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Long-lasting neuronal plasticity as well as long-term memory (LTM) requires de novo synthesis of proteins through dynamic regulation
of gene expression. cAMP-responsive element (CRE)-mediated gene transcription occurs in an activity-dependent manner and plays a
pivotal role in neuronal plasticity and LTM in a variety of species. To study the physiological role of inducible cAMP early repressor
(ICER), a CRE-mediated gene transcription repressor, in neuronal plasticity and LTM, we generated two types of ICER mutant mice:
ICER-overexpressing (OE) mice and ICER-specific knock-out (KO) mice. Both ICER-OE and ICER-KO mice show no apparent abnormal-
ities in their development and reproduction. A comprehensive battery of behavioral tests revealed no robust changes in locomotor
activity, sensory and motor functions, and emotional responses in the mutant mice. However, long-term conditioned fear memory was
attenuated in ICER-OE mice and enhanced in ICER-KO mice without concurrent changes in short-term fear memory. Furthermore,
ICER-OE mice exhibited retardation of kindling development, whereas ICER-KO mice exhibited acceleration of kindling. These results
strongly suggest that ICER negatively regulates the neuronal processes required for long-term fear memory and neuronal plasticity
underlying kindling epileptogenesis, possibly through suppression of CRE-mediated gene transcription.
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Introduction
Dynamic regulation of cAMP-responsive element (CRE)-
mediated gene transcription is an important mechanism of ad-
aptation to environmental changes in the brain (Silva et al., 1998;
Lonze and Ginty, 2002; Carlezon et al., 2005). Studies in Aplysia
(Bartsch et al., 1995, 1998), Drosophila (Yin et al., 1994, 1995),
and mice (Bourtchuladze et al., 1994) have firmly established a
conserved importance of the CRE-mediated gene transcription
and CRE-binding protein (CREB) for memory across species.
Although a strong connection between CREB and neuronal plas-
ticity underlying learning and memory has been demonstrated
(Bourtchuladze et al., 1994; Schulz et al., 1999; Barco et al., 2002;
Pittenger et al., 2002; Ahmed and Frey, 2005; Warburton et al.,
2005) (but see Gass et al., 1998; Balschun et al., 2003), the out-
come of CRE-mediated gene transcription depends on the com-
petitive binding of several dimerized transcription factors, in-

cluding activators and repressors of gene transcription. In
mammals, these factors are products of the CREB/CRE modula-
tor (CREM)/activating transcription factor 1 (ATF1) gene family
(Lee and Masson, 1993; Sassone-Corsi, 1995; Montminy, 1997;
Mayr and Montminy, 2001).

Among its family members, the inducible cAMP early repres-
sor (ICER) protein is unique in that it is highly inducible in
response to stimuli and it is a potent endogenous repressor of
CRE-mediated gene transcription (for review, see Foulkes and
Sassone-Corsi, 1996; Mioduszewska et al., 2003). ICER is tran-
scribed from the internal P2 promoter of the CREM gene (Mo-
lina et al., 1993; Stehle et al., 1993) and contains DNA-binding
domains but lacks activation domains. Thus, ICER homodimers
and/or ICER heterodimers, comprising ICER plus other mem-
bers of the CREB/CREM/ATF1 family, bind efficiently to CREs
and competitively block DNA binding of other family members
to suppress CRE-dependent transcription (Stehle et al., 1993;
Tinti et al., 1996; Lamas et al., 1997; Misund et al., 2007). Al-
though basal ICER levels in the brain are relatively low, except for
several sensory and neuroendocrine centers (Kell et al., 2004),
drastic upregulation of ICER has been demonstrated in response
to a variety of stimuli, including ones linked to neuronal excita-
tion, suggesting that ICER plays a role in the regulation of higher-
order brain functions (Rydelek-Fitzgerald et al., 1996; Konopka
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et al., 1998; Staiger et al., 2000; Storvik et al., 2000; Shepard et al.,
2005; Green et al., 2006).

Although the importance of inhibitory regulation in long-
term memory (LTM) has become more evident (Abel et al., 1998;
Chen et al., 2003; Lepicard et al., 2006), the role of the unique
endogenous CREB antagonist ICER on LTM is essentially un-
known and unstudied. To our knowledge, only one study exists;
using a virus vector, Mouravlev et al. (2006) showed that re-
stricted overexpression of ICER in the hippocampus leads to
memory deficits in aged rats but not in younger ones. Here, we
generated two types of ICER mutant mice, ICER-overexpressing
(OE) and ICER-knock-out (KO) mice, to examine the role of
ICER in LTM and kindling. Our results indicate that ICER acts as
a negative regulator of long-lasting changes in neuronal plasticity
and long-term fear memory.

Materials and Methods
Generation of ICER mutant mice
Generation of ICER-overexpressing mice. Full-length ICER cDNA was am-
plified using cDNA synthesized from C57BL/6J mouse brain total
RNA as a template. Pfu DNA polymerase and primers (5�-CG-

GGATCCACTTTATTTTGGACTGTGGTAC-3� and 5�-CGGAATTC-
AGTTTCATCTCCAGTTACAGCC-3�) containing BamHI or EcoRI
sites (underlined) were used for the PCR reaction. The amplified cDNA
was cut with BamHI plus EcoRI and subcloned into pBlueScript (Strat-
agene). The sequence of the insert was confirmed by double-strand DNA
sequencing. We obtained cDNA clones corresponding to alternative
spliced variants, including ICER-I, ICER-I�, ICER-II, and ICER-II�.

To construct the ICER-I and ICER-II transgenes (Fig. 1 A), we sub-
cloned the entire coding sequence of cDNA into a vector pNN265 and
then into pNN279, as described previously (Kojima et al., 1998). To
distinguish the ICER-II transgene from the ICER-I transgene, the Simian
virus 40 (SV40) poly(A)-signal sequence of the ICER-I transgene (Fig.
1 A, SV40pA1) was replaced with a sequence (Fig. 1 A, SV40pA2) derived
from ptTA plasmid (Clontech). The transgene was excised from the vec-
tor and gel purified. The transgene was microinjected into the pronuclei
of fertilized eggs, and then the transgene-injected eggs were transplanted
into the oviducts of pseudopregnant mice. We obtained three lines of
mice carrying the ICER-I transgene (lines I-15, I-19, and I-23) and one
line of mice carrying the ICER-II transgene (line II).

Line I-15 was generated using B6/C3H/F1 eggs, and lines I-19, I-23,
and II were generated using C57BL/6J eggs. The transgene-positive lines
were established by crossing founders with C57BL/6J mice. The genotypes of

Figure 1. Characterization of ICER-OE mice. A, Transgene constructs for ICER transgenic mice generation were composed of a promoter region from the Ca 2�/calmodulin-dependent protein
kinase II� gene (pCaMKII�), 5�-untranslated region (5�-UTR) derived from pNN265, 3�-untranslated region containing a poly(A) signal sequence (SV40pA1 or SV40pA2), and either ICER-I or ICER-II
cDNA. The probes for detecting transgenic ICER mRNAs are indicated by thick lines (Probe 1 and Probe 2). B, Expression of transgenic ICER mRNA in mouse brain. Sagittal sections from an ICER-I-OE
mouse (line I-15) and a non-TG littermate were hybridized with digoxigenin-labeled cRNA probe 1. The transgene-derived ICER-I mRNA was preferentially expressed in forebrain structures. Scale
bars, 500 �m. A coronal section from ICER-II-OE mice (line II) was hybridized with digoxigenin-labeled cRNA probe 2. ICER mRNA was highly expressed in layers II–III and V–VI of neocortex,
hippocampus, piriform cortex, and amygdala. Scale bars, 500 �m. C, Northern blot analysis of total RNA prepared from the forebrain of non-TG and ICER-OE mice (lines I-15 and II). 32P-labeled probe
1 hybridized to transgenic ICER-I mRNA (left, I-15) and 32P-labeled probe 2 hybridized to both ICER-I and ICER-II mRNAs (right, I-15 and II). Endogenous ICER mRNA in non-TG mice was below the
detection limit of probe 2 under the condition used (non-TG). D, Quantitative RT-PCR detection of ICER mRNA in the hippocampus of each transgenic line. Each value was calculated from four to six
independent samples and presented as means � SEM of mRNA levels normalized to mRNA levels of non-TG mice. E, Western blot analysis of protein lysates prepared from the hippocampi of non-TG
and ICER-OE mice (lines I-15, I-23, and II); blots were probed with anti-CREM antibody. The 19 kDa band corresponding to ICER protein is indicated by an arrow.
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ICER-I-OE mice were determined by PCR of tail DNA using transgene-
specific primers to amplify the DNA sequence of SV40pA1 (which corre-
sponds to Probe 1 in Fig. 1A): 5�-TGGAACTGATGAATGGGAGCAG-3�
and 5�-AGTGCAGCTTTTTCCTTTGTGG-3�. The genotypes of ICER-II-OE
mice were determined by PCR using transgene-specific primers to amplify the
DNA sequence of SV40pA2: 5�-GATCCTGCAAGCCTCGTCGTC-3�
and 5�-CTGATACTTCCCGTCCGCCAG-3�. We did not include the
analyses of line I-19 in this study.

Generation of ICER knock-out mice. Clones containing the CREM gene
were obtained from a bacterial artificial chromosome (BAC) library de-
rived from a C57BL/6J female mouse (BACPAC Resource Center of Chil-
dren’s Hospital Oakland Research Institute) by screening the library with
an ICER-I cDNA probe. A �12 kbp EcoRV–SacI DNA fragment contain-
ing the exon of CREM gene P2 promoter was subcloned into pBlueScript.
For the construction of the targeting vector, two loxP sequences were
inserted in 5�- and 3�-flanking regions of the P2 exon. For positive selec-
tion of recombinant embryonic stem (ES) clones, the phosphoglycerate
kinase (PGK)–neo cassette was inserted in reverse into the P2 exon in the
3� direction (Fig. 2 A). The diphtheria toxin A gene was also inserted into
the 5�-end of the targeting vector to provide negative selection for ran-

dom insertion. Next, the targeting vector was linearized, gel purified, and
electroporated into MS12 cells, the ES cells established from C57BL/6
mice (Kawase et al., 1994). Recombinant ES cells were then selected in the
presence of neomycin (G418). To confirm the homologous recombina-
tion of the targeting vector within the CREM gene, we analyzed recom-
binant ES clones by Southern blot analysis (Fig. 2 B). Briefly, ES genomic
DNA was digested with EcoRI and electrophoresed on 0.7% agarose gels.
After electrophoresis, the DNA was transferred to nylon membranes
using standard procedures described by Sambrook et al. (1989). Using
the 32P-labeled probe, we detected two bands in heterozygous DNA, one
containing the loxP sites and PGK–neo cassette and the other containing
the preintegration site in the wild-type (WT) allele (Fig. 2 A).

The selected ES clone was microinjected into mouse blastocysts and
then transplanted into pseudopregnant mice. To confirm germ-line
transmission, we bred several lines of chimeric mice with C57BL/6J mice.
Resulting mice carrying the targeted genomic locus in haploid were bred
with C57BL/6J mice to obtain fertilized eggs. We then deleted the P2 exon
flanked by two loxP sequences by microinjecting a plasmid containing
Cre recombinase into the fertilized eggs. Mice carrying the P2 exon de-
letion were screened by Southern blot analysis, as described above, and by

Figure 2. Generation of ICER-KO mice. A, For construction of the targeting vector, two loxP sequences (arrowheads) were inserted into the 5�- and 3�-flanking region of the P2 exon of the CREM
gene. For negative and positive selection of recombinant ES clones, a PGK–neo cassette (neo) flanked by frt sequences and a diphtheria toxin A gene (DT-A), respectively, were inserted into the
targeting vector. The P2 exon flanked by two loxP sequences was deleted by microinjecting a Cre recombinase-expressing vector into the fertilized eggs carrying the targeted genomic allele. The
location of the probe used for Southern blot analysis is indicated by a thick line. E, EcoRI; S, SacI. B, Southern blot analysis of genomic DNA prepared from WT and recombinant (Targeted) ES cells. A
32P-labeled DNA probe detected a single 15.0 kb EcoRI fragment in WT cells and an additional 8.1 kb fragment in targeted cells. C, PCR-based genotyping of ICER-KO mice; the primer pair (arrows)
specific for the P2 exon distinguished WT, heterozygous (�/�), and homozygous (KO) mice. D, ICER-specific primer pair (described in the supplemental Materials and Methods, available at
www.jneurosci.org as supplemental material) was used to amplify the PCR products from brain cDNA prepared from the RNA of WT mice but not from brain cDNA prepared from the RNA of KO mice.
E, Western blot analysis of lysates prepared from hippocampi of WT, ICER-KO, and ICER-OE (line II) mice. Blots were probed with anti-CREM or anti-CREB antibody. We detected no apparent difference
in CREM isoform and CREB expression levels in all groups of mice. The additional band corresponding to ICER protein in ICER-OE mice is indicated by an arrow.
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PCR using the following primer pair (Fig. 2 A, arrows): 5�-CTTCA-
TGAGCTACAACTCTG-3� and 5�-AGATCACTGCCTTAGTCAAC-3�.
We also confirmed the deletion of the P2 exon by direct DNA sequencing
of the PCR product. To maintain the breeding colony, we mated het-
erozygous ICER-KO male mice with C57BL/6J females. Heterozygous
offspring from these matings were used to produce homozygous
ICER-KO mice used in the experiments.

Experimental animals. Lines of ICER-OE and ICER-KO mice were
housed in groups of three to five in a controlled environment with a 12 h
light/dark cycle (lights on at 7:00 A.M.), a humidity of 50 � 10%, and a
room temperature of 23 � 1°C. Food and water were available ad libitum.
After weaning the mice, we determined their genotypes by PCR of tail
DNA. At 2–5 months of age, male offspring of the ICER mutant lines
(generations 2–13 for ICER-OE and generations 3–9 for ICER-KO, each
obtained by backcrossing with C57BL/6J mice) were subjected to
experiments.

Mice were moved from the breeding facility to the holding room at
least 1 week before the beginning of testing, individually housed, sup-
plied with food and water ad libitum, and kept under the same standard
housing conditions. Nontransgenic (non-TG) and WT littermates were
used as control animals for ICER-OE and ICER-KO mice, respectively.
All animal experiments were performed in accordance with regulations
outlined by Japanese law and National Institutes of Health guidelines and
were approved by the RIKEN Brain Science Institute and Okinawa Insti-
tute of Science and Technology.

Molecular biological methods
RNA preparation and Northern blot analysis. Brains were quickly re-
moved and rinsed with ice-cold PBS, and dissected tissue samples were
frozen on dry ice and stored at �80°C until use. Total RNA was prepared
by using Trizol reagent (Invitrogen) and treatment with RNase-free
DNase I.

Four micrograms of forebrain total RNA was electrophoresed on gels
containing formaldehyde and transferred onto nylon membranes using
standard procedures (Sambrook et al., 1989). ICER-I transgene-derived
mRNA and ICER mRNAs (both ICER-I and ICER-II, and both endoge-
nous and transgenic mRNAs) were detected using 32P-labeled probe 1
and probe 2 (Fig. 2 A), respectively. After hybridization and washing,
radioactive signals on the membrane were analyzed with a BAS 5000
Bioimaging Analyzer (Fuji Film).

Quantitative reverse transcription-PCR. One microgram of DNase
I-treated hippocampal total RNA was converted into cDNA using an
oligo-dT12–18 primer and reverse transcriptase (SuperScript II; Invitro-
gen). An aliquot of the cDNA was used as a template for real-time PCR
using ABI 7500 (Applied Biosystems). SYBR Green PCR Master Mix was
used according to the instructions of the manufacturer. The sequences of the
primers for detecting ICER and CREM transcripts were as follows: ICER,
5�-TGGACTGTGG TACGGCCAAT-3� and 5�-CAGTTTCATCTCCAGT-
TACA-3�; and CREM, 5�- CAGAGCTATGCTCTGCCACAGA-3� and 5�-
GGCAAATGACCATGGAAACAG-3�. ICER and CREM mRNA levels were
normalized according to glyceraldehyde-3�-phosphate dehydrogenase
mRNA levels, as an internal control; the mRNA levels of each transgenic line
were presented relative to those of non-TG mice.

In situ hybridization. In situ hybridization was used to detect trans-
genic ICER mRNA in brain sections from each ICER-OE line. Briefly,
brains were quickly removed and frozen on dry ice. Cryostat sections (12
�m thick) were dried at 42°C and kept at �80°C until use. Digoxigenin-
labeled cRNAs complementary to SV40pA1 (Fig. 1 A, Probe 1) and ICER
mRNA-specific sequences (Fig. 1 A, Probe 2) were prepared and used as
probes to detect transgene-derived ICER-I transcripts and ICER mRNAs
(both ICER-I and ICER-II, and both endogenous and transgenic
mRNAs), respectively. Procedures for pretreatment of sections, hybrid-
ization, and detection were performed according to the instructions of
the manufacturer (Roche Diagnosis).

Protein sample preparation and Western blot analysis. Brains were
quickly removed from the skull and dissected on ice. Tissue was homog-
enized in boiled 1% SDS in PBS using a glass Teflon homogenizer. The
homogenate was further boiled for 5 min and centrifuged at 12,000 � g

for 10 min, and the resulting supernatant was stored at �80°C. Protein
concentration was determined using a DC protein assay kit (Bio-Rad).

Equal amount of the supernatant in each mouse group was mixed with
SDS sample buffer, boiled for 5 min, and subsequently separated on a
15% SDS-polyacrylamide gel. The separated proteins were transferred
onto nitrocellulose membranes (Schleicher & Schuell) and probed with
anti-CREM antibody (Santa Cruz Biotechnology) and anti-CREB anti-
body (New England Biolabs). After incubation with horseradish
peroxidase-conjugated secondary antibody, immunoreactive signals
were visualized on x-ray film by ECL detection reagents (GE Healthcare).
Images were digitized with a scanner, and band intensity was quantified
by densitometry using the public domain program NIH Image (available
at http://rsb.info.nih.gov/nih-image/).

Behavioral tests
All equipments used in the behavioral experiments were made by O’Hara
& Co. unless specified otherwise.

Behavioral test battery. Mice were 9 –10 weeks of age at the beginning of
testing; each group consisted of 12 males that were consecutively run
through all tests of the battery.

Home-cage activity. Mice were housed individually in cages with bed-
ding, food, and water. A 12 h light/dark cycle (lights on at 7:00 A.M.) was
used. Mice were allowed to habituate for 1 d before monitoring their 24 h
activity for 3 consecutive days using AS-TIME (version 2) activity sen-
sors. The infrared sensors detected a heat-radiating mouse body. Change
in the relative position of the body to the sensor was counted as a unit of
activity. Activity measures were collected per 10 min bins, and averaged
total activity per light or dark phase was calculated.

Open-field test. Spontaneous motor activity, exploratory behavior, and
emotional responses to a novel environment were measured in an open-
field test. Mice were placed into a corner of the open field (50 � 50 � 50
cm, white acrylic floor and transparent walls) and allowed to explore for
15 min. On the first day, performance was assessed under low-light con-
ditions (28 lux). On the following day, performance was assessed under
bright-light conditions (150 lux). Distance traveled and time spent in the
center of the field were measured.

Light/dark transition test. To assess visual perception and anxiety level,
we placed a mouse in the dark compartment of a light/dark box and
allowed it to freely move between light and dark compartments for 10
min. Each compartment measured 20 � 20 � 25 cm; the lighted com-
partment was illuminated at 500 lux. Latency to enter the lit compart-
ment and distance traveled within each compartment were recorded.

Elevated plus-maze test. We used an elevated plus maze to further assess
the anxiety levels of the mice. The maze (elevated 50 cm above the floor)
consisted of four arms (25 � 5 cm), and a central platform made of white
acrylic; two opposite arms were open, and the other two arms were
enclosed by 15-cm-high transparent walls (room was illuminated at 40
lux). A mouse was placed in the center platform, positioned to face one of
the open arms, and allowed to explore the maze for 10 min. Time spent in
the different arms and the number of arm entries were recorded.

Acoustic startle and prepulse inhibition. Hearing, general reflexes, and
sensorimotor gating were examined in acoustic startle and prepulse in-
hibition tests. Loud noise-provoked startle (120 dB/40 ms, 10 trials,
10 –30 s intertrial interval) and startle inhibition caused by 74, 78, and 82
dB prepulse tones (4 pairs/10 trials, 20 ms prepulse 80 ms ahead of a 120
dB signal) were analyzed according to Binder et al. (2001). Mouse was
placed into a plastic chamber, and the chamber was fixed on a platform
connected to an acceleration sensor, which was located inside a sound-
attenuating box. The sensor measured acceleration velocity and trans-
formed it into a voltage, which, after amplification, served as a startle
value.

Rotarod test. Motor coordination and motor learning were assessed by
placing mice onto a rotating rod. We increased the rotation speed from 4
to 40 rotations per minute in 5 min. The length of time an animal stayed
on the rotating rod was recorded. A session consisted of four trials sepa-
rated by 10 min intervals.

Wire hanging test. Muscle strength and grip were tested by forcing
animals to hang onto a stainless steel wire (wire diameter, 2 mm and 1 cm
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apart) located 30 cm above the floor. Latency to drop down was recorded
(cutoff time, 300 s).

Hotplate test. Pain sensitivity was assessed by placing animals on a 55°C
hotplate and recording the latency to lick a paw (MK-350C; Muromachi
Kikai).

Fear conditioning. Both initial assessment of electrical shock sensitivity
and fear conditioning were performed in a clear acrylic chamber (10 �
10 � 25 cm in height) with a stainless steel grid floor (2 mm diameter
rods, 5 mm apart). The chamber was placed in a soundproof box facing a
wall-mounted charge-coupled device (CCD) camera connected to a
video monitor and a computer (Power Macintosh G4; Apple Comput-
ers). The grid floor was wired to a shock generator. An auditory signal
was supplied from a loudspeaker located in the ceiling of the box. The
fear conditioning experiment was run using Image FZC version 2.20
software (O’Hara & Co.), which is based on the public domain program
NIH Image.

Electrical foot-shock sensitivity. Sensitivity of the ICER mutant mice to
electrical foot shock was assessed in naive groups of mice from each line.
A mouse was placed in the chamber, and series of stimulations were
delivered, starting at an intensity of 0.01 mA and increasing gradually
until evoking a paw flick and vocalization. The threshold intensities for
paw flick and vocalization of mutant and control mice of each line were
compared.

Conditioning. Adult (3–5 months old) naive male mice were used in
this experiment. On the conditioning day, mice were brought to an ex-
perimental room and individually placed in a chamber, and, after a 60 s
exploratory period, a tone (10 kHz, 70 dB) was delivered for 10 s; this
served as the conditioned stimulus (CS). The CS coterminated with the
unconditioned stimulus (US), a scrambled electrical foot shock (0.3 mA,
1 s). The CS–US pairing was delivered twice at 20 s intervals, and, 50 s
later, the animal was returned to its home cage. The chamber was wiped
with ethanol after the conditioning of each animal.

Testing. The mice were subjected to three types of memory tests se-
quentially: (1) 1 h after conditioning, short-term tone-dependent fear
memory was examined; (2) 24 h after conditioning, long-term tone-
dependent fear memory was examined; and (3) 48 h after conditioning,
long-term context-dependent fear memory was examined. Tone-
dependent fear memory tests were conducted in a new chamber to sep-
arate tone-dependent fear memory from context-dependent fear mem-
ory. This chamber, although of the same size and located in the same
soundproof box, differed from the conditioning chamber in that it was
made of Plexiglas, had white screens on the side and back walls, and had
a flat floor covered with wood chips. To further distinguish experimental
contexts, the tone-dependent tests were conducted under the low illumi-
nation (30 lux during tone test vs 120 lux during conditioning) and lower
background fan noise (50 dB during tone test vs 55 dB during condition-
ing). The duration of the entire test was 120 s. Mice were brought to the
experimental room and placed in the chamber, and, after 60 s, the tone
was presented for 60 s without the foot shock. During the context-
dependent fear memory test, animals were placed in the original condi-
tioning chamber for 30 s, and then freezing was measured for 60 s with-
out delivery of either the tone or the foot shock. In this test, the
conditioning chamber served as the background CS for the animal.

Throughout the experiment, behavior was recorded via CCD camera
(two frames per second), and freezing was measured as an index of fear.
Freezing was defined as complete immobility (excluding movement re-
quired for heartbeat and respiration) lasting longer than 1 s; freezing was
automatically calculated by the program. In pilot experiments, an expe-
rienced human observer confirmed the efficiency of the automatic freez-
ing scoring. Summed-freezing time was scored as the percentage of freez-
ing within a specified period (60 s).

Odor discrimination task. Odor discrimination memory of the mice
was examined according to Rescorla and Durlach (1981) with some
modifications. Briefly, mice were housed individually and were main-
tained for 4 d on a 23.5 h water-deprivation schedule; water was supplied
in two 15 ml bottles from 1:00 P.M. to 1:30 P.M. Water intake was
measured, and, if a mouse had consumed �2 ml, water was provided for
an additional 60 min (4:00 P.M. to 5:00 P.M.). On the training day (1:00
P.M. to 1:30 P.M.), mice were supplied with two bottles of water contain-

ing either 0.1% vanilla essence or 0.3% almond essence; one of the bottles
also contained 12.5% (w/v) glucose (counterbalanced between vanilla-
and almond-odorized water and animal genotype). Liquid consumption
was measured, and, if needed, additional water was supplied for 60 min.
After three consecutive training days, mice were returned to the ad libi-
tum water regimen for 3 d before reinstating water deprivation 24 h
before the test. During the test, mice were given access to two bottles
containing either the vanilla- or the almond-odorized water but lacking
glucose. After a 30 min test session, the consumption of water from the
two bottles was measured by weighing the bottles. Finally, we calculated
the ratio of consumption of odorized water that previously contained
glucose versus total water consumption during the test.

Amygdala kindling
Adult male mice 2.5– 4 months of age weighing 20 –32 g were anesthe-
tized with 17 �l/g body weight (intraperitoneally) of 2.5% Avertin. A
bipolar electrode made of twisted Teflon-insulated stainless steel wires
(each wire was 100 �m in diameter; A-M Systems) was implanted ster-
eotaxically into the left basolateral amygdala (2.4 mm anterior to inter-
aural 0, 2.8 mm lateral to the midline, 4.8 mm ventral to the skull sur-
face). The positioning of the electrode was based on the bregma
coordinate system provided by Paxinos and Franklin (2001). After a 10 d
recovery period, mice received one electrical stimulation (1 s train of 60
Hz rectangular pulses) through the electrode per day, except for the first
day when the intensity of the stimulus was determined individually for
each mouse. To determine the intensity of stimulus, each animal was
given a series of stimulations (beginning at 100 �A and gradually increas-
ing every 90 s) until afterdischarges (ADs) were observed, and this inten-
sity was used thereafter. ADs were recorded from the left amygdala
through the electrode, digitized at 10 kHz, and analyzed using PowerLab
software (ADInstruments). Animal behavior was observed, and convul-
sive stage was classified according to a modified version of Racine’s cri-
teria (Racine, 1972) as follows: stage 1, rhythmic mouth and facial move-
ment; stage 2, head nodding; stage 3, unilateral forelimb clonus; stage 4,
rearing and bilateral forelimb clonus; stage 5, falling and/or hindlimb
clonus; stage 6, bouncing and/or jumping. Mice were defined as fully
kindled when they had stage 5 or severer convulsions on 3 consecutive
days within the set maximum number of stimulations (20 d for ICER-OE
mice and 15 d for ICER-KO mice).

Statistical analysis
Data were analyzed using SPSS 14.0 (SPSS) and StatView (SAS Institute).
ANOVA followed by post hoc test or t test was used to compare data
between mutant and control groups. The � 2 test was used to compare the
percentage induction of the fully kindled state in each line of mice. For all
statistical analyses, a probability level of 0.05 or lower was considered to
be statistically significant.

Results
ICER is overexpressed in the forebrain neurons of ICER
transgenic mice
To elucidate the physiological roles of ICER, we generated trans-
genic mice that constitutively overexpress ICER-I or ICER-II in
the brain. Three independent ICER-OE lines were analyzed:
ICER-I-15, ICER-I-23, and ICER-II. We used the promoter for
Ca 2�/calmodulin-dependent protein kinase II� (CaMKII�) to
express ICER in the forebrain (Kojima et al., 1997). In situ hy-
bridization of ICER-I-OE brain sections probed with an ICER-I
transgene-specific probe (Fig. 1A, Probe 1) showed that
transgene-derived ICER mRNA was preferentially expressed in
the forebrain, including the olfactory bulb, neocortex, hip-
pocampus, striatum, and anterior part of the inferior colliculus
(Fig. 1B). High levels of transgenic ICER-I mRNA were also ex-
pressed in the amygdala and piriform cortex (data not shown).
Low but significant levels of transgene expression were detected
in cells of the thalamus and hypothalamus. Transgene-positive
cells, however, were rare in the medulla and cerebellum. The
transgene-derived ICER-I mRNA was also observed in the Pur-
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kinje cell layer of lobule X of cerebellum. No obvious difference
was observed in the mRNA distribution of different ICER-I-OE
lines (data not shown). Brain sections from ICER-II-OE mice
were analyzed with another ICER-specific probe (Fig. 1A, Probe
2). As with ICER-I-OE mice, ICER mRNA was highly expressed
in the amygdala and piriform cortex in ICER-II-OE mice (Fig.
1B), confirming that transgene-derived ICER mRNA is ex-
pressed in these areas. The forebrain-specific expression pattern
of ICER mRNA in ICER-II mice was similar to that of ICER-I-OE
mice (data not shown).

Northern blot analyses using the ICER-I-transgene-specific
probe (Probe 1) revealed transgene-derived ICER-I mRNA
(�1.5 kb in length) expression in the forebrain of line I-15 mice
(Fig. 1C, left). Blots hybridized with the ICER-specific probe
(Probe 2) showed expression of transgene-derived ICER-II
mRNA (�1.0 kb in length) in the forebrain of ICER-II mice (Fig.
1C, right). Although high levels of transgene-derived ICER
mRNA were detected in ICER-OE mice, endogenous ICER
mRNA was hardly detected in non-TG mice, indicating that the
amount of endogenous ICER mRNA is normally very low in the
absence of stimuli. This observation further confirmed our ICER
induction results from the electrical kindling of C57BL/6J mice,
demonstrating very low levels of endogenous ICER under basal
conditions (supplemental Fig. 1B,C, available at www.
jneurosci.org as supplemental material).

To more accurately evaluate basal and overexpression levels of
ICER in each transgenic line, we measured ICER mRNA levels in
the hippocampus by using quantitative reverse transcription
(RT)-PCR and ICER-specific primers (Fig. 1D). Normalized
ICER mRNA levels in the hippocampus of I-15, I-23, and II mice
were �50-fold, 90-fold, and 400-fold, respectively, of endoge-
nous levels. ICER mRNA was significantly overexpressed in each
transgenic line (t test: non-TG vs I-15, t(8) � 10.0, p � 0.001; I-23,
t(6) � 13.4, p � 0.001; II, t(8) � 6.2, p � 0.001). The neocortex of
each type of transgenic mouse also showed similar levels of over-
expression (data not shown).

To assess ICER protein expression in I-15, I-23, and II trans-
genic mice, we performed Western blot analysis of hippocampal
lysates from these mice using anti-CREM antibodies (Fig. 1E). A
19 kDa band representing ICER protein showed increased signal
intensity. However, we could not identify the band representing
endogenous ICER protein in non-TG samples, probably attrib-
utable to assay sensitivity limits. The ratio of the intensity of each
transgenic line (I-15, I-23, and II) was 1.0, 1.2, and 2.1,
respectively.

Neither overexpression nor disruption of ICER affects the
expression of other CREB/CREM family members
To generate ICER-specific KO mice, we deleted the P2 exon,
which encodes the 5� coding sequence of ICER, from the CREM
gene (Fig. 2A). PCR using specific primers (Fig. 2A, arrows) was
used to distinguish the genotypes of WT mice from those of
heterozygous (�/�) and homozygous (ICER-KO) ICER mice
(Fig. 2C). A highly sensitive RT-PCR assay using the same ICER-
specific primers (as those used in the experiments summarized in
supplemental Fig. 1; for sequences, see supplemental Materials
and Methods, available at www.jneurosci.org as supplemental
material) did not detect ICER transcripts from total cDNA syn-
thesized from ICER-KO mouse brain mRNA (Fig. 2D).

To assess the effects of ICER overexpression or disruption on
the expression of other CREM isoforms, we measured promoter-
1-driven CREM transcripts in the forebrain of WT, ICER-OE
(line II), and ICER-KO mice. CREM mRNA levels measured us-

ing quantitative RT-PCR were 1.0 � 0.3 in WT mice (n � 6),
1.0 � 0.3 in ICER-OE mice (n � 6), and 0.8 � 0.1 in ICER-KO
mice (n � 4). No significant differences were observed in the
CREM mRNA levels in ICER-OE and ICER-KO brains. We also
assessed CREM and CREB protein levels in the hippocampus of
WT, ICER-OE (line II), and ICER-KO mice by Western blotting
with anti-CREM and anti-CREB antibodies (Fig. 2E). As shown
in the figure, immunoblotting with anti-CREM antibodies de-
tected multiple protein bands corresponding to forms of CREMs,
including one representing ICER, with molecular weights rang-
ing from 15 to 75 kDa. Anti-CREB antibodies detected two bands
having molecular weights between 32 and 42 kDa. Except for the
band corresponding to ICER protein in the ICER-OE samples, no
apparent and reproducible increase or decrease of CREM and
CREB isoforms was observed. Thus, neither overexpression nor
deletion of ICER led to apparent changes in the basal expression
of other CREM and CREB family members, which contrasts with
the reported effects of the loss of major CREB isoforms
(Hummler et al., 1994; Blendy et al., 1996).

General behavioral characterization of ICER mutant mice
In overall appearance, ICER-OE and ICER-KO mice were indis-
tinguishable from their littermates, although line I-23 and II mice
were slightly lighter in body weight. ICER mutant mice showed
normal reproductive behavior and no anomalous premature
mortality. Histological examination of brains from the ICER mu-
tants did not reveal any obvious morphological abnormalities at
the light-microscopic level.

An overview of the results of general behavioral characteriza-
tion of ICER mutant mice is presented in Table 1. ICER mutant
mice, both ICER-OE mice and ICER-KO mice, did not show
major differences in their general behavioral profile compared
with control animals. Briefly, ICER-I-15 mice showed decreased
activity during the dark phase of the light cycle, spent more time
in the center of the open field during testing in both low and
bright lighting conditions, had shorter fall latency in the hanging
wire test, and had a tendency to travel shorter distances in the
light/dark transition test. No significant changes in other charac-
teristics were observed. The only behavioral differences were
ICER-I-23 mice had a tendency to ride the rotarod for shorter
times during the first two trials, ICER-II mice were less active in
the brightly lit open field and showed weaker startle responses,
and ICER-KO mice avoided the bright compartment in the light/
dark transition test. All other tests did not reveal any significant
differences between the ICER mutant mice and controls. Al-
though each behavior requires additional investigation, overall,
the results of the behavioral battery confirmed the absence of any
profound deficits in hearing, eyesight, locomotor activity, or
emotional domains in the ICER mutant mice that would con-
strain additional cognitive assessment.

For additional in-depth behavioral analysis, only lines with
the minimum and maximum ICER-OE levels were studied (I-15
and II, respectively), alongside the ICER-KO line.

Long-term retention of conditioned fear is altered in ICER
mutant mice
After fear conditioning and after the retention test, we observed
increased ICER mRNAs in the amygdala of C57BL/6J mice (sup-
plemental Fig. 1A, available at www.jneurosci.org as supplemen-
tal material). This prompted us to examine the emotional mem-
ory in ICER mutant mice. Before fear conditioning, we first
assessed the sensitivity of each mouse line to foot shock. The
threshold currents for evoking behavioral signs, paw flick and
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Table 1. Summary of the general behaviors of ICER mutant mice

Task/index

Mouse lines

ICER-OE

ICER-KOI-15 I-23 II

Home-cage activity
Activity value (unitb)

Light phase Control 5468 � 398 5012 � 598 4621 � 277 5595 � 321
Mutant 4505 � 385 4191 � 346 4582 � 657 5458 � 565

Dark phase Control 27970 � 1761 22350 � 1976 22782 � 1436 19335 � 1117
Mutant 22754 � 1425* 23176 � 1535 22744 � 2057 21239 � 1867

Open field (low light)
Total distance (cm) Control 6002 � 252 5196 � 261 5775 � 293 6564 � 454

Mutant 5689 � 230 4883 � 248 5551 � 289 5694 � 213
Time in center (%) Control 10.45 � 1.06 6.72 � 1.12 11.20 � 1.64 9.42 � 0.53

Mutant 14.10 � 1.35* 8.27 � 0.92 11.58 � 1.05 11.23 � 1.14
Open field (bright light)

Total distance (cm) Control 4436 � 279 4053 � 298 5126 � 360 5173 � 378
Mutant 4300 � 193 3918 � 202 4096 � 225* 4368 � 243

Time in center (%) Control 5.28 � 0.63 5.30 � 0.85 6.73 � 1.21 5.60 � 0.71
Mutant 7.73 � 0.70* 4.37 � 0.37 7.54 � 0.70 6.02 � 0.87

Light/dark transition
Latency to enter light compartment (s) Control 42.4 � 9.2 80.9 � 21.9 57.3 � 8.6 57.9 � 10.1

Mutant 34.1 � 4.8 92.3 � 25.1 102.6 � 28.1 136.9 � 23.8**
Distance traveled (cm)

Light compartment Control 1083.9 � 99.7 765.3 � 68.0 828.6 � 50.0 805.1 � 79.9
Mutant 965.1 � 82.9a 687.4 � 85.0 688.6 � 74.0 545.7 � 48.6

Dark compartment Control 1973.2 � 94.3 1810.3 � 115.4 1816.2 � 97.9 1920.3 � 152.3
Mutant 1736.5 � 72.9a 1695.6 � 68.2 1758.2 � 83.2 1897.3 � 119.0

Elevated plus maze
Time in open arms (%) Control 17.50 � 1.96 8.95 � 1.24 15.81 � 2.54 13.81 � 1.92

Mutant 20.40 � 2.08 7.24 � 1.96 12.28 � 1.70 16.67 � 3.18
Total entries (#) Control 20.59 � 1.80 41.50 � 2.42 47.75 � 3.49 49.83 � 2.55

Mutant 21.35 � 2.54 41.58 � 3.94 44.00 � 2.73 46.00 � 2.58
Startle

Startle value (unitc) Control 2.93 � 0.41 2.68 � 0.52 3.21 � 0.46 2.85 � 0.35
Mutant 2.40 � 0.37 2.15 � 0.39 1.35 � 0.24** 3.71 � 0.33

Prepulse inhibition
Inhibition (%)

74 dB Control 48.5 � 4.2 49.3 � 5.8 27.4 � 6.4 24.3 � 6.1
Mutant 48.2 � 4.5 48.3 � 4.7 33.0 � 7.1 24.9 � 4.4

78 dB Control 52.1 � 4.5 52.1 � 7.0 38.8 � 6.7 34.9 � 4.6
Mutant 54.8 � 5.0 55.7 � 6.0 39.2 � 8.9 37.2 � 4.4

82 dB Control 60.8 � 4.7 58.6 � 6.0 43.3 � 5.8 39.3 � 5.4
Mutant 64.9 � 4.2 60.7 � 6.8 51.6 � 5.0 46.0 � 4.5

Rotarod
Latency to fall (s)

Trial 1 Control 70.0 � 13.5 75.1 � 7.7 61.8 � 14.8 44.3 � 9.8
Mutant 42.9 � 10.1 42.2 � 9.9a 62.0 � 11.4 74.0 � 16.0

Trial 2 Control 87.0 � 13.7 97.1 � 10.4 86.8 � 14.1 90.0 � 13.4
Mutant 79.6 � 12.8 63.6 � 10.9a 82.6 � 11.7 109.3 � 15.2

Trial 3 Control 136.6 � 9.8 117.8 � 7.2 124.1 � 15.3 138.8 � 7.3
Mutant 104.8 � 13.9 105.1 � 11.0a 87.7 � 15.0 135.9 � 17.7

Trial 4 Control 154.3 � 9.7 119.1 � 12.2 138.3 � 10.4 146.6 � 8.0
Mutant 120.3 � 14.6 108.3 � 14.0a 106.5 � 8.7 150.3 � 13.9

Hanging wire test
Latency to fall (s) Control 272.9 � 10.1 190.6 � 23.8 194.0 � 25.6 249.6 � 24.7

Mutant 168.9 � 19.0*** 192.9 � 23.9 135.0 � 17.8 247.9 � 23.0
Hot plate test

Latency to paw lick (s) Control 6.18 � 0.34 8.38 � 0.75 7.00 � 0.55 7.08 � 0.43
Mutant 6.78 � 0.38 7.66 � 0.47 6.03 � 0.38 7.43 � 0.33

Body weight (g) Control 25.0 � 0.4 27.8 � 0.4 27.1 � 0.3 25.6 � 0.5
Mutant 25.2 � 0.5 25.9 � 0.4** 24.1 � 0.2*** 25.5 � 0.6

Data are presented as mean � SEM. Behavioral tests were performed as described in Materials and Methods. n � 12 for each group of animals used in all experiments (in the light/dark transition test, three data sets were lost because of
a technical problem). *p � 0.05; **p � 0.01; ***p � 0.001.
aMain effect of genotype, marginal significance (0.05 � p � 0.06).
b,cFor detailed unit explanation, see Materials and Methods.
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vocalization, in different groups are presented in Table 2. Al-
though there was no difference between I-15, KO, and corre-
sponding control mice in the current intensities observed to in-
duce each behavioral response, the thresholds for both paw flick
and vocalization were significantly higher in ICER-II mice com-
pared with those in non-TG littermates (for flick, t(21) � 2.98, p �
0.01; for vocalization, t(21) � 3.25, p � 0.01), suggesting that a
	400-fold overexpression of ICER-II might alter sensitivity to
foot shock. Therefore, we used a 0.3 mA foot shock for fear con-
ditioning; this current level sufficiently induced vocalization
and/or a jump reaction in all mice, including ICER-II mice.

After conditioning with two pairs of tone and foot shock, the
mice were sequentially tested for short-term (1 h) and long-term
(24 h) tone-dependent fear memory, followed by long-term
context-dependent fear memory (48 h). There was no significant
difference between ICER-OE lines and corresponding non-TG
mice in conditioned freezing to the tone 1 h after conditioning
(Fig. 3A,B). A two-way ANOVA (genotype and tone presenta-
tion) confirmed the absence of a significant effect of genotype
(line I-15, F(1,36) � 0.07, p � 0.80; line II, F(1,30) � 0.31, p � 0.58).
This result indicates that the short-term memory (STM) of tone-
dependent, conditioned fear was not affected by the overexpres-
sion of ICER. On the other hand, freezing was significantly atten-
uated in ICER-OE mice when tested 24 h after conditioning. A
two-way ANOVA (genotype and tone) revealed a significant ef-
fect of genotype (line I-15, F(1,36) � 7.12, p � 0.05; line II, F(1,30)

� 5.13, p � 0.05) and a significant interaction between genotype
and tone presentation (line I-15, F(1,36) � 9.03, p � 0.01; line II,
F(1,30) � 9.66, p � 0.01). Post hoc test confirmed that ICER-OE
mice froze significantly less than non-TG mice during tone pre-
sentation (line I-15 and line II, p � 0.01). Context-dependent
freezing tested 48 h after conditioning was also impaired in
ICER-OE mice (line I-15 and line II, p � 0.001). Thus, overex-
pression of either ICER-I or ICER-II specifically impaired long-
term fear memory in both tone-dependent and context-
dependent tasks without affecting STM.

Next, we examined conditioned freezing in ICER-KO mice,
which, as opposed to ICER-OE mice, express no ICER. We con-
ditioned ICER-KO mice using the same parameters we used for
ICER-OE mice: two pairings of a 10 s tone (70 dB) and a 1 s foot
shock (0.3 mA) in the conditioning chamber. ICER-KO mice and
their WT littermates exhibited a similar level of freezing to the
conditioned tone in the 1 h test (two-way ANOVA: genotype,
F(1,22) � 0.31, p � 0.58). There was a tendency for greater freezing
in ICER-KO mice during both pretone and tone presentation in
the long-term tone-dependent fear memory test (24 h), although
this tendency did not reach statistical significance (two-way

ANOVA: genotype, F(1,22) � 3.93, p � 0.06) (Fig. 4A). ICER-KO
mice also showed no apparent difference in context-dependent
freezing measured 48 h after conditioning (t(22) � 0.76, p � 0.45).

We hypothesized that the training protocol used in the previ-
ous experiments might have prevented us from detecting a dif-
ference in conditioned fear response between WT and ICER-KO
mice because of a ceiling effect. To test this, we conditioned
ICER-KO mice using a relatively weak protocol: single pairing of
a 3 s tone (70 dB) and a 0.5 s foot shock (0.3 mA). Both ICER-KO
and WT mice exhibited the same degree of freezing to the tone
measured 1 h after conditioning (two-way ANOVA: genotype,
F(1,19) � 0.45, p � 0.51) (Fig. 4B). Moreover, the level of freezing
was similar to that observed with the stronger stimuli used pre-
viously (Fig. 4A), demonstrating that this weaker shock protocol
is sufficient to produce short-term fear memory. However, in the
long-term tone-dependent fear memory test (24 h), ICER-KO
mice demonstrated significantly greater freezing before and dur-
ing tone presentation (Fig. 4B). A two-way ANOVA revealed a
significant effect of genotype (F(1,19) � 8.20, p � 0.01) but no
significant interaction between genotype and tone presentation
(F(1,19) � 2.27, p � 0.15). ICER-KO mice also demonstrated
significantly greater freezing in the long-term, context-
dependent memory test 48 h after conditioning (t(19) � 3.01, p �
0.01). Together, these results suggest that weak conditioning in
ICER-KO mice produced greater long-term conditioned fear
memory than in WT mice.

Odor discrimination memory is not affected in ICER
mutant mice
The findings of Green et al. (2006) highlighted the involvement of
CREB/ICER interactions in the regulation of reward learning and
addiction in the nucleus accumbens. To examine whether ICER
is critical for learning and memory in a domain unrelated to fear,
ICER mutant mice were tested on an odor discrimination task,
another classical conditioning paradigm using odors as CS and
glucose-containing water as US. On test day, mice were given a
choice between two bottles: one contained odorized water that
was previous paired with glucose, and the other contained odor-
ized water never paired with glucose. Table 3 lists the ratios of
consumption of odorized glucose-containing water to total liq-
uid consumption during 30 min of the third training session, and
the ratios of consumption of the odorized water consumption
previously paired with glucose to total water consumption during
the test. During training, all mice consistently preferred to drink
glucose-containing water, regardless of the type of odor (vanilla
or almond). During the test conducted 4 d after training, all mice
preferred to drink the odorized water that was previously paired
with glucose. There was no significant difference in glucose pref-
erence and in odor discrimination memory between ICER mu-
tant and control mice. A two-way ANOVA (genotype and test)
showed no significant effect of genotype in each line (I-15, F(1,22)

� 0.59, p � 0.45; II, F(1,22) � 0.31, p � 0.58; KO, F(1,28) � 0.30,
p � 0.59). Thus, neither overexpression nor deletion of ICER
affects odor memory. This indicates that ICER does not necessar-
ily play a role in all types of memory.

Kindling development is altered in ICER mutant mice, but
basal seizure activity is unchanged
Kindling (Goddard, 1967) represents another form of long-
lasting neuronal plasticity that shares some features with memory
and is considered to be a model of epileptogenesis (Cain, 1989;
Bading, 1999; McIntyre et al., 2002; Morimoto et al., 2004; Al-
bensi et al., 2007). We observed a transient increase in ICER

Table 2. Shock sensitivity in ICER mutant mice

Threshold current (mA)

Mice Paw flick Vocalization

ICER-I-15
Non-TG (6) 0.03 � 0.00 0.08 � 0.01
TG (4) 0.03 � 0.01 0.07 � 0.00

ICER-II
Non-TG (12) 0.04 � 0.01 0.06 � 0.01
TG (11) 0.06 � 0.01* 0.20 � 0.04*

ICER-KO
WT (8) 0.03 � 0.00 0.07 � 0.01
KO (8) 0.03 � 0.00 0.07 � 0.01

Shock sensitivity was measured in terms of threshold current, as described in Materials and Methods. The number of
mice per group is indicated in parentheses. Values shown are averages � SEM.
*p � 0.01.
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mRNAs in the brain of C57BL/6J mice after kindling stimulation
(supplemental Fig. 1B,C, available at www.jneurosci.org as sup-
plemental material). Similarly, an increase in ICER mRNAs was
found in the hippocampus, as well as other brain regions in re-
sponse to seizures evoked by electroconvulsive shock (Rydelek-
Fitzgerald et al., 1996), kainite (Konopka et al., 1998), and pilo-
carpine (Porter et al., 2008). To study the relationship between
ICER upregulation and downregulation and epileptogenesis, we
examined kindling development in ICER-OE mice (lines I-15

and II) and ICER-KO mice. Electrical
stimuli were applied to the left amygdala
once a day, and stimulus-induced ADs and
behavioral responses were monitored.
Brief and transient ADs were evoked by the
first stimulation in most of the animals ex-
amined (First stimulation in Table 4). At
the same time, the majority of mice (I-15,
90.0%; II, 88.9%; KO, 87.5%) did not
show a convulsive response after the initial
stimulation. There was no statistical dif-
ference in the duration of ADs between
each ICER mutant mouse line and its cor-
responding control (I-15, t(20) � 0.62, p �
0.54; II, t(27) � 0.42, p � 0.68; KO, t(37) �
0.55, p � 0.59). Thus, neither overexpres-
sion nor deletion of ICER affected basal
neuronal excitability to electrical stimula-
tion of the amygdala.

Both the convulsive stage and the dura-
tion of ADs gradually progressed in all the
groups of mice over 15–20 d. AD duration in
each stage, days required to reach each stage,
and percentage induction of the fully kindled
state in each line are summarized in Table 4
and Figure 5. Whereas the number of days
required to reach stage 1 was not different
between ICER-OE and corresponding
non-TG mice, ICER-OE mice took longer to
develop more profound seizures (Fig.
5A,B). Statistical analysis (t tests) conducted
on the data of each convulsive stage showed
significant differences between ICER-OE
and non-TG mice (ICER I-15: stage 2, p �
0.01; stages 3–4, p � 0.001; stage 5, p � 0.05;
ICER II: stages 3–5 and fully kindled, p �
0.001). Moreover, in contrast to the majority
of non-TG mice, only a portion of ICER-OE
mice reached the fully kindled state within
the 20 d stimulation period (Fig. 5D). Signif-
icant differences were also observed in the
percentage induction of fully kindled state
between ICER-OE and non-TG mice (ICER
I-15: �2

(1) � 7.10, p � 0.01; ICER II: �2
(1) �

6.97, p � 0.01). Thus, overexpression of
ICER (either ICER-I or ICER-II) profoundly
attenuates kindling development.

In stark contrast to attenuation of kin-
dling in ICER-OE mice, ICER-KO mice
required less stimulation to reach each
convulsive stage compared with their WT
littermates, starting from stage 1 (Fig. 5C).
Statistical analysis with t tests revealed that
there were significant differences between

ICER-KO and WT mice (stages 1–2, p � 0.05; stages 3– 4 and
fully kindled, p � 0.01; stage 5, p � 0.001). Moreover, 100% of
the KO mice reached the fully kindled state within the 15 d stim-
ulation period, whereas some 13% of the WT mice did not (Fig.
5D), although this difference did not reach significance.
ICER-KO data show that the lack of ICER significantly acceler-
ated kindling development. Together, data from ICER-OE and
ICER-KO mice strongly support the idea that ICER is an impor-
tant negative regulator of kindling development.

Figure 3. Fear conditioning in ICER-OE mice. A, B, Conditioned freezing to tone and context was measured in lines I-15 (A) and
II (B) and was compared with conditioned freezing displayed by non-TG littermates. No difference was observed between non-TG
mice and both ICER-OE lines of mice at 1 h after conditioning (1-h tone). However, 24 h (24-h tone) and 48 h (48-h context) after
conditioning, tone-dependent and context-dependent freezing, respectively, were significantly attenuated in ICER-OE mice. Data
are means � SEM; number of animals tested are in parentheses. **p � 0.01, ***p � 0.001 compared with non-TG littermates.

Figure 4. Fear conditioning in ICER-KO mice. A, Conditioned freezing to tone and context after subjecting mice to a strong
training protocol. KO mice and WT littermates exhibited similar freezing levels during the tone-dependent test performed 1 h (1-h
tone) and 24 h (24-h tone) after conditioning and during the context-dependent test performed 48 h after conditioning (48-h
context). B, Conditioned freezing to tone and context after subjecting mice to a weak training protocol. We observed no significant
differences in conditioned freezing between KO and WT mice 1 h after conditioning (1-h tone). However, KO mice showed
increased freezing during both pre-tone and tone presentation at the tone-dependent test performed 24 h after conditioning
(24-h tone). Context-dependent freezing in KO mice was also enhanced when tested 48 h after conditioning (48-h context). Data
are means � SEM; number of animals are in parentheses. *p � 0.05, **p � 0.01 compared with WT littermates.
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Discussion
To investigate the role of ICER, an inducible isoform of CREM
transcription factors, in neuronal plasticity and memory, we gen-
erated two types of ICER mutant mice: (1) ICER-OE mice, which
overexpress ICER in the adult forebrain; and (2) ICER-KO mice,
which specifically lack ICER transcripts. ICER-OE mice specifi-
cally displayed impaired long-term fear memory, leaving STM
intact, and retarded kindling development. In contrast,
ICER-KO mice demonstrated enhanced conditioned fear during
LTM tests after undergoing a weak conditioning protocol and
accelerated kindling.

No compensatory changes of CREM/CREB members in ICER
mutant mice
Immunoblot analysis of hippocampal proteins showed that
both ICER-OE mice and ICER-KO mice displayed CREM-
and CREB-positive signals comparable with those of WT mice
(Fig. 2 E). Thus, although the compensatory changes (upregu-
lation and downregulation) of other CREB and CREM iso-
forms have been observed after manipulating CREB levels
(Hummler et al., 1994; Blendy et al., 1996; Sakai et al., 2002), a
similar compensation did not occur after ICER manipulation.
As opposed to the levels of constitutively expressed CREB and
other CREM isoforms, basal levels of ICER isoforms are gen-
erally low (Stehle et al., 1993; Sassone-Corsi, 1998; Kell et al.,
2004). Therefore, it is plausible that the deletion of the ICER
gene would not cause the same extent of compensation as that
after the manipulation of constitutively expressed major iso-
forms. Moreover, use of the CaMKII� promoter to achieve
restricted overexpression in mature forebrain neurons

(Mayford et al., 1996; Kojima et al., 1997) may prevent devel-
opmental compensation or drastic developmental phenotypes
in ICER-OE mice.

Both ICER-OE and ICER-KO mice did not show apparent
gross morphological brain abnormalities. Although viral-
driven overexpression of ICER induces apoptosis in cultured
neurons (Jaworski et al., 2003; Mioduszewska et al., 2007),
abnormal apoptotic cells were not detected in our ICER-OE
brains using the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling assay (data not shown). The
absence of major differences in the general behavior among
ICER mutant mice (Table 1) probably stems from the induc-
ible character of ICER and the restriction of its overexpression
to the adult forebrain. Virus-mediated overexpression of
ICER-II� in rat nucleus accumbens causes a mild decrease in
locomotor activity and an anxiogenic-like behavior (Green et
al., 2006). However, it is difficult to directly compare these

Table 3. Odor discrimination test in ICER mutant mice

Ratio of water consumption

Mice Training Test

ICER-I-15
Non-TG (12) 0.87 � 0.04 0.82 � 0.06
TG (12) 0.84 � 0.04 0.74 � 0.06

ICER-II
Non-TG (19) 0.72 � 0.05 0.89 � 0.02
TG (13) 0.82 � 0.07 0.84 � 0.03

ICER-KO
WT (12) 0.78 � 0.03 0.75 � 0.07
KO (12) 0.76 � 0.06 0.84 � 0.04

Odor discrimination test was performed as described in Materials and Methods. Training, The ratio of consumption
of glucose-containing odorized water versus total water consumption during the last training session. Test, The ratio
of consumption of odorized water that previously contained glucose versus total water consumption during test.
Values are averages � SEM. The number of mice per group is indicated in parentheses.

Table 4. Afterdischarge duration during kindling in ICER mutant mice

Convulsive stage

Mice
First
stimulation (s) Stage 1 (s) Stage 3 (s)

Fully
kindled (s)

ICER-I-15
Non-TG (12) 9.5 � 2.7 16.4 � 2.7 19.8 � 2.2 23.4 � 1.4
TG (10) 7.7 � 1.5 11.5 � 2.8 20.3 � 1.4 28.5 � 3.4

ICER-II
Non-TG (11) 13.3 � 1.4 16.0 � 0.5 22.1 � 2.2 22.6 � 1.4
TG (18) 14.2 � 1.5 13.8 � 1.7 20.4 � 1.0 26.3 � 2.4

ICER-KO
WT (23) 13.5 � 1.4 14.0 � 1.0 22.0 � 1.2 25.7 � 1.8
KO (16) 12.4 � 1.7 15.3 � 1.7 18.6 � 1.6 25.5 � 2.9

Duration of ADs was measured as described in Materials and Methods. Convulsive stage was determined according
to the descriptions of Racine (1972) (see also Materials and Methods). AD values shown are averages � SEM.
Number of mice per group is indicated in parentheses.

Figure 5. Amygdala kindling in ICER-OE and ICER-KO mice. Days required to reach each
convulsive stage. A–C, Mice were defined as fully kindled (“full”) when they had stage 5 or
severer convulsions on 3 consecutive days: ICER-OE mice I-15 (A), II (B), and ICER-KO mice (C).
Development of kindling was retarded in ICER-OE mice (lines I-15 and II). In contrast, ICER-KO
mice showed accelerated kindling. Data are means � SEM. Numbers in parentheses (n � x),
Total mice number per group; (x), number of mice that reached a particular convulsive stage in
case the number is fewer than the total mice number per group. D, Percentage induction of fully
generalized kindling in ICER-OE and ICER-KO mice. Only some ICER-OE mice reached a fully
kindled state, in contrast to the majority of nonmutant controls and ICER-KO mice. *p � 0.05,
**p � 0.01, ***p � 0.001 compared with nonmutant littermates.
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results with our results because of differences in the animal
species used, methods used, and regional specificity of
overexpression.

Negative regulation of long-term fear memory by ICER
Although profound deficits were essentially absent in basic be-
havioral parameters, ICER mutant mice did exhibit altered fear
memory (Figs. 3, 4). This alteration (at least for the tone-
dependent memory) was specific to LTM, because the STM test
conducted 1 h after conditioning did not show any changes. Both
ICER-OE lines of mice (I-15 and II) consistently exhibited lower
levels of freezing in tone- and context-dependent LTM tests, al-
though the altered threshold of foot-shock sensitivity in line II,
overexpressing �400-fold ICER than WT, complicates interpre-
tation of the results of this line. Impairment of long-term fear
memory in ICER-OE mice resembles that of CREB mutant mice
(Bourtchuladze et al., 1994; Kogan et al., 1997; Kida et al., 2002)
and is consistent with the role of ICER as an endogenous CREB
antagonist. Moreover, because the disruption of the CREB gene
leads to the significant upregulation of CREM isoforms, ICER in
particular (Hummler et al., 1994), our results raise a possibility
that behavioral phenotypes of CREB-KO mice may, in part, be a
result of the increase in ICER rather than solely the lack of CREB.
Importantly, the phenotype of ICER-KO mice is opposite to that
of ICER-OE mice. Under the weaker conditioning protocol,
ICER-KO mice froze more during long-term tone-dependent
and context-dependent tests (Fig. 4). These results suggest that
fear memory was enhanced in ICER-KO mice. During the long-
term tone-dependent test, these mice froze more both during
tone presentation and also during the 60 s period in the new
chamber preceding the tone. This increase in freezing may be a
reflection of an enhanced degree of generalization between ex-
perimental procedures in ICER-KO mice, which occurred de-
spite our efforts to distinguish experimental contexts between the
conditioning and the tone-dependent test. Although we tried to
distinguish the test context by using a different chamber and by
changing other conditions (for details, see Materials and Meth-
ods), ICER-KO mice may be still generalizing these situations as
a result of similar features, handling, transportation from the
home cage to the chamber, and other uncontrollable experimen-
tal environments. The previous exposure to the fear-related tone
cue in this new chamber in the course of the 1 h tone test may
have further contributed to this reaction. The alternative possi-
bility of the contribution of generalized fearfulness in condi-
tioned ICER-KO mice cannot be completely excluded. The sim-
ilar scenario has been shown previously in Aplysia and in rats. In
Aplysia, the blockade of CREB2 repressor allows long-term facil-
itation after a single pulse of serotonin is delivered, which nor-
mally leads only to short-term facilitation (Bartsch et al., 1995).
In rats, viral-driven overexpression of CREB promotes the for-
mation of long-term fear memory after a massed training proto-
col, which normally leads to no or weak LTM (Josselyn et al.,
2001). Upregulation of ICER in the amygdala, a brain area crucial
for fear conditioning (Paré et al., 2004; LeDoux, 2007), after
training and after CS presentation in conditioned animals (sup-
plemental Fig. 1A, available at www.jneurosci.org as supplemen-
tal material) may act to limit the consolidation of fear memory.
Balance of CREB/ICER function may be a crucial determinant for
LTM formation. Aggravation of age-dependent memory decline
in ICER-transfected rats was proposed to be a result of additional
exaggeration of an imbalance in CREB/ICER regulation that oc-
curs with aging (Mouravlev et al., 2006). In contrast to fear mem-
ory, we demonstrated that both ICER-OE and ICER-KO animals

did not differ from controls in odor discrimination task (Table
3), indicating that ICER is not necessarily involved in all types of
memory. Additional examination of other types of memory is
necessary to reveal a broader picture for the CREB/ICER-related
memory system of the brain. Using conventional ICER mutant
mice, we cannot exactly determine whether the memory pheno-
type of the ICER mutant mice is caused by the alteration in the
acquisition process or in the extinction process. To distinguish
these two possibilities, future study using the inducible trans-
genic and conditional KO approaches should be required.

Negative regulation of kindling epileptogenesis by ICER
Besides memory, another form of long-lasting plasticity in the
brain takes place in the course of kindling (Goddard, 1967). Kin-
dling development, similarly to LTM formation, depends on de
novo protein synthesis (Cain et al., 1980). CRE DNA-binding
activity of CREB is transiently upregulated in the hippocampus
after kindling stimulation (Kashihara et al., 2000). Because the
ICER promoter contains CRE-like elements, it is plausible that it
may be activated during and play a role in kindling development.
In fact, we observed ICER mRNA to be upregulated in the brain
of C57BL/6J mice after electrical kindling stimulation (supple-
mental Fig. 1B,C, available at www.jneurosci.org as supplemen-
tal material). Manipulations of ICER levels did not affect basal
seizure activity (First stimulation in Table 4). However, addi-
tional daily stimulation caused bidirectional changes in kindling
development in ICER mutant mice, with the development of
kindling being significantly attenuated in ICER-OE mice and ac-
celerated in ICER-KO mice (Table 4, Fig. 5). These results
strongly suggest that ICER plays significant roles in this type of
neuronal plasticity. This is further supported by recent findings
that CREM/ICER null mutant mice have higher frequency of
spontaneous seizures after pilocarpine-induced status epilepticus
(Porter et al., 2008). The increased ICER levels in ICER-OE mice
may retard kindling by attenuating and “localizing” hyperexcita-
tion, which results as a consequence of day-to-day restriction of
excessive gene transcription during kindling. Conversely, in
ICER-KO mice, the absence of ICER releases endogenous sup-
pression of CRE-dependent gene expression, thereby making
these mice more prone to seizure development.

ICER as a CRE-mediated gene transcription repressor in
neuronal plasticity and fear memory
Several studies using different types of stimulation including kin-
dling stimulation (supplemental Fig. 1B–D, available at www.j-
neurosci.org as supplemental material) have demonstrated that
upregulation of ICER lasts longer than upregulation of other
immediate early genes, such as c-fos (Luckman and Cox, 1995;
Konopka et al., 1998; Bisler et al., 2002). After being induced by
stimuli, ICER has been proposed to reach certain concentrations
in the nucleus, suppressing gene transcription and eventually
switching off the CRE-mediated gene transcription initiated by
incoming stimuli, including those that are related to learning
(Fig. 6) (Sassone-Corsi, 1995; Mayr and Montminy, 2001; Stehle
et al., 2001; Bisler et al., 2002; Mioduszewska et al., 2003). This
hypothesis is supported by the observations that ICER attenuates
c-fos expression in cultured cells (Monaco and Sassone-Corsi,
1997; Misund et al., 2007), that increased ICER expression after
nociception injection coincides with decreased c-Fos expression
(Gottlieb et al., 2007), and that kindling stimulus-induced c-Fos
expression was attenuated by overexpression of ICER in vivo
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Besides affecting c-fos, ICER can potentially
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affect the expression of numerous CRE-containing genes, for ex-
ample, genes that encode transcription factors (JunD, Krox-20,
Krox-24), genes that encode neurotransmitter-related proteins
(somatostatin, galanin, enkephalin, calcitonin gene-related pep-
tide, vasoactive intestinal peptide, CRF, �-adrenergic receptor,
inducible nitric oxide synthase) and genes that encode growth
factors (insulin, brain-derived neurotrophic factor), all the prod-
ucts of which are involved in neuronal plasticity (Mayr and
Montminy, 2001). Recent study has demonstrated that ICER
downregulates the expression of �1 subunit of GABAA receptor
(Hu et al., 2008). This may give a clue on the physiological role of
inhibitory neurotransmission in fear memory (Paré et al., 2004).

In conclusion, we found that the overexpression of ICER im-
pairs long-term fear memory and kindling, whereas the deletion
of the ICER gene facilitates both. Our results provide strong evi-
dence that ICER acts as a negative regulator of the long-term
neuronal plasticity underlying LTM and kindling, possibly
through suppression of plasticity-related gene expression. By this
way, ICER may play both negative and positive roles, respectively,
in attenuating memory formation especially after weak learning
and in preventing excessive plasticity, leading to exaggerated fear
memories or epileptogenesis. These findings make ICER a prom-
ising bidirectional agent to study, with regard to its relationship
to memory disorders and pathological epileptogenesis. Addi-
tional studies will reveal the contribution of ICER to different

types of long-term neuronal plasticity as well as reveal the de-
tailed mechanisms behind this contribution. Additionally, the
systematic screening of mRNA species with altered expression
profiles in ICER mutant mice might help us to identify the down-
stream components of CRE-mediated gene transcription in vivo.
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