus 10 pMm
CNQX and 2 um TTX in Mg-free Tyrode’s solution. The concentrated
stock of H,O, (10 mM) in Tyrode’s solution was applied to culture
medium in a final concentration of 100 puM. Hippocampal neurons in
culture medium were exposed to trkB-IgG (R & D Systems,
Minneapolis, MN, USA) at a concentration of 10 jg/mL for 5 days
with or without D-(—)-2-amino-5-phosphonovaleric acid (APV; Tocris)
at a concentration of 100 puM.

Microscopy and image analysis

Live cells were mounted in a chamber at 37 °C with a continuous flow
of humidified 5% CO, to maintain the pH of the medium for long
time-lapse experiments. In this configuration cells could be maintained
without toxicity for >24 h. Alternatively, culture medium was
replaced with Tyrode’s solution and live cells were mounted in a
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chamber at 37 °C without a continuous gas flow. Images were
obtained on a Fluoview confocal laser-scanning microscope (Olym-
pus, Melville, NY, USA). A 60x oil-immersion lens (NA 1.1) was
used and images were collected at an additional electric zoom factor
from 3x to 6x. For long time-lapse imaging, multiple optical sections
(12-21 sections and z-spacing of 0.3-0.4 pm) were collected and
these images were recombined using a maximum-brightness opera-
tion. To improve efficiency of time-lapse observation, multiple
neurons (3-5 cells per experiment) on a cover slip separated by
100-500 pm from each other were imaged with intervals of 10—
20 min automatically by using a macro program running on Fluoview
software that regulates movements of both the z-axis step controller
and the BIOST x/y-axis stage scanner (Sigma Koki, Tokyo Japan).
Fluorescence recovery after photobleaching (FRAP) experiments were
performed using a macro program to control sequential image
acquisition and delivery of a photobleaching laser pulse to the region
of interest defined by an acousto-optic tunable filter. Image analysis
was performed using Metamorph software (Universal Imaging, West
Chester, PA, USA) as previously described (Ebihara et al., 2003). For
a given time-lapse image series, all projection images were processed
identically for cluster extraction and for quantitative analysis of
fluorescence. For quantitative analysis of cluster intensity, segments of
dendrites well separated from other structures were selected. Twenty
to fifty clusters were measured for each time-lapse sequence and five
independent experiments were analysed for individual pharmacologi-
cal treatiments. In each time-lapse experiment, image sequences of 3—
5 neurons in multiple positions of the microscope stage were recorded.
The total numbers of analysed neurons were in the range 9-16 for
individual pharmacological {freatments, because image sequences of
several neurons were discarded mainly due to higher background
fluorescence or larger fluctuations in the total fluorescence intensity.
Control experiments were paired with individual pharmacological
treatments and the data for control preparations were pooled if there
was no statistical difference among groups. Therefore the total
numbers of analysed neurons in control conditions were in the range
9-34.

Results
Dynamic properties of cortactin in hippocampal neurons

Recent immunohistochemical analysis has revealed concentration of
cortactin in the dendritic spines (Racz & Weinberg, 2004). Consistent
with this observation, immunocytochemical analysis of cortactin in
cultured hippocampal neurons 3 weeks after plating showed extensive
overlap of cortactin immunoreactivity with other PSD molecules
including GKAP (Fig. 1A), PSD-95 and Homer (data not shown).
Most cortactin-immunoreactive clusters were closely apposed to the
structures immunopositive for VGLUTI, a marker of excitatory
presynaptic sites. However, neurons at the early stage of development
showed cortactin immunoreactivity within dendritic shafts where PSD
proteins were absent. Thus cortactin shows gradual redistribution from
nonsynaptic sites to the postsynaptic sites as neuronal maturation
proceeds.

We generated ECFP-tagged cortactin (cortactin~ECFP) and
expressed this fluorescent probe by using recombinant adenoviruses.
In mature neurons, cortactin—ECFP was localized to the dendritic
spines together with PSD-95-EYFP. Time-lapse imaging revealed
persistent presence of cortactin clusters within spines for several hours
(Fig. 1B). It has been shown that actin filaments within spines are
highly dynamic and >80% of actin molecules turn over within a few
minutes (Star ef al., 2002). We confirmed this rapid turnover rate of
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actin in our culture preparation by using FRAP of EGFP—actin (data
not shown). FRAP analysis of cortactin—ECFP revealed a 60% rapidly
recovering fraction and a 40% stable fraction (Fig. 2). The presence of
40% stable cortactin indicates tight association of cortactin with the
postsynaptic structure other than F-actin. Application of the actin-
stabilizing reagent jasplakinolide did not alter the FRAP kinetics of
cortactin, indicating that turnover of cortactin was not driven by actin
depolymerization but was dependent on on—off rates of cortactin to the
actin cytoskeleton.

Cortactin contains an N-terminal acidic domain functionally
equivalent to the verprolin homology, cofilin homology and acidic
domain of Wiskott—Aldrich syndrome protein (WASP) family proteins
which activates actin polymerization by binding to the actin-related
protein 2/3 complex (Martinez-Quiles et al., 2004). The N-terminal
acidic domain is followed by five or six tandem repeats of an actin-
binding domain. The C-terminal SH3 domain of cortactin has been
shown to interact with proline-rich sequences of a variety of proteins.
Cortactin is also known as a substrate of the Src family kinases and
phosphorylation can potentially regulate cortactin distribution (Sel-
bach et al., 2003). In mature hippocampal neurons, wild-type
cortactin—-ECFP accumulates in dendritic spines (Fig. 3) and the
overall pattern of subcellular localization of two cortactin mutants, a
triple phenylalanine mutant (Y421F, Y466F and Y482F) and an SH3-
domain deletion mutant, was similar to the distribution of wild-type
construct. The three tyrosine residues (Y421, Y466 and Y482) have
been shown to be phosphorylated by Src family kinases (Huang et al.,
1998). This observation is consistent with a previous deletion analysis
of cortactin (Hering & Sheng, 2003), suggesting the dispensable
nature of the SH3 domain and the tyrosine phosphorylation sites for
spine localization in mature neurons. However, dynamic redistribution
of cortactin may still be regulated by SH3 domain and by
phosphorylation, especially during development and synapse matura-
tion. To evaluate this possibility, we next utilized time-lapse imaging
of cortactin—~ECFP to identify extracellular molecular cues effective
for its redistribution in dendrites.

BDNF-dependent redistribution of cortactin foward
the postsynaptic sites

To reveal signalling pathways important for maturation-dependent
translocation of cortactin toward the postsynaptic sites, we analysed
the redistribution of cortactin-ECFP after selective activation of
signalling pathways using exogenous application of growth factors
and neurotransmitters. For this purpose, we utilized relatively
immature neurons at 12—16 days after plating. These neurons are in
the process of developmental change in cortactin distribution and are
expected to be more responsive to the exogenously applied extracel-
lular ligands. We identified BDNF as the most potent growth factor for
cortactin redistribution (Fig. 4A). Simultaneous time-lapse imaging of
cortactin—ECFP and PSD-95-EYFP revealed cortactin accumulation
at the pre-existing postsynaptic sites (Fig. 4B). Cortactin redistribution
was not driven by actin reorganization per se, because EGFP—actin did
not form clusters at the sites of cortactin accumulation (Fig. 4C). This
effect of BDNF on cortactin redistribution was blocked by the tyrosine
kinase antagonist K252a (Fig. 4E) and could not be induced by the
same concentration of NGF and NT-3 (Fig. 4D). The effect of BDNF
was less evident in mature hippocampal neurons maintained for
>20 days in culture (5.6 + 3.9% increase in fluorescence intensity
60 min after BDNF application; P > 0.05, n = 5). Analysis of
cortactin mutants showed that the C-terminal SH3 domain is important
for BDNF-dependent cortactin redistribution (Fig. 4E). Binding of
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F1G. 1. Localization and dynamic behaviour of cortactin. (A) Developemental redistribution of cortactin from nonsynaptic cytoplasm to postsynaptic sites.
Hippocampal neurons at 9 and 23 DIV were stained with anticortactin antibody together with a postsynaptic marker (GKAP) and a marker for the excitatory
presynaptic component (VGLUT1). In neurons at 23 DIV, extensive overlap of cortactin clusters with GKAP clusters was observed. (B) Time-lapse imaging of
cortactin—ECFP and PSD-95-EYFP in mature hippocampal neurons at 21 DIV. Cortactin~ECFP was localized at dendritic spines together with PSD-95-EYFP
(arrows) without extensive remodeling within the observation period. Scale bars, 10 i (B and lower magnification views in A), 5 pm (higher magnification views

in A).

BDNF to trkB receptors can induce activation of both mitogen-
activated protein (MAP) kinase and phosphoinositide-3 (PI3) kinase.
BDNF-dependent redistribution of cortactin was selectively blocked
by the MAP-Erk kinase inhibitor PD098059 but not by the PI3 kinase
inhibitor LY294002 (Fig. 4E), suggesting a dominant role of MAP
kinase activation in this process.

NMDA-dependent redistribution of cortactin away from the
posisynaptic sites

It is possible that cortactin localization to the postsynaptic sites can be
negatively regulated by exogenous ligands distinct from BDNF. A

previous study reported that NMDA receptor activation induces loss
of cortactin from spines (Hering & Sheng, 2003). To evaluate this
phenomenon in our culture system, we stimulated cortactin~-ECFP-
expressing neurons at 18-22 days in vitro (DIV) with a low dose of
NMDA. Prolonged activation of NMDA receptors induced gradual
loss of cortactin—~ECFP from spines (Fig. 5A). The Src family tyrosine
kinase inhibitor PP2 prevented this redistribution (Fig. 5B) and the
triple mutant of tyrosine phosphorylation sites did not show NMDA-
dependent redistribution (Fig. 5C). A decrease in the cortactin~-ECFP
signal from spines was also observed in immature neurons (12—
16 DIV) but the effect was less extensive (12.8 + 3.4% decrease in
fluorescence intensity 60 min after NMDA application; P < 0.05,
n =5). To activate Src family tyrosine kinases directly, we treated
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FI1G. 2. FRAP analysis of cortactin tagged with ECFP. Mature hippocampal
neurons at 20 DIV expressing cortactin-ECFP were analysed for steady-state
turnover rate of cortactin using FRAP. Rapid recovery of fluorescence was
observed in both control preparations and those treated with jasplakinolide to
stabilize F-actin (n = 10 for both control and jasplakinolide-treated prepara-
tions). Scale bar, 3 pum.
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F1G. 3. Synaptic localization of mutant cortactin molecules tagged with ECFP.
Wild-type cortactin molecules or cortactin mutants tagged with ECFP were
expressed in mature hippocampal neurons at 22 DIV. Mutant cortactin
molecules with either three alanine substitutions of tyrosine residues or
deletion of the SH3 domain were localized in the dendritic spines. Scale bar,
10 pm.

neuronal culture with 100 pM of H,0, (Martinez ef al., 2003). This
treatment induced both dissociation of endogenous cortactin from
postsynaptic sites immunopositive for anti-Homer antibody (Fig. 5D)

Bi-directional redistribution of cortactin 2989

and a dramatic increase in tyrosine phosphorylation of cortactin
(Fig. 5F). Dissociation of immunopositive clusters was specific to
cortactin, and clustering of Homer proteins was not affected (Fig. 5E).
The H,0,-induced redistribution was dependent on activation of Src
family kinases, because the Src family kinase blocker PP2 inhibited
the effect of H,O, (Fig. 5D and E).

Roles of endogenous BDNF and glutamate receptor activation
on cortactin redistribution

Our results indicate that exogenous application of BDNF and NMDA
induced redistribution of cortactin in opposite directions. To see
whether endogenously released BDNF plays a role in corfactin
redistribution to the postsynaptic sites during development, we
maintained hippocampal neuronal culture in the presence of trkB—
immunogloblin G (IgG) for 5 days (from 12 to 16 days after plating)
and examined colocalization of cortactin-immunopositive clusters
with PSD-95 clusters. After trkB—IgG treatment, the percentage of
overlapping clusters was reduced to 67% of control (Fig. 6A and B). If
baseline activation of NMDA receptors in cultured neurons plays a
role in trkB-IgG-induced reduction of postsynaptic cortactin clusters,
inhibition of NMDA receptor activation could be expected to
antagonize the net effect of trkB-IgG. Indeed, we observed a reversal
of the trkB-IgG-induced reduction of cortactin clusters by treatment
with the NMDA receptor antagonist APV (Fig. 6B). These results
collectively indicate that activation of trkB receptors by endogenous
BDNF is important in the re-organization of postsynaptic cortactin-
associated PSD complex. Furthermore, this BDNF-dependent matur-
ation process is negatively modulated by basal NMDA receptor
activity, thereby identifying cortactin as a critical signalling sensor
involved in regulation of PSD remodeling during development. To
determine whether blockade of BDNF signalling can acutely eliminate
preassembled cortactin clusters in the postsynaptic sites, we monitored
the behaviour of cortactin—ECFP after application of trkB-IgG. We
could not detect cortactin—ECFP redistribution within 3 h after trkB—
IgG treatment (data not shown), indicating resistance of cortactin
clusters to the depletion of endogenous BDNF over a time scale of
several hours.

Discussion

In this study we have shown BDNF-dependent redistribution of
cortactin. Cortactin redistribution is mediated by tkB receptor
activation because this redistribution could not be induced by NGF
or NT-3 application and was blocked by the tyrosine kinase inhibitor
K252a. In fibroblasts, stimulation of receptor tyrosine kinases such as
platelet-derived growth factor receptors and insulin receptors leads to
translocation of cortactin to the site of membrane ruffling, and
activation of the small GTPase Rac is involved in this process (Du
Weed er al., 1998). Inhibition of PI3 kinase activity suppresses the
induction of membrane ruffling by growth factors in fibroblasts
(Nobes et al., 1995) and it is likely that cortactin redistribution in
fibroblasts is also regulated via the PI3 kinase-dependent pathway.
Pharmacological analysis revealed that BDNF-dependent cortactin
redistribution required subsequent activation of the MAP kinase
pathway but is not dependent on activation of PI3 kinase, suggesting
neuron-specific mechanisms of cortactin translocation. Biochemical
analysis revealed Erk-dependent phosphorylation of cortactin at
residues S405 and S418, which are located within the proline-rich
region of cortactin (Campbell et al., 1999). It is postulated that the
SH3 domain of cortactin is engaged in intramolecular association with
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Fi1G. 4. Redistribution of cortactin-ECFP by application of BDNF. (A) Time-lapse imaging of cortactin~ECFP-expressing hippocampal neurons after BDNF
application. Formation of new clusters of cortactin—~ECFP was observed (arrows). (B) Accumulation of cortactin in the pre-existing clusters of PSD-95-EYFP.
Simultaneous time-lapse observation of cortactin—~ECFP and PSD-95-EYFP revealed redistribution of cortactin to the postsynaptic sites identified by PSD-95-EYFP
fluorescence (arrows). (C) Simultaneous observation of cortactin-ECFP and EGFP-actin revealed independent behaviour of cortactin and actin {arrows).
(D) Effects of neurotrophins on clustering of cortactin—-ECFP. Cortactin redistribution was selectively induced by BDNF (1 = 9 for control, # = 16 for BDNF,
1 = 10 for NGF and NT-3). (E) Effects of protein kinase inhibitors and mutation constructs on cortactin redistribution 60 min after BDNF application (n = 34 for
control, # = 10 for triple phenylalanine mutant (Tyr-), n = 9 for deletion mutant of SH3 domain (SH3-), n = 10 for K252a treatment, n = 10 for PP2 treatment,
n = 10 for PD098059 treatment (PD) and # = 10 for LY294002 treatment (Ly). Scale bars, 5 pm (A), 2 pm (B and C).

the proline-rich region (Martinez-Quiles et al., 2004). Erk-dependent
phosphorylation of S405 and S418 within the proline-rich region of
cortactin may disrupt intramolecular interactions and enhance avail-
ability of the SH3 domain to form intermolecular association. This
model is consistent with our observation that the cortactin mutant
lacking the SH3 domain does not show BDNF-dependent redistribu-
tion to the postsynaptic sites. Shank, dynamin and N-WASP are
possible binding partners for the cortactin SH3 domain at the
postsynaptic cytoplasm (Naisbitt et al., 1999; McNiven et al., 2000;
Martinez-Quiles ef al., 2004). Among these, interaction with Shank

should be important in the regulation of cortactin dynamics. We
identified a large stable fraction of cortactin-ECFP by FRAP analysis
and the localization of this fraction within spines cannot be explained
by interaction with the actin cytoskeleton which, itself, turns over in a
time scale of minutes (Star ef al., 2002). Shank is a component of the
stable PSD scaffolds and interaction with Shank may reduce turnover
rate of cortactin at the postsynaptic sites. We also observed
accumulation of cortactin within spines by overexpression of
Shank2-EGFP (J. Iki and S. Okabe, unpublished observation). It
has been reported that morphological maturation of dendritic spines
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can be induced by overexpression of Shank in hippocampal neurons
(Sala et al., 2001). Recruitment of cortactin to dendritic spines through
interaction with Shank may be important in BDNF-dependent
regulation of postsynaptic maturation.

It has been reported that NMDA receptor stimulation induces
redistribution of cortactin from spines to dendritic shafts (Hering &
Sheng, 2003). In our culture system we could reproduce this
observation by using a protocol of prolonged exposure of
hippocampal neurons to a low dose of NMDA in the presence of
the AMPA receptor antagonist CNQX and the sodium channel
blocker TTX. Although the previous report indicated correlated
redistribution of F-actin after NMDA treatment, we did not observe
profound remodeling of actin filaments with our protocol of NMDA
treatment (data not shown). Furthermore, we observed suppression
of NMDA-dependent cortactin redistribution by the Src family
kinase inhibitor PP2, and the triple phenylalanine mutant of tyrosine
residues was resistant to the NMDA stimulation protocol. These
results indicate the possibility of tyrosine phosphorylation of
cortactin by NMDA stimulation and subsequent release of cortactin
from the postsynaptic sites. Indeed, direct activation of Src family
kinases by H,O, results in a similar redistribution of cortactin from
the postsynaptic sites. There are two possible mechanisms for
tyrosine phosphorylation-dependent cortactin redistribution. One

possibility is that phosphorylation of cortactin by Src family
kinases negatively regulates initiation of actin polymerization. A
recent biochemical study showed inhibition of cortactin-dependent
N-WASP activation by Src phosphorylation of cortactin (Martinez-
Quiles et al,, 2004). It has been reported that CagA protein of
Helicobacter pylori induces both cortactin dephosphorylation and
recruitment of cortactin to actin-rich cellular protrusions (Selbach
et al, 2003). This observation is consistent with the idea that
dephosphorylation of tyrosine residues in cortactin is paralleled with
cortactin activity to initiate actin polymerization via interaction with
WASP family proteins and its redistribution to the actin-rich motile
domains. Another possible mechanism of cortactin redistribution
from the postsynaptic sites is reduced affinity of cortactin to Shank
by tyrosine phosphorylation. Interaction of the cortactin SH3
domain to N-WASP is regulated by tyrosine phosphorylation
(Martinez-Quiles ef al, 2004) and it is possible that SH3
domain-mediated association of cortactin to Shank is also negat-
ively regulated by Src phosphorylation. These two possibilities
should be clarified in the future by manipulating actin polymeriza-
tion during activation of NMDA receptors in primary neurons.
Expression and release of BDNF is known to be enhanced by
neuronal activity and has been shown to be important in maturation
of GABAergic interneurons (Rutherford et al., 1997; Kohara et al,,
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2003). There is also accumulating evidence suggesting roles of
BDNF in the development of dendritic arborizations and spines of
pyramidal neurons (McAllister et al., 1995; Horch & Katz, 2002).
Knockdown of cortactin has been shown to induce depletion of
dendritic spines, suggesting critical involvement of cortactin in
postsynaptic morphogenesis (Hering & Sheng, 2003). We observed
reduced postsynaptic content of cortactin by blocking endogenous
BDNF activity. Thus cortactin-dependent actin reorganization
possibly underlies BDNF-dependent regulation of postsynaptic
structure. We noticed a relatively slow time-course of cortactin
redistribution away from the postsynaptic sites by blocking
endogenous BDNF. There are several possible explanations for this
observation. First, the time-course of cortactin dissociation from the
postsynaptic sites might be slower than its assembly. It is also
possible that the effect of trkB-IgG is through the enhancement of
NMDA-dependent elimination of newly formed cortactin clusters.
In this case, preexisting cortactin clusters can persist after
application of trkB—IgG and the effect of BDNF depletion is
mainly due to destabilization of new clusters during the course of
development. Finally, it should be also possible that trkB-IgG
treatment can induce suppression of inhibitory neuronal function,
resulting in enhancement of excitatory circuits. This up-regulation
of glutamatergic neurons might play a role in cortactin redistribu-
tion. However, our preliminary data indicate unaltered morphology
of glutamic acid decarboxylase-positive neurons 5 days after trkB—
IgG treatment, suggesting direct effects of BDNF depletion on the
postsynaptic cortactin.

We have provided evidence of negative regulation of BDNF-
dependent cortactin redistribution by NMDA receptor activation.
This result indicates the importance of the balance between BDNF
signalling and NMDA receptor activation in cortactin distribution
(Fig. 6C). During the period of synapse development, where
synaptic activity is less prominent, it is likely that gradual cortactin
accumulation at the postsynaptic site is favoured in a BDNF-
dependent manner. However, such a mechanism is counterbalanced,
once mature synaptic terminals are formed and robust NMDA
receptor activation can be achieved, by Src kinase activity which
presumably then negatively regulates synaptic cortactin redistribu-
tion. Assuming enhancement of synaptic transmission by cortactin,
dual regulation of cortactin redistribution by BDNF and NMDA
receptor activation will provide a negative feedback mechanism
which may function to stabilize excitatory synaptic transmission
during development.
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Abstract

The hippocampus is involved in the encoding, storage, and retrieval of memory. Here, we have developed a novel mapping method for
detecting the distribution of neural activity of the entire population of pyramidal cells in the hippocampal CA1 and subiculum regions, where
expression profiles of Arc mRNA were used as an indicator of neural activity. The spherical pyramidal cell layer of the intact hippocampus was
flattened into a two-dimensional plane, which was then serially sectioned in parallel with the plane to make tangential sections. Tangential
sections were hybridized with an Arc cRNA probe and Arc signals from serial tangential sections were stacked and displayed on a two-
dimensional plane, allowing one to easily visualize the neural activity of all pyramidal cells. We applied this method to the hippocampus of
rats that had experienced contextual fear conditioning, which requires hippocampal function. We observed a net shift of Arc signals from
dorsal to ventral CA1/subiculum with an interval prolongation to reconditioning after the initial conditioning. The reconditioning-revealed
shift may reflect a reorganization process, which takes place during the period between initial conditioning and reconditioning, in the CA1/

subiculum neural network that represents the neural storage and/or retrieval of the contextual fear conditioning.
© 2004 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Contextual fear conditioning; Two-dimensional map; Ventral hippocampus; Arc gene expression; Tangential section; Neural circuit; Memory

consolidation; Memory retrieval

1. Introduction

Information processing in the brain is mediated by neural
networks that, upon experience, change their circuits in a
plastic manner. Memory is thought to be represented on
these neural networks. It is therefore very important to
identify such networks and describe changes in networks
during memory acquisition, consolidation, and retrieval.
Generally, electrophysiological recording, histological ana-
lysis, and functional imaging are used to analyze neural
networks involved in information processing during
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memory formation. Although these methods have a number
of merits, it is quite difficult by these methods to display the
entire neural activity of a given brain region such as the
hippocampus, in spatially high resolution, for example, at
the single cell level.

The hippocampus is involved in encoding, storage and
retrieval of associations responsible for episodic memory, as
well as spatial memory (O’Keefe and Dostrovsky, 1971;
Morris et al., 1982; Brown and Aggleton, 2001; Eichen-
baum, 2004). The hippocampus consists of four major
subfields, the subiculum, CA1l, CA3, and dentate gyrus.
These subfields seem to be involved in distinct aspects of
informational processing (Lisman, 1999). Both anatomical
and lesion studies indicate that the dorsal and ventral parts of
the hippocampus are functionally distinct (Maren et al.,
1997; Moser and Moser, 1998; Hampson et al., 1999;
Richmond et al., 1999; Kjelstrup et al., 2002; Bannerman
et al., 2003). The dorsal hippocampus receives its input

0168-0102/$ ~ see front matter © 2004 Elsevier Ireland Lid and the Japan Neuroscience Society. All rights reserved.
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primarily from the lateral portions of the entorhinal cortex,
which receives its major inputs from various sensory and
associational neocortical areas. Thus, the dorsal hippocam-
pus is proposed to be important, specifically for the
processing of exteroceptive sensory information. On the
other hand, the medial portions of the entorhinal cortex,
which receive an input predominantly from structures such
as the amygdala, project primarily to the ventral hippo-
campus, suggesting that the ventral hippocampus is more
important for the processing of interoceptive sensory
information and emotion (Amaral and Witter, 1995). Indeed,
the dorsal hippocampus plays a central role in spatial
memory, whereas the ventral hippocampus is required for
contextual fear conditioning (Maren et al., 1997; Moser and
Moser, 1998; Richmond et al., 1999; Pittenger et al., 2002).

Here, we developed a novel method to display neural
activity of the entire population of CAl/subiculum
pyramidal cells by two-dimensional mapping using stacked
images of tangential sections, in which the mRNA
expression of one of the immediate—early genes (IEGs),
Arc, was used as an indicator of neural activity. Among IEGs
that are induced during behavioral tasks, Arc gene induction
in the hippocampal CA1 region is specifically linked to
information processing rather than general neural activities
such as motor activity, environmental novelty or responses
to stress (Guzowski et al., 1999, 2001; Kelly and Deadwyler,
2003). Furthermore, Arc mRNA expression is most sensitive
to changes in behavioral tasks compared to that of the other
1EGs, c-fos and zif268 (Guzowski et al., 2000). Antisense
oligonucleotide-mediated suppression of the Arc protein
impairs long-term memory consolidation without affecting
task acquisition or short-term memory (Guzowski et al,,
2000). These observations make Arc expression suitable
for the representation of a neural circuit associated with
information processing. We applied this method to rats that
performed contextual fear conditioning, and found a net shift
of neural activity from dorsal to ventral CAl/subiculum over
time after the initial conditioning. This shift may reflect a
change in neural circuit associated with information coding,
storage, and/or retrieval.

2. Materials and methods
2.1. Subjects and behavioral procedures

All the animal experiments were carried out in
accordance with the National Institutes of Health guide
for the care and use of laboratory animals and were approved
by the Animal Care and Use Committee of the Mitsubishi
Kagaku Institute of Life Science (MITILS). Naive male
Wistar ST rats (8-9 weeks, 280-300 g) were housed
individually in cages with free access to food and water.
They were maintained in a 12 h light:12 h dark cycle, with
lights on at 9:00a.m., under constant temperature
(24 £ 1 °C) in a room with a clean air conditioning system.

They were handled over 1 week and then experiments were
carried out in a neighboring room with the same
environmental conditions.

Contextual fear conditioning was performed in a
conditioning chamber that was an observation box
(32 cm X 22 cm x 22 cm) made of clear and gray poly-
vinylchloride plates. The floor of the chamber consisted of
28 stainless steel rods (0.4 cm diameter, spaced 1 cm apart)
through which foot-shocks were delivered by a scrambled-
foot-shock generator SGS 002 (Muromachi Kikai Co.,
Tokyo, Japan). The chamber was placed in a lighted room.
The chamber was cleaned with ethanol (99.5%) and dried
with a hair drier for a change of air before and after the
occupancy of each rat. A video camera placed in front of the
chamber recorded the behavior of each rat. A controller for
conditioning was operated by a remote switch placed far
from the conditioning chamber.

For both conditioning and reconditioning, each rat was
placed in the chamber for 5 min, and freezing behavior was
observed. Then, these rats received three electric foot-
shocks (0.5 mA intensity, 1.0s duration, 30s interval),
remained in the chamber for 2 min, and then were returned
to their home cage (Fig. 1A). Freezing score was counted
when a rat did not move at all for the first 3 s of every 5s
interval.

2.2. Preparation of tangential sections

On the reconditioning day, all the animals were sacrificed
at 30 min after the foot-shock and the hippocampus was
dissected and placed in cooled phosphate-buffered saline
(PBS). Whatman 3 mm paper (Maidstone, England) wetted
with PBS was placed on a flat cellulose acetate filter of a
vacuum filtration system (pore diameter, 0.45 pm, Corning
Inc., NY, USA). Aluminum foil was extensively perforated
and put on the 3 mm paper. Each dissected hippocampus was
put on the flat aluminum foil with the pyramidal cell layer of
the CA1 and subiculum closest to the foil. The hippocampus
was covered with polyvinylidene film and the vacuum was
applied, which flattened the spherical pyramidal cell layer.
The flattened hippocampus was embedded in Tissue-Tek
OCT compound and immediately frozen on dry ice powder
(tangential block). Needle holes were punched in the
tangential block as location markers and the block was then
sliced in parallel with the flatten pyramidal cell layer to
make serial sections (tangential sections, 10 pm thick).
Approximately 20-30 serial sections containing the whole
pyramidal cell layer were used for the reconstruction.

2.3. In situ hybridization
A part of the Arc cDNA (nucleotides 7601380, where

the adenine residue of the initiation codon is designated 1)
was amplified by PCR and subcloned into the pCRII-TOPO

~ vector (Invitrogen Corp., Carlsbad, CA, USA) to generate

pCRII-situ. pCRII-situ was digested with BamHI or EcoRV
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Fig. 1. Contextual fear-conditioning task. (A) Experimental design of contextual fear conditioning. (B) Freezing responses during the first 5 min of the
conditioning session (freezing test 1, white bar) and during the first 5 min of reconditioning session (freezing test 2, black bar) (number of animals = 6 for each

condition).

to generate templates for in vitro transcription of antisense or
sense probes, respectively. Digoxigenin (DIG)-labeled
antisense and sense cRNA probes were produced by
transcription with T7 and Sp6 RNA polymerases, respec-
tively.

Tangential sections were fixed in 4% formaldehyde in
PBS, pH 7.0, for 30 min, treated with 0.3% Triton X-100 in
PBS, followed by incubation in 0.2N HCI for 20 min. The
sections were then post-fixed with 4% formaldehyde in PBS
for 10 min, and treated with 0.2% glycine in PBS for 15 min.
Hybridization was performed at 42 °C, overnight, in
hybridization buffer (50% formamide; 20 mM Tris—HCI,
pH 8.0; 2.5 mM EDTA, pH 8.0; 300 mM NaCl; 0.25% SDS;
10% dextran sulfate; 100 mg/mlL of yeast tRNA (Sigma, St.
Louis, MO, USA)). Sections were washed for 1 h at 42 °C
with 50% formamide in 2x SSC (0.3 M NaCl, 30 mM
sodium citrate, pH 7.0), and then washed twice with solution
B (10 mM Tris-HCI, pH 8.0, 500 mM NaCl) at room
temperature for 15 min. Sections were treated with RNase A
(20 pg/mL in solution B) at 37 °C for 30 min, followed by
washes with 50% formamide in 1x SSC and then with 50%
formamide in 0.5x SSC for 1 h at 42 °C. After equilibration
with maleate buffer (0.1 M maleic acid, 0.15 M NaCl, pH
7.5) for 1 h, sections were treated with 10% blocking reagent
(Roche Diagnostics, Basel, Switzerland) in maleic acid
buffer. Sections were incubated overnight at 4 °C with
1:1000 diluted alkaline phosphatase-conjugated anti-DIG
antibody (Roche Diagnostics), washed with maleate buffer,

and then equilibrated with reaction buffer (100 mM Tris—
HCI, pH 9.0; 100 mM NaCl; 50 mM MgCl,). Transcripts
were detected with 5-bromo-4-indolyl phosphate p-toluidine
salt and 4-nitro blue tetrazolium chloride (NBT) in the
reaction buffer at 4 °C for 120 h. After recording images of
the Arc signal, the sections were de-stained with ethanol
(95%), overnight, and then re-stained with Nissl.

2.4. Reconstruction of a two-dimensional flat map

Images of Arc signals and Nissl-staining were acquired
from sections using a 4x objective lens and a cooled CCD
camera (Hamamatsu Photonics, Shizuoka, Japan) with an
OptiScan Motorized Microscope Stage System (Meyer
Instruments Inc., Houston, TX, USA). Acquired images
were analyzed using Image Pro Express (Media Cyber-
netics, Silver Spring, MD, USA), Meta Morph (Universal
Imaging Corporation, Downingtown, PA, USA), and
Photoshop software (Adobe, San Jose, CA, USA).

Each image of a Nissl-stained serial section was handled
as a layer and stacked using the Image Pro Express software.
The configuration of each image was adjusted based on the
positions of the marker holes (black dots in Fig. 3A) and
blood vessels spanning adjacent sections. Each image of the
Arc signal was then stacked by the same method.
Background was subtracted from each Arc image in which
the background value of each section was defined as the
averaged value of four independent areas (100 x 100 pixels)
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of the fiber bundle nearby CA3 (Fig. 3C, asterisk), which
showed no detectable Arc signal.

2.5. Quantitative and statistical analyses

The Arc signals were binarized with appropriate threshold
values so that the Arc-positive pixels occupied 0.5% of the
total pixels in the assessed area (corresponding to the
subiculum, CA1, and CA3 surrounded by the broken line in
Fig. 3D) of the merged image. To display the Arc signal
distribution in the two-dimensional map (see Fig. 4), the
assessed area were divided into small areas of 20 x 20 pixels
(1 pixel corresponds to 2.5 pm). The number of Arc-positive
pixels was counted for each small area. Pseudo-colors, purple,
blue or yellow, were assigned to each small area when it
contained 1--3, 47 or >8 Arc-positive pixels, respectively. To
analyze the relative Arc expression profile along the
hippocampal longitudinal axis (see Fig. 5), the merged image
was divided into 100 areas along its axis. The number of the
binarized Arc-positive pixels in each area was counted.

Analysis of statistical significance between groups were
conducted by two-way ANOVA and assessed by Fisher’s
PLSD.

3. Results
3.1. Behavioral paradigm

To clarify temporal changes in neural activity of the
hippocampus following initial learning, we modified the
paradigm of classical contextual fear conditioning (Fig. 1A).
All the rats were habituated to handling for seven
consecutive days. The first group of rats (C/1d/C, C/3d/C,
C/7d/C, and C/14d/C) were pre-exposed to context
(conditioning chamber) and shock (C) on the conditioning
day. After a delay interval in their home cages of 1, 3, 7 or
14 days, the rats were again exposed to context, and freezing
behavior was observed. For C/1d/C and C/7d/C, rats
received an additional shock exposure immediately after
the freezing test (reconditioning). In the second group, non-
pre-exposed group (N/C), rats were exposed to context and
freezing behavior was monitored for 5 min. The rats were
then exposed to shock. The third group of rats (C/1d/N) were
pre-exposed to context and shock (C), and left in their home
cage for 1 day. '

All the animals showed enhanced freezing behavior when
they were exposed to context at various intervals after the
conditioning (Fig. 1B), indicating that fear-conditioned
memory was preserved over 14 days under our experimental
conditions.

For Arc analyses, rats were sacrificed 30 min after the
reconditioning session for the first two groups and after the
1 day delay in their home cage for the third group, and Arc
mRNA expression was analyzed by in situ hybridization.
Thus, all the groups of rats except the third group were

exposed to context and shock 30 min prior to analyzing Arc
mRNA expression. Differences among these animals were
either an interval between conditioning and reconditioning
or an experience of conditioning (Fig. 1A).

3.2. Arc mRNA expression following contextual fear
conditioning

Induction of Arc mRNA in the hippocampal CAl region
has been linked to neural information processing (Guzowski
et al., 1999; Guzowski et al., 2001; Kelly and Deadwyler,
2003). We, therefore, chose Arc gene expression as an
indicator of neural activity that represents information
processing during memory formation, consolidation, and
retrieval.

Contextual fear conditioning requires the hippocampus
for acquisition, storage, and retrieval of fear memory. As
expected, the Arc mRNA signal increased in a subpopulation
of neurons in the CA1 region and the subiculum 30 min after
conditioning (N/C group) (Fig. 2). A similar increase in the

(©) Subiculum (D) Dentate gyrus

(E) CA1 (o

T 7
42mm dorsal ventral

42mm 56mm

5.6 mm

Fig. 2. Expression of Arc mRNA following contextual fear conditioning. (A
and B) Schematic representations of coronal section at 4.2 mm (A) and
5.6 mm (B) posterior to bregma. Red squires indicate a location of pictures
in (C-F). Coronal sections at 4.2 and 5.6 mm posterior to bregma were
hybridized with the Arc cRNA probe. (C) Subiculum, (D) dentate gyrus, (E)
CA1, and (F) CA3. Note that the coronal sections at 5.6 mm contain both
dorsal and ventral areas of the CA1 and subiculum.
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