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Analysis of Gene Expression Changes
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We have previously shown that repetitive exposures to
glutamate (100 M, 3 min, three times at 24-hr intervals)
induced a long-lasting synaptic enhancement accompa-
nied by synaptogenesis in rat hippacampal slice cultures,
a phenomenon termed RISE (for repetitive LTP-induced
synaptic enhancement). To investigate the molecular
mechanisms underlying RISE, we first analyzed the time
course of gene expression changes between 4 hr and 12
days after repetitive stimulation using an original oligonu-
cleotide microarray: “synaptoarray.” The results demon-
strated that changes in the expression of synapse-related
genes were induced in two time phases, an early phase
of 24-96 hr and a late phase of 6-12 days after the third
stimulation. Comprehensive screening at 48 hr after the
third stimulation using commercially available high-density
microarrays provided candidate genes responsible for
RISE. From real-time PCR analysis of these and related
genes, two categories of genes were identified, 1) genes
previously reported to be induced by physiological as
well as epileptic activity (bdnf, grm5, rgs2, syt4, aniad4/
carp/dcik) and 2) genes invealved in cofilin-based regula-
tion of actin filament dynamics (ywhaz, ssh1l, pak4, limk1,
cff). In the first category, synaptotagmin 4 showed a third
stimulation-specific up-regulation aiso at the protein level.
Five genes in the second category were coordinately up-
regulated by the second stimulation, resulting in a
decrease in cofilin phosphorylation and an enhancement
of actin filament dynamics. In contrast, after the third
stimulation, they were differentially regulated to increase
cofilin phosphorylation and enhance actin polymerization,
which may be a key step leading to the establishment of
RISE. @ 2010 Wiley-Liss, Inc.

Key words: long-term potentiation; long-lasting plasticity;
synaptogenesis; DNA microarray; repetitive stimulation
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We can discriminate at least two phases in mem-
ory, short-term memory, which endures for a few hours,
and long-term memory, which persists for several days
and often much longer (Bear et al.,, 2001). Short-lasting
synaptic plasticity, the presumed cellular basis of short-
term memory, is thought to be accomplished by the
rapid modification of synaptic strength in existing synap-
ses (Lisman et al, 2002; Collingridge et al., 2004),
whereas long-lasting synaptic plasticity representing
long-term memory is associated with gene expression,
de novo protein synthesis, and formation of new synap-
tic connections (Steward and Schuman, 2001; Lynch,
2004). Consistent with this idea, protein synthesis inhibi-
tors can block the late-phase of long-term potentiation
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(L-LTP) but leave the early-phase LTP (E-LTP) unaf-
fected (Otani et al,, 1989; Frey et al,, 1996). Although
several studies have reported that synaptic activities
modulated transcription (Klann and Dever, 2004), the
molecular mechanism underlying the conversion from
the short-lasting plasticity to the long-lasting one remains
pootly understood, mainly because of the lack of good
model systems that allow the prolonged examination of
synapse formation.

With cultured rat hippocampal slices, we have pre-
viously shown that repetitive exposures to glutamate
(100 UM, 3 min, three times at 24-hr intervals) or repet-
itive protein kinase A (PKA) activation (forskolin, 50
UM, 3 min, three times at 24-hr intervals) induced an
enhancement of excitatory postsynaptic potential (EPSP)
coupled with synaptogenesis that lasted for more than 3
weeks (Tominaga-Yoshino et al.,, 2002, 2008; Shinoda
et al., 2003; Urakubo et al., 2006). Although similar glu-
tamate exposure or PKA activation once or twice pro-
duced L-LTP accompanied by acute morphological
changes, it lasted for less than 24 hr. We thus concluded
that more than three repetitions of the stimulation for
LTP at appropriate intervals (3-24 hr) was necessary for
the conversion of short-lasting enhancement into a long-
lasting one (i.e., lasting for weeks) coupled with synapto-
genesis. To distinguish this repetitive L-LTP-induced
synaptic enhancement from the conventional single
LTP, we named this phenomenon RISE (repetitive
LTP-induced synaptic enhancement) in previous reports
(Tominaga-Yoshino et al.,, 2002, 2008). The RISE in
cultured hippocampal slices provides us with a good
model with which to investigate the molecular mecha-
nisms of conversion from the short-lasting plasticity to
the long-lasting one.

Various studies have shown that experimental stim-
uli inducing L-LTP were accompanied by de novo tran-
scription and translation of genes related to synaptic plas-
ticity (Otani et al., 1989; Frey et al, 1996; Lynch,
2004). Because RISE was accompanied by an increase in
the number of morphologically identifiable synaptic sites,
we first analyzed the time course of gene expression
changes after repetitive stimulation to elucidate the
essential time window of synaptogenesis involved in this
phenomenon. For this purpose, we used our original
microarray, ‘‘synaptoarray,” focused on 295 genes
involved mainly in synaptic structure and function
(Takahashi et al., 2005), which was capable of monitor-
ing synaptogenesis in the developing cerebellum in vivo
(Takahashi et al.,, 2005) as well as synaptic activity-de-
pendent gene expression changes accompanying tetrodo-
toxin application in cultured neurons (Kitamura et al,
2007). The results revealed that dynamic changes in
gene expression induced by repetitive glutamate stimula-
tion were composed of two time phases, an early phase
of 24-96 hr and a late phase of 6-12 days after the last
stimulation.

Given these results, we catried out a comprehen-
sive screening with high-density arrays 48 hr after the
third stimulation. With several candidate genes selected

from microarray data and related genes, up-regulation by
repetitive stimulation was confirmed by real-time PCR,
resulting in the identification of pathways responsible for
the development of long-lasting synaptic plasticity.

MATERIALS AND METHODS

Slice Culture of the Rat Hippocampus
and Glutamate Treatment .

Hippocampal slices from Wistar/ST rat pups at postnatal
day 8 (Nihon. SLC, Shizuoka, Japan) were cultured as
described previously (Tominaga-Yoshino et al., 2008). Before
we began the stimulation experiments, the cultures were
maintained at 34°C in humidified air for 12 days with me-
dium renewal twice per week, during which time the slices
became stabilized both physically and physiologically (Muller
et al., 1993; Gahwiler et al., 1997). All animal treatments have
been approved by the animal experimentation committees of
Aoyama Gakuin and Osaka Universities. They were carried
out under veterinary supervision and in accordance with the
Guidelines for the use of animals in neuroscience research (Society
for Neuroscience, 1992). Glutamate-exposure to induce LTP
was carried out following the protocol described previously
(Tominaga-Yoshino et al., 2008). The glutamate solution for
stimulation (Glu solution) contained 100 uM glutamate in
K -elevated, Mg2+-&cc, HEPES-buffered balanced salt solu-
tion (15K HBSS; composed of 120.4 mM NaCl, 15 mM
K(Cl, 5.5 mM glucose, 3 mM CaCl,, 10 mM Hepes-NaOH,
pH 7.4). Mock stimulation solution was composed of HBSS
with low KCI concentration (5K BSS; composed of 130 mM
NzCl, 5.4 mM KCI, 5.5 mM glucose, 1.26 mM CaCl,, 0.8
mM MgCl,, 10 mM HEPES-NaOH, pH 7.4). Healthy slices
(judged from opacity) were exposed to Glu solution or mock
stimulation solution for 3 min at 34°C each time. As shown
in Figure 1, glutamate exposure was repeated three times at
24-hr intervals starting on day 12 in vitro (DIV 12) for the
three times glutamate-stimulated ([3G]) series. Slices for the
twice-stimulated ([2G]) series were exposed first to mock
stimulation solution and then twice to Glu solution at 24-hr
intervals each. Control slices were exposed three times to
mock stimulation solution. Thirty similarly treated slices were
used at each time point for RNA extraction.

Histological Evaluation of Cell Viability

Apoptotic cells were distinguished from viable cells by
the incorporation of propidium iodide (PI; Sigma, St. Louis,
MO). At 24 hr after the third stimulation, PI (final 10 pg/ml)
was added to hippocampal slice cultures and incubated for a
further 24 hr at 34°C. Slices exposed to kainic acid (KA; 100
UM) in the presence of PI for 24 hr served as the positive
control in this assay. Two CA1 regions per slice were photo-
graphed with identical incident light intensity and exposure
time with a fluorescence microscope (IX-50; Olympus, To-
kyo, Japan) at 48 hr after the third stimulation. PI fluorescence
intensity was measured on each micrograph in NIH Image
software (Tominaga-Yoshino et al, 2002) and normalized by
the background fluorescence acquired in the region not occu-
pied by the slice.
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Fig. 1. Stimulation and sampling procedures. As described in Materials
and Methods, hippocampal slices obtained from P8 rats were maintained
in cultare for 12d (DIV 12) before the start of the experiment to be sta-
bilized both physically and physiologically. Slices were then stimulated
in three ways ([3C], [2G], and [3G]) at 24-hr intervals on DIV12, 13,
and 14. At each time point after the third stimulation, 30 each of the
[3C}, [2G], and [3G] slices were pooled (five slices X six wells) and
used for RNA preparation. As a standard time point before the third
stimulaton, 26 hr after the second stimulation was used (26h). For pro-
tein extraction and Western blotting, 24 each of the slices stimulated in
the three ways were pooled at 48 hr after the third stimulation.

Microarrays and Hybridization Conditions

Original oligonucleotide microarray was prepared as
previously described (Takahashi et al., 2005). The contents of
the synaptoarray are listed in Supporting Information Table I
A high-density microarray with oligonucleotide probes for
22,575 genes (rat oligopDNA microarray; Agilent Technolo-
gies, Palo Alto, CA) was used for screening genes differentially
expressed by repetitive stimulation. Total RNA was prepared
from pools of 30 similarly treated hippocampal slices using
Trizol reagent (Invitrogen, Carlsbad, CA), reverse-transcribed
with an oligo-dT primer containing the promoter sequence
for T7 RNA polymerase, and amplified using RNA Tran-
script SureLABEL Core Kit (Takara Bio Inc., Shiga, Japan)
with amino-allyl UTP incorporation. Amplified cRINA was
purified with a QIAquick Nucleotide Removal Kit (Qiagen,
Valencia, CA) and coupled either with cyanine 3 (Cy3; [3C]
or [2G] slices) ot with cyanine 5 (Cy5; [3G] slices). Labeled
cRNA was purified with QIAquick Nucleotide Removal Kit
(Qiagen) and fragmented using RINA Fragmentation Reagents
(Ambion Diagnostics, Austin, TX). For one microarray, 1 g
each of Cy3- and Cy5-labeled samples to be compared was
mixed in a final 500 pl of hybridization solution containing
the following components at the following final concentra-
tions; 0.02 pg/pl mouse Cotl-DNA (Invitrogen), 6 ng/Ml
oligo-dA 10mer (Sigma-Genosys, Hokkaidou, Japan), 0.3 pg/
ul yeast tRNA (Invitrogen), 3.4X SSC, 0.3 ml/liter SDS
(Gibco; 10 ml/liter SDS; DeRisi et al., 1996). The mixture
was heated at 95°C for 1 min and clarified by centrifugation.
Hybridization was performed in a hybridization chamber
(Agilent Technologies) at 55°C for 16 hr with rotation (5
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rpm). After hybridization, the chamber was disassembled in
wash buffer I (6X SSC, 0.005 ml/liter Triton X-102), and the
array slide was washed successively in wash buffer 1 for 10 min
and wash buffer 11 (0.1X SSC, 0.005 mi/liter Triton X-102)
for 5 min on ice and dried with N, gas.

Microarray Data Acquisition and Analysis

After hybridization, microarrays were scanned with
DNAscope IV (GeneFocus Biomedical Photometrics Inc.).
The fluorescence intensity signals from microarray images
were quantified with ImaGene 5.5 (Biodiscovery, Los
Angeles, CA) using the local background correction (Gene-
Sight 3.5.2; Biodiscovery). The background-corrected Cy3
and Cy5 fluorescence intensity data from the synaptoarray
were exported to Microsoft Excel and normalized using five
internal standard genes (rpL3, tpL13a, pL22, pL23, Ppia) a5
described previously (Takahashi et al., 2005). Data from the
high-density array were normalized by global normalization.
Gene expression profiles were obtained from K-mean cluster
analysis with software Gene Cluster (written by Michael
Eisen, Stanford University).

Real-Time Quantitative Fluorescence-Based PCR

Expression levels of representative genes were quantified
by fluorescence-based real-time PCR using the Smart Cycler
System (Applied Cepheid) with Takara ExTaq (Takara Bio
Inc.) and SYBR Green I (Molecular Probes, Eugene, OR)
and were normalized with 7pl13a as an internal standard. PCR
primers (Table I) were designed in Oligo 6.0 primer analysis
software (Molecular Biology Insights).

Western Blotting

Western blotting was performed as described previousty
(Kawaai et al., 2009). Briefly, PVDF membranes with proteins
separated by SDS-PAGE were blocked with 5.0% skim milk
in PBS containing 0.05% Tween-20 (PBST) for 1 hr and
probed with the primary antibody for 1 hr at RT. The pri-
mary antibodies used were mouse anti-B-actin antibody
(Sigma), rabbit anti-Syt4 antibody (IBL, Gunma, Japan), rabbit
anti-mGluRS antibody (Upstate, Lake Placid, NY), rabbit
anti-BDNF antibody (N-20; Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit antiphospho-cofilin antibody (ab12866;
Abcam, Tokyo, Japan), and rabbit anticofilin antibody
(2b42824; Abcam). After being washed with PBST, the mem-
branes were incubated with an appropriate HRP-conjugated
secondary antibody, and signals were detected with Immobi-
lon Western Detection Reagents (Millipore, Bedford, MA). A
FujiFilm LAS4000 miniluminescent image analyzer was used
to photograph the blots. Quantitative determination was per-
formed with Multi Gauge (3.0; Fujifilm, Tokyo, Japan).

Immunostaining and Phalloidin Staining

Cultured hippocampal slices were washed once with
PBS, fixed with 4.0% paraformaldehyde in PBS for 10 min,
permeabilized with 1% Triton X-100 in PBS (PBS-Tx) for 5
min, and blocked with 1.0% skim milk with 1.0% normal
goat serum (Vector Laboratories, Burlingame, CA) in PBS-Tx
for 60 min at RT. Slices were then incubated with rabbit
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TABLE 1. Primers for Real-Time Quantitative PCR

Reverse

Forward
bdnf GGAGGCTAAGTGGAGCTGACATAC
syt4 AGTTTTGGATTCTGAAAGGGGATC
ania4 AACACTCCTTCATTACTTGCTTCC
gm5 GCCCTCACTCCACCATCGCC
1gs2 GAAGTCCAGATGTGGTTCTGTTG
ywhaz CCATGCGGATCAAGCACAGCG
sle6al2 GTGCTCCAGGAATCTGTTTGCC
gabarapl2 TAGAGGGCTGAAGAGATGGCTC
slcball CCAAGGTCAAAGGCGACGGTAC
i1 GCTGCCCTTTTCCTGCCAGAC
ssh11 CGACAGAAGGAGAAAGAACTGAG
fimk1 CATCTCTTCACTCTGCTTCAGTTG
pakd TGTGTCTCTATCTCAGCCTGGG
casp3 CCCATAAGCCTCCTTATTGCAC
pl13a GGAAGTACCAGGCAGTGACAGC

GTGCTTCCGAGCCTTCCTITTAGG
TTGTCTCCTGGGGAAGTCACAG
AGTGGTTCCTTCTACAATGTTGAG
CTCTGCGTGTAATCTCTGATGATG
ATTCTTCACTTCTCAGGGCTGTC
TAGCCGTCATCTCAAGTTATTTCC
AGCAGAGAGCAGCAAGTCCAAG
AGGCAGGTAAGGGCATCAGATG
TTTACACGCAGGGAAGGAAGGC
GGGATGGAGGGAAAAGGACGG
GCTCATTTCGGATTTCCTTAGAAG
CCTTGCCTCTTTCAGTCCTGGT
TAACTTGAGGGATTGGCGGCAG
CACCACATGCTGTATTTACTTAG
CTTGAGGACCTCTGTGAACTTGC

anti-Syt4 antibody (IBL) for 60 min at RT. After three washes
with PBS for 15 min in total, Alexa 488-conjugated goat
anti-rabbit IgG (Invitrogen) was applied for 60 min at RT.
For phalloidin staining, Alexa 594-conjugated phalloidin (Invi-
trogen) was applied to fixed and permeabilized slices for 60
min at RT. After being washed with PBS, the coverslips were
mounted with Vectashield (Vector Laboratories) and observed
under a Nikon E-600 microscope (Nikon, Tokyo, Japan) for
immunostaining, For phalloidin staining, the Z-projection
images (2-pm step size, 15 sections, maximum intensity pro-
jection by FV1000 software) were obtained by confocal fluo-
rescence microscopy (FV1000; Olympus, Tokyo, Japan).
Quantitative determination was performed in Image] software
(v1.42qg; NIH).

Electron Microscopy

To prevent the destruction of actin microfilaments
(Maupin-Szamier and Pollard, 1978), the slice was prepared as
described by Mbassa et al. (1988) and Dinno and Mugnaini
(2000), with minor modifications. Hippocampal slice cultures
were fixed with 2% paraformaldehyde (PF) and 1.5% glutaral-
dehyde (GA) in 0.1 M phosphate buffer (PB) for 12 hr at
4°C, followed by washing in 0.1 M PB (3 X 5 min). These
slices were rinsed in 50 mM maleate buffer (MB) at pH 6.0
for 5 min and incubated with phalloidin (10 mg/ml; Sigma),
1% tannic acid (TAAB, Berkshire, United Kingdom), and 5%
dimethylsulfoxide (DMSO) in 50 mM MB, pH 6.0. After
being washed in MB (3 X 5 min), the slices were stained en
bloc in the dark at 4°C for 2 hr with 1% uranyl acetate in
MB and washed again in the buffer for 3 X 5 min. In the
subsequent steps, slices were dehydrated in a graded series of
ethanol and infiltrated with Quetole 812 resin (Nissin-EM,
Tokyo, Japan) at RT. Finally, embedded slices were cured at
60°C for 3—4 days. Ultarathin sections (80 nm thick) were
stained with uranyl acetate and lead citrate and exmamined in
JEM 1010 electron microscope JEOL, Tokyo, Japan).

Statistical Analysis

Statistical comparison between two independent groups
of data was performed with the Student’s t-test. Statistically

significant differences are denoted *P < 0.05, **P < 0.01,
and ***P < 0,001 in all the figures.

RESULTS

Time Course of Expression Changes in
Synapse- and Cytoskeleton-Related Genes
After Repetitive Glutamate Stimulation

Gene expression changes induced by repetitive
stimulation were first monitored by comparing expres-
sion profiles of three times glutamate-stimulated slices
([3G] slices) with those of three times mock-stimulated
slices ([3C] slices) using the custom oligonucleotide
DNA microarray synaptoarray containing probes for
~300 genes mainly involved in the construction and
functioning of synapses (Takahashi et al., 2005; Kitamura
et al., 2007; a complete list of genes on the microarray is
supplied as Supp. Info. Table I).

At each time point, RNA extracted from 30 each
of [3C] and {3G] slices were compared by competitive
hybridization. To reduce individual varations, slices
obtained from each animal were equally divided
between [3C] and [3G] preparations. Because our pre-
liminary experiment showed that significant changes in
gene expression profiles were not detected at 1 hr after
the third stimulation (3G1h), seven time points between
4 hr and 12 days after the third stimulation (4 hr, 24 hr,
48 hr, 96 hr, 6 days, 9 days, 12 days) were selected for
analysis together with 26 hr after the second stimulation
as a standard time point before the third stimulation
(Fig. 1).

From the results of competitive hybridization,
genes showing more than 50% up- or down-regulation
at least once during the experimental time course were
selected for further analysis (total of 77 genes). By
k-means clustering, these 77 genes were classified into
four groups (I-IV) with typical expression profiles as
shown in Figure 2A,B. Comparison of these expression
profiles revealed that changes in gene expression after
the third stimulation occurred in two phases, an early
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Fig. 3. Differences in the expression profiles of bdnf mRNA follow-
ing two and three glutamate stimulations. Expression levels of bdnf
mRNA in [2G] slices (lozenges) and [3G] slices (squares) at different
time points after the last stimulation (day 0) were analyzed by real-
time PCR using rpL134 as an internal standard and plotted relative to
the level of bdnf mRNA in the control [3C] slices at 48 hr (triangle;
mean * SEM; n = 6, fiom two independent series of cultures).

phase (24 hr, 48 hr and 96 hr) and a late phase (6, 9,
and 12 days). In the early phase, a peak of up-regulation
was observed at 48 hr (group I), and the strongest
down-regulation was observed at 48-96 hr (group II). In
the late phase, significant up-regulation of group III
genes was observed at 69 days. Group IV genes were
persistently down-regulated between 96 hr and 9 days.

In the previous study, Tominaga-Yoshino et al.
(2008) followed the course of synaptic enhancement af-
ter repetitive glutamate stimulation electrophysiologically
and found that, after a decline of the initial enhancement
of fEPSP (LTP) within 4 hr, there was a second and
persistent enhancement of fEPSP (RISE) starting from
24 hr after the third stimulation and lasting for more
- than 3 weeks. An increase in the number of synaptic
sites was also detected at 5 days after the third stimula-
tion. Gene expression changes in the early phase may
thus contribute primarily to the conversion from the
transient LTP to the RISE.

Differences in the Expression Profiles of bdnf
mRNA in Twice- and Thrice-Stimulated Slices

As one of the key factors regulating activity-de-
pendent changes at the synapse, we compared expression
profiles of bdnf mRINA in [2G] and [3G] slices by real-
time PCR (Fig. 3). At 24 hr after the last stimulation,
strong up-regulation of bdnf mRNA was observed in
both [2G] and [3G] slices. Up-regulation in [3G] slices
was much greater and persisted longer than that in
[2G]slices. At 96 hr, bdnf expression in both types of sli-
ces was back to the baseline level. In [3G] slices, how-
ever, there was a small but significant second up-regula-
tion at day 6. The earlier of the two phases of gene

expression changes observed in Figure 2 thus corre-
sponds to the first large peak of bdnf expression.

Comprehensive Screening of Gene Expression
Changes 48 Hours After the Third Stimulation

From the time course analysis described above
(Figs. 2, 3), we chose 48 hr after the third stimulation as
a fixed time point at which to investigate thoroughly the
genes responsible for the establishment of RISE using
commercially available high-density arrays (Agilent
Technologies). To make sure that the observed expres-
sion changes were not reflecting the apoptotic process
induced by stimulation with high concentrations of glu-
tamate in vitro (Schubert and Piasecki, 2001), histologi-
cal evaluation of cell viability and analysis of caspase 3
(casp3) gene expression (Kroemer and Martin, 2005)
were performed at this time point. As shown in Figure
4A, there was no significant difference in cell viability
observed between slices experiencing three glutamate
stimulations (3G48h) or three mock stimulations
(3C48h), while slices exposed to 100 uM kainic acid for
24 hr exhibited significant incorporation of propidium
iodide (PI), indicating cell death (Sakaguchi et al., 1997).
Real-time PCR. analysis further showed that the expres-
sion level of casp3 in [3G] slices did not differ signifi-
cantly from that of [3C] or [2G] slices (Fig. 4B). These
data thus confirm that the glutamate stimulation protocol
used in this study did not induce casp3-dependent apo-

tosis.

P To increase efficiency and reliability of comprehen-
sive screening, differentially stimulated slices were com-
pared in two pairs by competitive hybridization 48 hr af-
ter the last stimulation, [3G] slices vs. [3C] slices and
[3G] slices vs. [2G] slices. By focusing on differentially
expressed genes detected in both pairs, genes progres-
sively up- or down-regulated by repetitive stimulation
and genes affected specifically by the third stimulation
should be identified. Among the 22,575 gene probes on
the high-density array, probes with signal intensities
above 500 in both samples of the pair were selected for
further analysis, and only probes showing consistent
expression ratios of more than 1.2 (up-regulated) or less
than 0.83 (down-regulated) were selected as differentially
expressed. As a result, 1,437 up-regulated and 1,906
down-regulated probes were detected in the 3G vs. 3C
comparison, whereas 1,136 up-regulated and 1,193
down-regulated probes were detected in the 3G /vs. 2G
comparison (Supp. Info. Fig. 2A). Among these two
pairs of comparisons, 701 up-regulated probes (3.1% of
total probes) and 557 down-regulated probes (2.5%)
were shared (Supp. Info. Fig. 2B), which were consid-
ered as candidate genes responding to repetitive stimula-
tion, !

We focused, among the candidate genes, on those
up-regulated by more than two-fold in either pair of
comparisons (3G/3C or 3G/2G), which amounted to
289. By deleting genes of unknown function, we finally
ended up with a list of 176 putative repetitive stimula-
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Fig. 4. Confirmation of cell viability after repetitive stimulation. A:
Histochemical confirmation of cell viability by the absence of propi-
dium jodide (PI) staining. Three times mock-stimulated ([3C]; a) or
glutamate-stimulated ([3G]; b) hippocampal slices at 24 hr after the
third stimulation were further incubated in culture medium containing
10 pg/ml PI for 24 hr at 34°C. A slice exposed to 100 uM kainic acid

tion-induced genes (provided as Supp. Info. Table III).
Several genes previously reported to be induced by
physiological/unphysiological stimuli or behavioral con-
ditionings and to be correlated with synaptic plasticity
and memory were found on this list; g5 (type 1
metabotropic glutamate receptor 5; Manahan-Vaughan
et al., 2003), rgs2 (regulator of G-protein signaling; Ingi
et al., 1998), syt4 (synaptotagmin-4; Vician et al., 1995),
and ania4/carp/dclk1 (doublecortin-like kinase 1; Berke
et al., 1998; Vreugdenhil et al., 1999). Though not as
highly up-regulated as those on the list, three other
genes known to be activity-induced were also included
in the 701 candidate up-regulated genes, bdnf (brain-
derived neurotrophic factor; Hall et al., 2000), cpg!
(candidate plasticity-related gene 1; Nedivi et al., 1993),
and rheb (rapidly and transiently induced gene in hippo-
campal granule cells; Yamagata et al.,, 1994). In addition
to these activity-related genes, ywhaz/14-3-3C (tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein, zeta polypeptide) involved in the regulation
of actin dynamics (Soosairajah et al., 2005) and slc6a11
(neurotransmitter transporter, GABA, member 11) were
among the 176 highly up-regulated genes.

To confirm microarray data, real-time quantitative
PCR analysis was performed with the six representative

Journal of Neuroscience Research

for 24 hr in the presence of PI is shown as a positive control (KA; c).
In d, total PI fluorescence of each micrograph was quantified in NIH
Image software (mean * SEM; n = 3). B: Real-time quantitative
PCR analysis of casp3 in [3C], [2G], and [3G] slices at 48 hr after the
last stimulation using rpL13a as an internal standard (mean = SEM; n
= 6, from two independent series of cultures). Scale bar = 500 pm.

highly up-regulated genes mentioned above (grm5, rgs2,
syt4, ania4, ywhaz, slc6al1) as well as the following two
related genes, which were among the 701 up-regulated
candidate genes; slc6a12 (neurotransmitter transporter, be-
taine/GABA, member 12), and gabarapl2 (GABA, recep-
tor-associated protein-like 2). Expression ratios of [3G]
and [2G] slices relative to [3C] slices at 48 hr after the last
stimulation were obtained using rpL13a (60S ribosomal
subunit protein gene) as internal stnadard, yielding results
mostly consistent with microarray data (Fig. 5). Com-
pared with the twice-stimulated sample, significant up-
regulation by the third stimulation was observed with
syt4, ywhaz, slc6a12, and gabarapl2. It is also noteworthy
that ania4, grm5, and syt4, which have been reported to
be induced by extensive stimulation (e.g., seizure), were
up-regulated by repeating the weaker stimulation three
times without induction of apoptosis (Fig. 4).

Increases in the Protein Levels of BDNF, GRMS5,
and SYT4 by Repetitive Glutamate Stimulation

We confirmed the expression of three repetitive
stimulation-induced genes, bdnf, grm5, and syt4, at the
protein level. As shown in Figure 6A, BDNF and
mGIluR5 proteins were increased both in [2G48h] slices
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Fig. 5. Real-time quantitative PCR analysis of the representative
genes. Repetitive stimulation-dependent changes in the expression of
eight representative genes detected by microarray analyses were
validated by real-time quantitative PCR. For each gene, average
expression ratios of [2G] and [3G] slices relative to [3C] slices at 48
hr after the last stimulation (3G48h/3C48h or 2G48h/3C48h) are
shown, All expression ratios were normalized with that of rpL13a as
internal standard (mean ratio = SEM; n = 6, from two independent
series of cultures). Values with statistically significant differences com-
pared with that of [3C] slices are marked *P < 0.05 or **P < 0.01,
and those of [3G] slices compared with that of the [2G] slices are
marked *P < 0.05.

and in [3G48h] slices, whereas Syt4 protein was
increased only in [3G48h] slices. The third stimulation-
specific increase of Syt4 was further confirmed by im-
munostaining the hippocampal slices with anti-Syt4 anti-
body as shown in Figure 6B. Consistent with the results
of Western blotting, Syt4 immunoreactivity was signifi-
cantly increased in [3G] slices compared with [3C] and
[2G] slices. It is notable that the up-regulation of Syt4
was most prominent in the CA3 region, where it was
localized to perikarya of pyaramidal neurons. Immuno-
staining at different time intervals after the third stimula-
tion revealed that Syt4 was also up-regulated at 24 hr
and 96 hr, but not at later time points of 6 days, 8 days,
and 12 days (data not shown).

Coordinated Changes in the Expression of Genes
Regulating Cofilin Phosphorylation Leading to
Changes in Actin Polymerization

Because ywhaz/14-3-3C is known as a regulator of
ssh1l (slingshot homolog 1) phosphatase that activates the
actin depolymerizing factor cofilin, and cofilin was
among the genes in group IV (Fig. 2), we investigated
by real-time quantitative PCR the effect of repetitive
stimulation on the expression of four additional genes

involved in this pathway (Fig. 7A), ssh1l, pak4 (p21
(CDKN1A)-activated kinase 4), limk1 (LIM-domain
containing protein kinase 1), and ¢fl1 (cofilin 1, non-
muscle). Although probes for these four genes were on
the high-density array, sufficient signal intensities were
not obtained.

Cofilin serves as one of the major stimulators of
actin turnover and actin filament dynamics by enhancing
depolymerization at the minus end and by severing actin
filaments to produce new plus ends. Cofilin is inacti-
vated through phosphorylation of the N-terminal Ser3
by LIMK1 and reactivated through dephosphorylation
by SSH1. Activities of both of these enzymes are regu-
lated through phosphorylation by PAK4, which acti-
vates LIMK1 and inactivates SSH1. Ywhaz, on the
other hand, inhibits SSH1 activity by sequestering it in
the cytoplasm. As summarized in Figure 7B, transcrip-
tion of genes for all of these five proteins were up-
regulated compared with control (3C) 48 hr after the
second stimulation (2G), indicating that glutamate stim-
ulation activated actin filament dynamics by up-regulat-
ing factors involved in both polymerization and depoly-
merization. In contrast, these genes were differentially
affected by the third stimulation; ¢A1 and sshi1l were
down-regulated, whereas pak4, ywhaz, and limk1 were
further up-regulated. This should lead to suppression of
actin filament dynamics and enhancement of actin po-
lymerization through cofilin phosphorylation as sum-
marized in Figure 7B.

To confirm the involvement of cofilin phosphoryl-
ation in the third-stimulation-specific RISE phenom-
enon, we examined the phosphorylation states of cofilin
by Western blotting using the phosphorylated cofilin-
specific antibody (Fig. 7C). Consistent with the expres-
sion profiles of actin dynamics regulators, the phospho-
rylation level of cofilin was significantly reduced after
the second stimulation (2G48h) compared with the con-
trol (3C48h). Conversely, the phosphorylation level of
cofilin showed a tendency to increase after the third
stimulation (3G48h) compared with 2G48h. Estimation
of the level of actin polymerization with fluorescently
labeled phalloidin revealed that, consistent with changes
in cofilin phosphorylation states, phalloidin staining was
significantly decreased after the second stimulation
(2G48h) compared with the control (3C48h) especially
in the CA1 region (Fig. 7D). Conversely, intensity of
phalloidin staining after the third stimulation (3G48h)
was increased compared with 2G48h. In addition, direct
observation of actin-containing filament structures in
these slices by transmission electron microscopy after
actin filament stabilization with phalloidin and tannic
acid revealed an increase in the density of the 7-8-nm
microfilament structures spreading from PSD and con-
structing the subsynaptic web in 3G48h slices compared
with 2G48h slices (Fig. 7E). The results thus indicate
that the second stimulation transiently destabilized the
actin cytoskeleton, whereas the third stimulation sup-
pressed actin filament dynamics and enhanced actin
polymerization.

Journal of Neuroscience Research

— 112 —



o S o S .
2 g =
v O QO
i N o

Anti-BDNF

Anti-mGluRS

Anti-Syt4

Anti- 3 actin

Fig. 6. A,B: Increases in the protein levels of BDNF, mGluR5, and
Syt4 by repetitive glutamate stimulation. The lysate of the [3C],
[2G], or [3G] slices obtained 48 hr after the last stimulation was ana-
lyzed by Western blotting with the antibodies against BDNF,
mGluR5, Syt4, or B-actin as indicated. The [3C], [2G], and [3G]

DISCUSSION

Correlations Among Genes Induced by Repetitive
Stimulation, LTP, and Epileptic Activity

Because RISE develops after the repeated induc-
tion of LTP, several genes previously reported to be up-
regulated during LTP induction in vitro or in vivo were
detected among genes up-regulated by repetitive stimu-
lation, as expected: bdnf, which has been shown to
increase by the stimulus paradigm inducing LTP in CA1
in vitro and by contextual learning in vivo (Hall et al.,
2000); rgs2 (regulator of G protein signaling 2); and grm5
(typel metabotropic glutamate receptor 5) were induced
following LTP induction in DG and CAl in vivo (Man-
ahan-Vaughan et al., 2003). In particular, larger and lon-
ger-lasting up-regulation by three repetitive stimulations
compared with two was observed with bdnf, which has
been shown to be a key factor in activity-dependent
synaptic enhancement.

Furthermore, two genes reported to be induced in
the hippocampus by kainate-elicited seizures were also
up-regulated by repetitive stimulation; ania 4/dclk 1
(Vreugdenhil et al., 1999) and syt4 (Vician et al.,, 1995).
ania 4/dcdlk 1 Encodes a protein kinase similar to Ca®"/
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2G48h

3G48h
§  Anti-Syt4

hippocampal slices 48 hr after the last stimulation were immuno-
stained with anti-Syt4 antibody. The dashed line indicates the edge
of the slice. Boxed regions are shown at higher magnification at the
lower right corner. Scale bars = 500 pm in larger panels; 50 um in
smaller panels.

calmodulin-dependent kinases (CAMK) but with an
additional N-terminal doublecortin (DCX) homology
domain. As with DCX, DCLK1 shows microtubule-
binding and polymerization activities (Lin et al., 2000),
suggesting that it may regulate neurite extension and cell
migration. Syt4, on the other hand, has been shown
recently to be localized to BDNF-containing vesicles
and to regulate BDNF release negatively in response to
synaptic activity (Dean et al., 2009). Such regulation by
Syt4 may be a mechanism to avoid exhaustive stimula-
tion and maintain the level of BDNF as well as synaptic
strength in a useful range during long-lasting LTP. In
contrast to kainate-induced seizures, which resulted in
strong up-regulation of Syt4 protein in CA1, CA3, and
DG in vivo (Vician et al., 1995), repetitive glutamate
stimulation induced prominent up-regulation only in the
CA3 region (Fig. 6B). The repetitive glutamate stimula-
tion protocol used in this study thus achieved induction
of genes that are dependent on stronger or nonphysio-
logical stimuli without induction of excitotoxic cell
death (Fig. 4). Insofar as epileptic seizures have also been
reported to up-regulate bdnf (Kokaia et al., 1994; Poul-
sen et al., 2004), results of the present study indicate that
the long-lasting synaptic enhancement induced by repet-
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Fig. 7. Expression changes of genes involved in the regulation of
actin dynamics by repetitive stimulation. A: Real-time PCR analysis
of the differences in the expression of an additional four genes
involved in the regulation of actin dynamics. For each gene, average
expression ratios of [2G] and [3G] slices relative to [3C] slices at 48
hr after the last stimulation are shown (mean * SEM; n = 6, from
two independent series of cultures). All expression ratios were nor-
malized with that of rpL13a. Values with statistically significant differ-
ences compared with the [3C] slices are marked *P < 0.05 or **P <
0.01, and those of [3G] slices compared with that of [2G] slices are
marked *P < 0.05). B: Schematic representation of the regulation of
actin filament dynamics after repetitive stimulation showing stimula-
tory (arrows) and inhibitory (blocked lines) interactions among the
five genes. i) After two stimulations, five genes regulating actin dy-
namics were all up-regulated, indicating that both polymerization and
depolymerization of actin were enhanced. i) Three stimulations
coordinately changed the expression of five genes to suppress actin
depolymerization and enhance polymerization (cfll and SSH1 were

down-regulated; PAK4, Ywhaz, and LIMK1 were up-regulated). C: 1)
Phosphorylation level of cofilin protein was analyzed by Western blot-
ting with the antibodies against phosphophorylated cofilin (at Ser 3) and
total cofilin as indicated. ii) Phosphorylation levels of cofilin were quan-
tified by the ratio of phosphorylated-cofilin to total cofilin (mean *
SEM; n = 4). Values with statistically significant differences compared
with [3C] slices are marked *P < 0.05. D: i) The [3C}, [2G], and [3G]
hippocampal slices 48 hr after the last stimulation were stained with
Alexa 594-conjugated phalloidin selective for F-actin. ii) Relative inten-
sities of fluorescent phalloidin staining in CA1 and CA3 regions of
[3C, [2G), and [3G] slices 48 hr after the last stimulation. Values with
statistically significant differences compared with [3C] slices are marked
*P < 0.05. E: Electron microscopic analysis confirms the increase in
the actin filament structures after repeated glutamate exposures. i) The
7-8-nm microfilaments spread from PSD and constructed subsynaptic
web (f). Boxed areas in i are enlarged in ii. SB indicates presynaptic
bouton. Arrowheads in ii indicate thin microfilaments extending from
the web. Scale bars = 300 pm in D; 200 nm in E.
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itive glutamate stimulation at least partially shares the
common pathways leading to LTP and epileptic activity.

Effect of Repetitive Stimulation on GABAergic
Neurotransmission

In addition to the positive modulations of excita-
tory synapses, negative modulations of inhibitory synap-
ses have been shown to contribute to the induction of
LTP (Casasola et al., 2004; Fiumelli et al., 2005). In our
comprehensive screening, three genes involved in
GABAergic neurotransmission were found to be up-
regulated by repetitive glutamate stimulation; GABA
transporters skk6a12 and slk6a1! and GABA receptor-
interacting protein gabarapl2 (Fig. 5). Up-regulation of
GABA transporters may attenuate the inhibitory action
of GABA by reducing its synaptic concentration.

The inhibitory nature of GABAergic transmission
depends on the transmembrane Cl~ gradient, which is
regulated mainly by the neuron-specific K*-Cl~
cotransporter KCC2 responsible for Cl™ extrusion. A
positive shift in the Cl™ reversal potential through activ-
ity-dependent suppression of KCC2 function (Fiumelli
et al., 2005) as well as its gene expression (Rivera et al.,
2004) is thus considered as one of the major mechanisms
of activity-induced negative modification in inhibitory
synapses. In our microarray analysis, Slc1245/KCC2 was
found to be down-regulated to a similar degtee after the
second and the third stimulations (data not shown).

Kleschevnikov et al. (2004) have shown that the
high-frequency stimulation (HFS) inducing LTP under
normal conditions produced epileptiform activity in the
presence of GABA, receptor antagonist picrotoxin (Kle-
schevnikov et al.,, 2004). A shift in the balance between
excitatory and inhibitory pathways through attenuation
of GABAergic neurotransmission imay thus be another
common basis for the induction of LTP, epileptic activ-
ity, and long-lasting synaptic enhancement by repetitive
stimulation.

Modulation of Actin Filament Dynamics Leading
to Structural Reorganization

Previous studies have shown that stimulation para-
digms inducing LTP are associated with reorganization
of the actin cytoskeleton characterized by an increase in
filamentous actin (F-actin) content within dendritic
spines (Fukazawa et al., 2003). In most cases, these
changes were temporary and accomplished by the modi-
fication or translocation of the proteins associated with
the actin cytoskeleton. In our time course analysis, how-
ever, numerous genes involved in the regulation of the
actin cytoskeleton were found to change expression lev-
els during the early phase after stimulation. In particular,
five genes modulating the dynamics of actin polymeriza-
tion through the cofilin pathway were found to be coor-
dinately but differentially regulated at 48 hr after the sec-
ond and the third stimulations (Figs. 5, 7); all five genes
were up-regulated after the second stimulation, whereas
i1 and ssh1l were down-regulated and ywhaz/14-3-3(,
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pak4, and limk1 were up-regulated after the third stimu-
lation. Cofilin 1 is an actin-depolymerizing factor, which
increases actin dynamics by severing actin filaments and
binding to the severed plus ends. Cofilinl is inactivated
by LIM-kinase 1 through phosphorylation at Ser-3 and
is reactivated by the phosphatase slingshot 1L, which, in
turn, is inhibited by the kinase PAK4 and the ywhaz
protein (Nagata-Ohashi et al, 2004). On the other
hand, PAK4 kinase activates LIMK1 to regulate cooper-
atively the phosphorylation state of cofilinl (Soosairajah
et al., 2005). The observed expression changes in these
genes after the second stimulation enhance actin dynam-
ics by enhancing both polymerization and depolymeriza-
tion, whereas changes after the third stimulation coor-
dinately decrease the activity of cfll to slow actin dy-
namics and stabilize F-actin. Consistent with the gene
expression profiles of actin dynamics regulators, cofilin
phosphorylation and intensity of phalloidin staining (F-
actin) were significantly reduced after the second stimu-
lation compared with the control (3C48h). Conversely,
cofilin phosphorylation, intensity of phalloidin staining,
and actin microfilament structures were increased after
the third stimulation compared with 2G48h (Fig. 7).
These results thus indicate that stabilization of actin dy-
namics through cofilin phosphorylation underlies the
structural reorganization leading to the establishment of
RISE, the repetitive stimulation-induced long-lasting
synaptic enhancement. ‘
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