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Cellular/Molecular

CCAAT Enhancer Binding Protein 0 Plays an Essential Role
in Memory Consolidation and Reconsolidation

Amy A. Arguello,"* Xiaojing Ye,”* Ozlem Bozdagi,' Gabriella Pollonini,? Sophie Tronel,' Dhananjay Bambah-Mukku,!
George W. Huntley,! Daniela Platano,' and Cristina M. Alberini?

"Friedman Brain Institute, Mount Sinai School of Medicine, New York, New York 10029, 2Center for Neural Science, New York University, New York, New
York 10003, and 3Institut National de la Santé et de la Recherche Médicale U862, 33077 Bordeaux, Cédex, France

A newly formed memory is temporarily fragile and becomes stable through a process known as consolidation. Stable memories may again
become fragile if retrieved or reactivated, and undergo a process of reconsolidation to persist and strengthen. Both consolidation and
reconsolidation require an initial phase of transcription and translation that lasts for several hours. The identification of the critical
players of this gene expression is key for understanding long-term memory formation and persistence. In rats, the consolidation of
inhibitory avoidance (IA) memory requires gene expression in both the hippocampus and amygdala, two brain regions that process
contextual/spatial and emotional information, respectively; IA reconsolidation requires de novo gene expression in the amygdala. Here
we report that, after IA learning, the levels of the transcription factor CCAAT enhancer binding protein & (C/EBPJ) are significantly
increased in both the hippocampus and amygdala. These increases are essential for long-term memory consolidation, as their blockade
via antisense oligodeoxynucleotide-mediated knockdown leads to memory impairment. Furthermore, C/EBPS is upregulated and re-
quired in the amygdala for IA memory reconsolidation. C/EBPS is found in nuclear, somatic, and dendritic compartments, and a
dendritic localization of C/EBPS mRNA in hippocampal neuronal cultures suggests that this transcription factor may be translated at
synapses. Finally, the induction of long-term potentiation at CA3-CA1 synapses by tetanic stimuli in acute slices, a cellular model of
long-term memory, leads to an accumulation of C/EBP& in the nucleus. We conclude that the transcription factor C/EBP& plays a critical

role in memory consolidation and reconsolidation.

Introduction

Memory consolidation is the process by which a newly acquired
memory, which is in a labile state, becomes stable and persistent
over time. This process requires de novo mRNA and protein syn-
thesis for several hours (Davis and Squire, 1984; McGaugh, 2000;
Dudai, 2004; Alberini, 2008; Helmstetter et al., 2008; Hernandez
and Abel, 2008; Klann and Sweatt, 2008). After this initial con-
solidation phase is completed and memory has become insensi-
tive to gene expression disruption, a reactivation event, such as
memory retrieval, can again return the memory to a labile state,
and another phase of de novo transcription and translation is
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required to restabilize it. This restabilization process is known as
memory reconsolidation (Lewis, 1979; Dudai and Eisenberg,
2004; Nader and Hardt, 2009; Alberini, 2011). A number of
studies in the last 20 years have attempted to identify the gene
expression regulators that play an essential role in memory
consolidation and reconsolidation. One of the gene expression
cascades found to play an evolutionarily conserved role in long-
term memory formation is that controlled by the transcription
factors cAMP response element binding protein (CREB) and
C/EBPs. Specifically, members of both CREB and C/EBP families
have been found to play an essential role in a variety of long-term
plasticity and memory paradigms in invertebrates as well as
mammals, where CREB appears to control the activity- or
learning-dependent regulation of C/EBP expression (Alberini et
al., 1995; Silva et al., 1998; Lonze and Ginty, 2002; Alberini,
2009). In mammals, the C/EBP family of transcription factors
includes 6 genes that encode for several isoforms. The isoforms
most abundantly expressed in the brain are C/EBPa, 3, and &
(Lein et al., 2007), which are enriched in neurons and regulated
by cAMP and Ca*™ (Alberini, 2009).

The mammalian C/EBP isoform that has been the most thor-
oughly investigated in learning and memory is C/EBP. In pre-
vious studies, we showed that hippocampal C/EBPB mRNA and
protein are increased after inhibitory avoidance (IA) training
starting between 6 and 9 h after training. This increase persists for
>28 h after training and returns to control levels by 48 h after
training (Taubenfeld et al,, 2001b). Similarly, hippocampal
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C/EBPp expression increases after contextual fear conditioning
under the control of CREB (Athos et al., 2002), and C/EBPS is
upregulated in the gustatory cortex after novel taste learning
(Merhav et al., 2006). In line with its temporal profile of upregu-
lation, hippocampal C/EBP plays a critical role in IA memory
consolidation between 5 and 24 h after training (Taubenfeld et
al., 2001a). C/EBPB in the amygdala does not seem to be critically
engaged during IA consolidation; however, it plays an essential
role during IA reconsolidation (Tronel et al., 2005; Milekic et al.,
2007), suggesting that region-specific expression regulation and
functional recruitment of C/EBPf3 occur after fear learning or
retrieval.

In contrast to our understanding of the role of C/EBPf in
learning and memory, very little is known about the involvement
of C/EBPa or C/EBPS. C/EBPS, in particular, is an interesting
candidate because in several different tissues it is coregulated with
and/or heterodimerizes with C/EBP (e.g., Cardinaux and Mag-
istretti, 1996; Thomas et al., 2000). In line with these observa-
tions, in previous studies, we found that IA training leads to
C/EBP$ upregulation in the same hippocampal cell population
in which both CREB and C/EBPf are sequentially induced
(Taubenfeld et al., 2001b). Furthermore, a previous investigation
reported an enhancement in contextual fear conditioning mem-
ory without changes in spatial memory retention in C/EBP§
knock-out mice (Sterneck et al., 1998). However, because
C/EBPG4 is critically involved in development as well as in physi-
ological functions of several tissues (Ramji and Foka, 2002), it
remains to be established whether this selective behavioral phe-
notype is a result of compensatory mechanisms. Thus, in the
present study, we investigated the temporal profiles of C/EBP&
induction in the hippocampus and the amygdala after IA train-
ing, as well as the requirement of C/EBP§ in IA memory consol-
idation and reconsolidation. In addition, we examined the
subcellular localization of C/EBPS protein and mRNA in brain
slices and in hippocampal neuronal cultures, and redistribution
of C/EBPé protein after long-term potentiation (LTP) induction.

Materials and Methods

Animals. Male Long—Evans rats were used for behavioral (6—8 weeks old)
and LTP experiments (3—4 weeks old). Pregnant female Long—Evans rats
were used to obtain embryonic day 18 (E18) rat embryos for hippocam-
pal neuronal cultures (HNCs). Rats were individually housed in the New
York University or Mount Sinai School of Medicine animal facility and
maintained on a 12 h on/12 h off light/dark cycle with free access to food
and water. For behavioral experiments, rats were handled for 3 min once
a day for 4-5 d before the start of behavioral procedures. All protocols
complied with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the New York Univer-
sity’s and Mount Sinai’s Institutional Animal Care and Use Committee.

Hippocampal and basolateral amygdala (BLA) cannulae implantation
and microinjections. Rats were anesthetized with ketamine (60 mg/kg,
i.p.) and xylazine (7.5 mg/kg, i.p.), and stainless steel cannulae were
stereotactically implanted bilaterally to target either dorsal hippocampus
(22 gauge; 4.0 mm posterior to bregma, 2.6 mm lateral from midline, and
2.0 mm ventral) or BLA (26 gauge; 2.8 mm posterior to bregma, 5.3 mm
lateral from midline, and 6.25 mm ventral). After surgery, rats were
allowed to recover for 7 d. Injections of antisense oligodeoxynucleotides
(ODN:s) into the hippocampus (2 nmol in PBS, 1 ul/side) or BLA (2
nmol in PBS, 0.5 ul/side) were performed with injection needles of 28
and 33 gauge, respectively, extending 1.5 mm beyond the tip of the guide
cannula. Solutions were delivered with an infusion pump at a rate of 0.33
ul/min. Injection needles were left in place for 2 min after injection to
allow for complete dispersion of the injected solution.

IA. TA was performed as described previously (Taubenfeld et al.,
2001a; Milekic et al., 2007). The IA chamber consisted of a rectangular-
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shaped box, divided into a safe compartment that was white and illumi-
nated and a shock compartment that was black and dark (Model ENV-
010MC, Med Associates). Foot shocks were delivered through the grid
floor of the dark chamber via a constant current scrambler circuit. The IA
boxes were located in a sound-attenuated, nonilluminated room. During
training sessions, the rat was placed in the safe compartment. After 10s,
the door separating the two compartments was automatically opened,
allowing the rat access to enter the shock compartment. Acquisition was
measured, in seconds, as the latency to enter the shock compartment.
The automatic door closed 1 s after the rat entered the shock compart-
ment, and a brief foot shock (0.9 mA for 2 s) was administered. Ten
seconds after the footshock, the rat was returned to the home cage. Mem-
ory retention was tested at different time points after training. During
testing, the rat was placed back into the safe compartment and the latency
to enter the shock compartment was recorded. No footshock was admin-
istered during retention tests and testing terminated at 540 s. Both injec-
tions and testing were performed by investigators blind to the identity of
the experimental groups.

Open field test. The locomotor activity and anxiety-like behaviors of
rats were tested in an open field arena as previously described
(Taubenfeld et al., 2009). Briefly, rats were placed in one corner of an
open field arena (30” X 30” X 15”) in a sound-attenuated, nonillumi-
nated room. Rats’ movements through the arena were videotaped for 10
min. For data analysis, the floor was divided into a grid of 4 X 4 squares.
Locomotor activity was measured by counting the total number of the
squares crossed during the testing session. The anxiety-like behaviors
were measured by the number of rats’ entries into the center zone (the
middle 2 X 2 square) as well as the time spent exploring the center zone.
All behavioral activities were scored by investigators blind to the experi-
mental conditions.

Antisense ODNs. The following antisense ODNs were used: C/EBP$ anti-
sense (6-ODN: 5'-AAAGAGCGGCGCTCATGGCG-3") and scrambled
control (SC-ODN: 5'-TACGCAGAAGCGGACTGGCG-3'). 6-ODNis spe-
cific for a sequence on C/EBP8 mRNA that includes the translational start
site but does not recognize any sequence in other C/EBP isoforms or mam-
malian genes present in the GenBank database. The SC-ODN did not show
any identity with relevant sequences in the GenBank database and contained
the same base composition as 6-ODN but in a randomized order. Both the
6-ODN and SC-ODN were phosphorothioated on the 3 terminal bases on
both 5" and 3’ ends for increased stability. ODNs were reverse-phase
cartridge-purified and purchased from Gene Link.

HNCs. HNCs were prepared from E18 Long—Evans rats, as previously
described (Garcia-Osta et al., 2006). Briefly, pregnant female rats were
killed with CO,, and embryos removed and kept on ice. Hippocampi
were dissected, treated with 0.025% trypsin for 15 min at 37°C followed
by trituration through a Pasteur pipette. Cells were plated on poly-L-
lysine-coated coverslips in minimum essential medium containing 10%
horse serum. After 3—4 h of incubation at 37°C to allow cells to attach,
coverslips were transferred to sterile 12-well plates containing neurobasal
medium supplemented with B-27. Plates were kept at 37°C with 5% CO,
for the entire duration of culture. Cultures aged 15 DIV were used in all
experiments.

Hippocampal and BLA extracts. Rats were killed by decapitation. Their
brains were then quickly removed and either whole or dorsal hippocampi
(as specified in the Results section) as well as BLA were dissected, pooled
and snap-frozen on dry ice and stored at —80°C until further use. In
some experiments, BLA protein extracts were generated from brains fro-
zen in isopentane immediately following decapitation and isolated as
BLA punches using a cryostat via a neuro-punch (19 gauge, Fine Science
Tools) as described previously (Milekic et al., 2007). We observed similar
levels of biochemical changes in the BLA extracts prepared from either
quick dissection or punches, hence the data were pooled. Both left and
right sides of hippocampus or amygdala were pooled into one sample.
The samples were homogenized in ice-cold lysis buffer containing pro-
tease and phosphatase inhibitors, as previously described (Taubenfeld et
al., 2001b; Milekic et al., 2007).

Hippocampal slice preparation and electrophysiological recordings. Hip-
pocampal slices (350 wm) were taken from 3- to 4-week-old Long—Evans
rats using a Mcllwain tissue chopper. Slices were continuously perfused
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with Ringer’s solution containing the following: 125 mm NaCl, 2.5 mm
KCl, 1.3 mm MgSO,, 1 mm NaH,PO,, 26.2 mm NaHCO3, 2.5 mm CaCl,,
11 mm glucose, bubbled with 95% 0O,/5% CO,, during extracellular re-
cordings (electrode solution: 3 mm NaCl). Slices were maintained for 1-2
h before establishment of a baseline (20-30 min) of field EPSPs (fEPSPs).
The temperature of the recording chamber was maintained at room
temperature or at 32 = 1°C for the duration of the experiments. fEPSPs
were recorded from stratum radiatum in area CAl, evoked by stimula-
tion of the Schaffer collateral-commissural afferents every 30 s with bi-
polar tungsten electrodes with 100 us pulses. Test stimulus intensity was
adjusted to obtain fEPSPs with amplitudes that were half of the maximal
response. The EPSP initial slope (mV/ms) was determined from the av-
erage waveform of four consecutive responses (Bozdagi et al., 2000).
Protein synthesis-dependent late-phase LTP was induced tetanically (4
trains of 100 Hz, 1 s stimulation separated by 5 min). Control slices
received only test pulses, but no tetanic stimulation. At 15 or 45 min after
stimulation, hippocampal slices were snap-frozen for quantitative West-
ern blot analyses or fixed for immunohistochemical staining.

Nuclear and cytoplasmic fractions of hippocampal slices. Hippocampal
slice extracts were prepared according to Ogita et al. (2002) with some
modifications. Each sample included two 350-um-thick hippocampal
slices that were snap-frozen on dry ice and stored at —80°C, then thawed
for 5 min on ice in 100 pl of 10 mm Tris-HCI, pH 7.5, 0.32 M sucrose, 1
mM EDTA, 1 mm EGTA, 10 mm NaCl, 1.5 mm MgCl, in the presence of
protease and phosphatase inhibitors. The samples were homogenized
with 20 strokes using a Dounce homogenizer, kept on ice for 10 min, and
then centrifuged at 3500 rpm for 10 min at 4°C. The supernatants were
collected as the cytoplasmic fractions. The pellets were resuspended in
200 wl of 20 mm Tris-HCI, pH 7.5, 0.2 mm EDTA, 0.2 mm EGTA, 20%
glycerol, 400 mm NaCl, 0.5% NP-40 in the presence of protease and
phosphatase inhibitors, incubated on ice for 30 min, and centrifuged at
14,000 rpm for 10 min at 4°C. The resulting supernatants were taken as
the nuclear fractions.

Quantitative Western blot analysis. Equal amounts of protein were re-
solved using denaturing SDS-PAGE and transferred to Immobilon-P
membranes by electroblotting. Membranes were blocked with 5% milk
and incubated with primary antibody overnight at 4°C. All membranes
were washed and incubated with HRP-conjugated secondary antibody
(GE Healthcare). Quantitative densitometric analyses were done using
National Institutes of Health Image J software. Actin, B-tubulin, or nu-
clear pore complex (NPC) was used for sample normalization, and data
were expressed as mean percentage = SEM of the respective control
group as specified in Results. Primary antibodies: anti-C/EBP8 (Cell Sig-
naling Technology; catalog #2318, 1:1000), anti-C/EBPS (C-19, Santa
Cruz Biotechnology; catalog #sc-150, C-19, 1:1000), anti-actin (Santa
Cruz Biotechnology; catalog #sc-1616, 1:50,000), anti-B-tubulin (Milli-
pore; catalog #05-661, 1:100,000), and anti-NPC (mAB414, Abcam; cat-
alog #ab24609, 1:5000).

C/EBP&-maltose-binding-protein (MBP) fusion protein and competi-
tions. Recombinant C/EBPS used for competition experiments was pro-
duced as full-length C/EBP8-MBP fusion protein (6-MBP) using the
PMAL protein fusion and purification system from New England Bio-
labs, according to the manufacturer’s protocol. For competition experi-
ments in Western blot, anti-C/EBP8 antibody was preincubated with
200X excess of 6-MBP or MBP in TBS with 0.1% Tween-20 and 0.5%
BSA for 2 h at room temperature before applied to the membranes. For
competitions experiments with immunocytochemistry, 20X excess of
6-MBP or MBP was used.

Immunohistochemistry. Rats were anesthetized with pentobarbital
(100 mg/kg) and then perfused transcardially with ice-cold 0.1 m PBS for
3 min followed by 4% PFA for 15 min at a flow rate of 9 ml/min. Brains
were postfixed overnight in 4% PFA, followed by a 2-3 d cryoprotection
in 30% sucrose/PBS at 4°C. Serial sets of 30 wm coronal sections from
fixed brains were collected on a freezing microtome and mounted on
slides. For immunocytochemistry of hippocampal cultures, cells were
fixed with 2% PFA in PBS for 30 min at room temperature, followed by
PBS rinses. Fixed sections or cultures were incubated in blocking solution
(3% serum, 0.3% Triton X-100), followed by incubation with primary
antibody overnight in 3% serum, 0.3% Tween 20, and subsequent incu-
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bation with a AlexaFluor-488 conjugated secondary antibody. Protein
induction was observed throughout the anterior posterior axis of the
hippocampus; therefore, representative sections were chosen for quanti-
fication of immunofluorescence. Fluorescence intensity was quantified
from fluorescent microscopy images, as previously described (Tsokas et
al., 2005). Briefly, the mean fluorescence intensity was quantified from
four 30 wm brain sections/group (naive, unpaired, and trained) taken
equidistant between —3.2 to —3.4 mm from bregma (hippocampus) and
—2.4 to —2.6 mm from bregma (amygdala). The mean fluorescence
intensity of positive immunostaining was normalized to the mean intensity
of regions that showed a background level of immunostaining. Primary an-
tibodies were as follows: anti-C/EBP$ (Santa Cruz Biotechnology; catalog #
sc-151, C-22, 1:1000) and anti-MAP2 (Millipore; catalog #MAB3418,
1:2000).

FISH. FISH was performed as previously described (Guzowski and
Worley, 2001; Garcia-Osta et al., 2006) with some modifications. Digoxi-
genin (DIG)-labeled antisense and sense riboprobes were generated by in
vitro transcription from a 200 bp C/EBP8 PCR product adapted with T3
and T7 RNA polymerase binding sites, respectively (antisense primer:
5-TAA CCC TCA CTA AAG GGA CAG TCT CTT CCT CTT ATC
TA-3'; sense primer: 5'-TAA TAC GAC TCA CTA TAG GGG GCA CTG
GACTGC GAG AGA A-3’). Coronal (20 wm) sections from fixed brains
were collected on a Cryostat and mounted on slides. Before hybridiza-
tion, these sections underwent pretreatment steps, including proteinase
K digestion, acetylation, and permeabilization. For FISH on HNCs, cell
also underwent all pretreatment steps, except proteinase K digestion.
Afterward, brain sections/HNCs were incubated with hybridization buf-
fer (50% formamide, 5 X SSC, 50 mg/ml dextran sulfate, 250 ug/ml yeast
tRNA, 500 ug/ml salmon sperm DNA, 1X Denhardt’s solution) for 30
min, and hybridized with denatured DIG-labeled antisense or sense ri-
boprobes (brain sections, 2.0 ng/ml; HNCs, 0.5 ng/ml) at 58°C overnight
in a humidified chamber. The next day, brain sections/HNCs were
treated with 10 ug/ml RNase A at 37°C for 30 min and washed with 2 X
SSCand 0.2 X SSC. Brain sections/HNCs were then incubated with 3%
H,0, for 15 min and 0.5% blocking buffer powder (PerkinElmer Health
Sciences) dissolved in Tris-saline buffer for 1 h, followed by incubation with
anti-DIG POD antibody (Roche Applied Science; catalog #11207733910, 3
U/ml) and anti-MAP2 antibody (Millipore; catalog #MAB3418, 1:200) over-
night at 4°C. On day 3, anti-DIG POD was detected with CY3-tyramide
signal amplification (PerkinElmer Health Sciences), and anti-MAP2 anti-
body was detected with AlexaFluor-647-conjugated secondary antibody.
Samples were imaged on a confocal microscope, with identical settings used
for acquiring images of brain sections/HNCs treated with sense and anti-
sense riboprobes.

Statistical analyses. Data are reported as mean + SEM. Statistical anal-
yses were performed using one-way ANOVA followed by Bonferroni post
hoc tests for selected groups. For paired comparisons, Student’s f test was
used. All statistical analyses were performed using Prism Version 5.0
software.

Results

C/EBPé protein expression is increased in the hippocampus
after IA training

In previous studies, we have reported that C/EBP8 mRNA is sig-
nificantly increased in the rat hippocampus at 20 but not at 3, 6, 9,
or 72 h after IA training and that C/EBPS protein is present in the
same cell population in which both phosphorylation of CREB at
Ser133 and C/EBP is induced (Taubenfeld et al., 2001b). Here,
we first determined whether hippocampal C/EBP§ protein levels
were upregulated after IA training using both Western blot and
immunohistochemistry. To verify that the commercial anti-C/
EBP6 antibodies that we purchased were indeed specific for
C/EBP& in the rat brain, we performed antibody competition
tests. A recombinant C/EBP8-MBP fusion protein (6-MBP) was
constructed using a pMAL fusion plasmid (New England Bio-
labs). Western blots of 3-MBP (20 ng) or hippocampal extracts
(30 pg) from naive rats were stained using the anti-C/EBP& an-
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Figure 1. Hippocampal C/EBPS level is increased after IA training. A, Validation of (/EBP& antibody specificity for Western
blotting. Western blot immunostaining of hippocampal extracts (H) or recombinant CEBP&-MBP (5-MBP, R) incubated with
(/EBP& antibody in the presence of 200X excess of either 5-MBP or MBP. Both the 29 kDa band in H and the 75 kDa 5-MBP in R
were competed by 8-MBP but not MBP. B, Densitometric analysis of C/EBPS in whole hippocampal extracts via quantitative
Western blotting, with representative blots shown below each graph. Rats were trained and killed at different time points after
training. C/EBP levels remain unchanged at 12, 36, or 96 h after training compared with naive or unpaired controls. However, a
trend toward an increase was seen at 20 h after training (naive, n = 3 or 4; unpaired, n = 4 or 5; trained, n = 4 or 5 for all time
points). Data are expressed as mean percentage == SEM of naive (100%) control mean values. €, Densitometric analysis of (/EBP&
in dorsal hippocampal extracts with representative blots shown below each graph. C/EBP & levels were significantly increased at
20 h after training compared with naive and unpaired controls. *p << 0.05. **p << 0.01. No change was found at 0.5 or 12 h after
training (naive, n = 5 or 6; unpaired, n = 4—6; trained, n = 4 — 6 for all time points). Data are expressed as mean percentage ==
SEM of naive (100%) control mean values. D, Immunofluorescence of (/EBPS staining. Schematic representations of the areas
showninthe pictures are indicated in the green boxes. Examples of DG, CA1, and CA3 of naive (a— ¢) and trained rats (d—f) showing
an induction of (/EBPS 20 h after training (n = 4/group). g—i, Quantitative mean fluorescence analysis revealed a significant
increase in C/EBP& in all subregions. Scale bar, 100 wm.
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tibody in the presence or absence of an
excess of 6-MBP or MBP. As shown in
Figure 14, 200X excess of 6-MBP elimi-
nated the recognition by the antibody of
both 6-MBP (75 kDa) and the 29 kDa
band in the hippocampal extract, which
corresponds to the correct molecular
weight for C/EBP8 (Cao et al., 1991),
whereas the same amount of MBP had no
effect on antibody binding. Hence, this
antibody was used to perform quantita-
tive Western blot analyses of C/EBP&
expression after IA training. Whole hip-
pocampal extracts (including both dorsal
and ventral hippocampus) were obtained
from naive rats and rats trained in IA and
killed at 12, 20, 36, or 96 h after training.
As shown in Figure 1B, there was a trend
for increased C/EBPS levels at 20 h after
training; however, an ANOVA across all
time points showed that this change was
not significant. We then restricted our in-
vestigations to the dorsal hippocampus, a
region known to process contextual infor-
mation and in which we previously ob-
served significant molecular changes after
IA (Chen et al., 2011, Chen et al., 2012).
Hence, we used quantitative Western blot
analyses to determine whether C/EBPS
expression in dorsal hippocampus changed
at 0.5, 12, and 20 h after training (Fig. 10).
We found that C/EBPS levels were signifi-
cantly increased at 20 h after training
(165.6 = 13.9%) compared with naive
(100 = 11.7%, p < 0.05) but remained un-
changed at 0.5 and 12 h after training, con-
sistent with our earlier findings that C/EBP&
mRNA level was increased at 20 h but
not at earlier time points after IA training
(Taubenfeld et al., 2001b). Furthermore, to
examine whether the increase in C/EBPS
levels at the 20 h time point is specific to the
associative aspect of JA memory, we also in-
cluded an unpaired control group for this
time point. This unpaired group consisted
of rats that were exposed to the training
apparatus without receiving any shock
and, an hour later, were placed on the
footshock grid, received immediately a
footshock, and were then returned to their
home cage. The unpaired context shock
does not evoke any IA memory and con-
trols for both context and shock experi-
ence within subject (Garcia-Osta et al,,
2006; Chen et al., 2011). We found that,
20 h after IA training, C/EBP& levels were
significantly increased compared with
those of the unpaired controls (86.8 *=
16.1%, p < 0.01), which, in turn, were not
significantly different from those of the
naive group (one-way ANOVA, F, 5, =
8.821, p = 0.003; followed by Bonferroni’s
post hoc test).
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Figure 2.

Hippocampal (/EBPS protein is required for the consolidation of IA memory. A4, Rats were injected with SC-ODN or 5-ODN 5 h after training and tested 48 h after training. Memory

retention was comparable in both groups (n = 7 or 8). Retentions are expressed as mean latency = SEM in seconds. B, Rats injected with 8-ODN 12 h after training showed a significant memory
impairment compared with SC-ODN-injected rats at 48 h after training (n = 8/group). *p < 0.05. Retentions are expressed as mean latency == SEMinseconds. C, Rats injected with 5-ODN 12 h after
training showed no difference in locomotor activity and anxiety-like activity, measured by entries into and time spent in the center zone, compared with SC-ODN-injected rats in the open field test

at 48 h after training (n = 8 or 9/group).

To confirm the training-dependent increase of C/EBP& and
investigate its regional distribution, we examined the expression
of C/EBPé levels in dorsal hippocampus in naive and trained rats
using immunohistochemistry performed with a different
C/EBPé antibody (see Materials and Methods). The specificity of
the antibody was confirmed by competition tests (see Fig. 4B).
An increase in immunoreactivity was observed throughout the
anterior—posterior axis of the hippocampal subregions, in-
cluding dentate gyrus (DG), CAl, and CA3 of trained rats
compared with naive rats (Fig. 1D). Quantification of mean
immunofluorescence intensity between naive and trained
groups and Student’s t tests revealed a significant increase in
mean fluorescence intensity 20 h after training in each subregion
(Fig. 1D: DG, naive = 100 * 3.1%, trained = 140 = 11.0%, p <
0.05; CA1, naive = 100 * 3.5%, trained = 149 * 19.4%, p < 0.05;
CA3, naive = 100 * 3.5%, trained = 160.5 * 24.5%, p < 0.05).

Together, these results indicate that IA training leads to a
significant and widely distributed increase in C/EBP& protein
levels in the dorsal hippocampus 20 h after IA training.

Hippocampal C/EBPd is required for the consolidation of

IA memory

Given that C/EBPS protein is increased in the dorsal hip-
pocampus after training, we asked whether this induction
plays a role during the consolidation of IA memory. To block
the induction of C/EBPS, we injected antisense ODN against
C/EBPS into the dorsal hippocampus. Previous studies have
established that an ODN injection into the dorsal hippocam-
pus targets and remains largely confined to this region and
that the ODN is present for a restricted temporal window after
injection (i.e., readily detected at 2 h but not at 8 h after
injection) (Taubenfeld et al., 2001a; Garcia-Osta et al., 2006;
Suzuki et al., 2011).

To determine the selectivity and effectiveness of the ODN-
dependent knockdown of C/EBPS, rats were stereotaxically
implanted bilaterally with cannulae targeting the dorsal hip-
pocampus, trained in IA, and, 12 h after training, received a
bilateral injection of antisense ODN specific for C/EBPS (8-
ODN) or a scrambled, control ODN (SC-ODN). This 12 h

time point was chosen based on our finding that C/EBPJ was
induced in dorsal hippocampus between 12 and 20 h after IA
training (Fig. 1C). Twenty hours after training, the rats were
killed and protein extracts were obtained from their dorsal
hippocampi and probed for C/EBP§ expression using quanti-
tative Western blot analyses. 6-ODN significantly decreased
C/EBP& expression levels by 24% (SC-ODN, 100.0 * 7.6%;
8-ODN, 76.2 = 5.5%, n = 7 or 8; p < 0.05, Student’s ¢ test), a
decrease that corresponded to the blockade of the training-
induced increase in C/EBPJ expression (see Fig. 1C). Further-
more, the knockdown effect was specific to C/EBPS, as
C/EBP levels remained unchanged in the same extracts (SC-
ODN, 100.0 * 17.5%; 6-ODN, 91.3 * 14.2%,). Hence, we
tested the effect of bilateral 6-ODN injections on memory
retention. Rats were trained in IA, and 5 or 12 h after training,
received a bilateral injection of SC-ODN or 6-ODN into the
dorsal hippocampus. Forty-eight hours after training, they
were tested for memory retention. As shown in Figure 2A,
8-ODN injections 5 h after training had no effect on memory
retention compared with SC-ODN injected controls (6-ODN,
343 * 93.0 s; SC-ODN, 298 *= 89.9 s), suggesting that the
8-ODN injection by itself, at a time point at which there was
no training-induced increase in C/EBP& expression, had no
nonspecific effects on memory retention and expression.
However, 8-ODN injections at 12 h after training, which just
precedes the C/EBP& induction, significantly disrupted mem-
ory retention (161 = 83.9 s) compared with SC-ODN controls
(459 = 55.2's) (Fig. 2B; p < 0.05, Student’s ¢ test). In addition,
5-ODN injection at 12 h after training did not change loco-
motor activity measured by total number of squares crossed
(SC-ODN, 183.1 = 9.1; 6-ODN, 185.8 = 9.1), or the anxiety-
like behavior measured by entries into the center zone (SC-
ODN, 25.2 * 2.3; 6-ODN, 24.7 = 2.3) and time spent in the
center zone (SC-ODN, 31.7 = 2.8 s; 5-ODN, 34.2 = 3.1 s) in
an open field test at 48 h after training (Fig. 2C).

Together, these results indicate that inhibiting the training-
induced increase in C/EBPS levels in the dorsal hippocampus
impairs the consolidation of IA memory.
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The expression of C/EBPd is increased in the BLA by IA
training and required for memory consolidation and
reconsolidation

Previous studies from our laboratory have shown that, although
new protein synthesis is required in both hippocampus and
amygdala for A memory consolidation, the role of C/EBPS in
these two regions is fundamentally distinct: C/EBPf3 plays an
essential role during the first day after training during the con-
solidation of IA memory in the hippocampus but not in the
amygdala (Taubenfeld etal., 2001a; Milekic et al., 2007). Here, we
asked whether C/EBP& protein expression changes in the
amygdala after IA training. We used quantitative Western blot
analyses to examine the time course of C/EBPS levels in the BLA
after IA training. BLA extracts were obtained from naive rats and
rats trained in IA and killed at 0.5, 6, 9, 20, or 48 h after training.
As shown in Figure 3A, there was a significant increase in C/EBPS
levelsat 9 h (172.8 = 26.6%, p < 0.001) and 20 h (128.1 * 4.1%,
p < 0.05) after training compared with those of naive rats (100 *
2.43%), but no significant changes at other time points (0.5 h:
87.3 = 6.5%; 6 h: 94.1 = 3.1%; 48 h: 84.5 * 6.0%). In addition,
we found that the increase in C/EBPS levels at 9 h after training
was specific to the contextual fear association because there was
no change in C/EBP levels in the BLA of unpaired rats (104.3 *
8.8%, p < 0.001, compared with the trained 9 h group; one-way
ANOVA, F¢ 75y = 12.0, p < 0.001; followed by Bonferroni’s post
hoc test).

To verify and extend these findings, we used immunohisto-
chemistry to examine C/EBP& levels in BLA of naive, unpaired,
and trained rats at 20 h after training. As shown in Figure 3B, a
significant increase in fluorescence intensity was observed in the
BLA of trained rats compared with that of naive and unpaired
controls (one-way ANOVA, (F, ) = 22.1, p < 0.001; followed by
Bonferroni post hoc tests). Thus, the expression of C/EBPS in
amygdala is significantly induced between 6 and 9 h after train-
ing, remains significantly elevated at 20 h after training, and re-
turns to baseline by 48 h after training.

We next asked whether the induction of C/EBP& in the BLA
was required for the consolidation of IA memory. We first tested
the specificity of the antisense 8-ODN injections for the knock-
down of C/EBPS expression levels in the BLA. The diffusion of
ODN injections targeting the amygdala have been previously de-
termined and shown to be largely confined to the amygdala, with
the highest concentration in the BLA (Milekic et al., 2007). Rats
were trained in A and, 12 h after training, received a bilateral
injection of SC-ODN or 6-ODN into the BLA and were killed
20 h after training. Quantitative Western blot analyses of lysates
obtained from BLA tissue punches showed that 8-ODN signifi-
cantly decreased C/EBP8 expression levels by 46% (SC-ODN,
100 = 14.5%; 86-ODN, 54 = 10.7%, n = 4 or 5/group; p < 0.05,
Student’s ¢ test). This decrease was specific for C/EBPS, as
C/EBPP levels remained unchanged in the same extracts (SC-
ODN, 100 * 9.5; 6-ODN, 100 * 14.9). We therefore tested the
effect of a bilateral 5-ODN injection into the BLA on memory
retention. Groups of rats were trained in IA and, 5 or 12 h after
training, injected with SC-ODN or 8-ODN, and tested 48 h after
training. We chose these two injection time points to block
C/EBP& expression in the BLA starting either before the induc-
tion or at a time point when the induction was already in prog-
ress. As shown in Figure 3C, 8-ODN injection at either 5 or 12 h
after IA training profoundly disrupted memory retention com-
pared with SC-ODN (5 h: 8-ODN, 78.8 = 38.8 s; SC-ODN,
395.3 = 56.5s, p < 0.001, Student’s ¢ test; 12 h: 3-ODN, 44.7 =
11.4 s; SC-ODN, 300.4 = 64.9 s, p < 0.05, Student’s ¢ test). To
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determine the effect of -ODN injections at a time point at which
there was no induction of C/EBP§, we delivered 8-ODN or SC-
ODN at 48 h after IA training and tested the retentions 2 d later.
No effect was found (SC-ODN, 310.2 * 53.7 s; 5-ODN, 324.9 =
61.8 s; Fig. 3C). Furthermore, 6-ODN injection into BLA at 12 h
after training did not significantly change the locomotor activity
measured by total number of squares crossed (SC-ODN, 193.2 =
6.3; 8-ODN, 176.1 * 16.7), or the anxiety-like behavior mea-
sured by entries into the center zone (SC-ODN, 26.1 % 3.0;
8-ODN, 24.8 * 4.0) and time spent in the center zone (SC-ODN,
32.2 = 3.5s; 6-ODN, 30.7 = 2.4 s) in an open field test at 48 h
after training (Fig. 3D).

Together, these data show that, in addition to playing a role in
IA memory consolidation in the hippocampus, C/EBP$ is also
essential for IA memory consolidation in the amygdala.

Our previous results have shown that protein synthesis and
C/EBPp induction are required in BLA, but not in dorsal hip-
pocampus, for the reconsolidation of IA memory (Taubenfeld et
al., 2001a; Tronel et al., 2005; Milekic et al., 2007). Specifically, we
have found that injection of antisense targeting C/EBPS 5 h, but
not immediately after memory reactivation given 2 d after train-
ing, impaired subsequent IA memory retention. Here, we asked
whether C/EBPS, like C/EBP, plays a role in IA memory recon-
solidation. As depicted in Figure 3E, 5-ODN injections into BLA
5 h after memory reactivation given 2 d after training (Test 1)
disrupted memory retention at the subsequent, 96 h after train-
ing, test (Test 2, 89.4 = 19.0 s, p < 0.05), compared with SC-
ODN injections (319.6 = 70.9 s). The effect was contingent upon
reactivation, as rats that were injected with -ODN 53 h after
training in the absence of Test 1 showed intact memory (283.6 =
50.0 s). Indeed, no significant difference was found in memory
retention of the SC-ODN-injected group and the nonreactivated,
8-ODN-injected group (one-way ANOVA, F, 3 = 5.96,p =
0.009; followed by Bonferroni’s post hoc test), suggesting that the
memory disruption caused by 6-ODN was specific to reactivated
memories and not the result of nonspecific effects (Fig. 3E).
Hence, C/EBPS induction in BLA is required for IA memory
reconsolidation.

C/EBP& protein is localized to nuclear, somatic, and

dendritic compartments

The immunocytochemistry findings suggested that C/EBPS is
localized not only in the nucleus but also in the cytoplasm, and,
interestingly, in dendrites. To investigate protein localization of
C/EBPS& in more detail, we performed fluorescent immunostain-
ing of both HNCs and brain sections of rats trained in IA and
killed 20 h after training. As shown in Figure 4, C/EBP& is present
in both the soma and dendritic compartments in several brain
regions, including the hippocampus (Fig. 4Aa—Ad), BLA (Fig.
4Ae—Ah), cerebellum (Fig. 4Ai-Al), cortex (Fig. 4Am—Ap), and
HNC:s (Fig. 4Ba—Bc). C/EBP8 immunostaining was confirmed to
be specific for C/EBPS, as preincubation of the C/EBP§ antibody
with an excess of 8-MBP completely and specifically competed
the immunofluorescence (Fig. 4Bd—Bf), whereas an excess of
control MBP had no effect (Fig. 4Bg—Bi). No change was observed
with the dendritic marker anti-MAP2 staining in noncompeted,
8-MBP or control MBP conditions (Fig. 4Bb,Be,Bh).

C/EBP& mRNA is localized to dendritic compartments

in HNCs

Several dendritically localized proteins have been reported to also
have their mRNA localized to dendrites (Wu et al., 2007), and
dendritic translation has been suggested to play an important role
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Figure3. (/EBP&inthe BLA s upregulated after training and required for the consolidation and reconsolidation of IA memory. A, Quantitative Western blot analysis of C/EBP& in BLA
extracts with representative blots shown below each graph. (/EBP S levels were significantly increased at 9 and 20 h after training compared with naive controls: *p << 0.05; ***p <
0.001. Nosignificant change was found at 0.5, 6, or 48 h after training (naive,n = 22;0.5h,n =10;6 h,n =7;9h,n =7;20h,n = 13;48h,n = 11). (/EBP 5 level at 9 h after unpaired
protocol was not different from that of naive conditions but significantly different from the trained (n = 6). Data are expressed as mean percentage == SEM of naive (100%) control mean
values. B, Representative examples of (/EBPS immunohistochemical staining in the BLA of naive, unpaired, or IA trained rats. Scale bar, 200 wm. Quantitative analyses of (/EBP&
fluorescence intensity showed a significant increase of C/EBP levels in the BLA of rats 20 h after training compared with naive and unpaired controls killed at the matched time point
(n = 4/group): ***p < 0.001. C, Rats were injected with SC-ODN or 5-ODN 5 or 12 h after training and were tested 48 h after training. In both cases, 5-ODN profoundly disrupted memory
retention compared with SC-ODN (SC-0DN, n = 7-9; 8-0DN, n = 6 or 7): ***p < 0.0001; *p << 0.05. In contrast, SC-ODN or 5-0DN injections 48 h after training did not affect memory
tested 96 h after training (SC-ODN, n = 9; 5-0DN, n = 10). Retentions are expressed as mean latency = SEM in seconds. D, Rats injected with 5-ODN 12 h after training showed no
difference in locomotor activity and anxiety-like activity, measured by entries into and time spent in the center zone, compared with SC-ODN-injected rats in the open field test at 48 h
after training (n = 8-10/group). E, Rats injected with 5-0DN 5 h after memory reactivation (Test 1, R, 8-0DN, n = 8) showed significantly lower latencies when retested 48 h later,
compared with rats injected with SC-ODN (R, SC-ODN, n = 8) or rats injected with 5-ODN at the matching time point in the absence of memory reactivation (NR, 6-0DN, n = 7).
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Figure4. (/EBP&immunofluorescent staining. A, Representative immunofluorescence of C/EBPS (green) and the dendritic marker MAP2 (red) on brain sections taken 20 h after training. a— ¢,
Hippocampus. e~ g, Amygdala, i~ k, Cerebellum. m— o, Cortex. Scale bar, 50 wm. ¢, g, k, o, Boxed regions are shown at high magnification of d, h, I, and p, respectively. Scale bar, 15 um. B,
Representative immunofluorescence of C/EBP& and MAP2 on hippocampal neuronal cultures, and validation of C/EBP 8 antibody specificity forimmunofluorescent staining. a— ¢, —, no competi-
tion. (/EBP& immunofluorescence (green) detected by anti-C/EBP& is evident in the somatic and dendritic (MAP2-positive, red) compartments. d—f, Twenty X excess of 5-MBP incubated with
anti-C/EBP S competed for C/EBPS (green) but not for MAP2 (red) immunofluorescence. g—i, Twenty times excess of MBP (control) did not compete for C/EBP (green) or MAP2 (red) immunoflu-
orescence. Scale bar, 25 pm.

in local regulation of synaptic plasticity (Martin and Zukin, 2006;  sections and HNCs. As shown in Figure 5, in hippocampal sec-
Richter and Klann, 2009). To determine whether dendriticlocal-  tions, C/EBP& immunofluorescence with C/EBPS antisense ribo-
ization of C/EBP& might be a result of local translation, we per- ~ probe was detected mainly in the cell body but very sparsely also
formed FISH with sense or antisense riboprobes in both brain  in dendritic compartments (Fig. 5Ab), and, as expected, no signal
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MERGE

(/EBPSFISH. A, Hippocampal CA1 (a— d) and insular cortical sections (e h) taken 20 h after training were hybridized with control (/EBP & sense probe (a, e) or (/EBP & antisense probe

(b, f). Dendritic regions of brain sections shown in b and fare revealed by MAP2 immunostaining (c, g). Merged images of (/EBP& mRNA (green) and MAP2 (red) show primary somatic localization
of (/EBP& mRNA in adult rat brain sections. Scale bar, 25 wm. B, (/EBPS FISH of hippocampal neuronal cultures. a, Control (/EBPS sense probe. b, Antisense probe to (/EBPS. ¢, MAP2
immunofluorescence. d, Merged image of C/EBP& mRNA (green) and MAP2 (red) reveals the localization of C/EBP& mRNA in both somatic and dendritic compartments of cultured hippocampal

neurons. Scale bar, 12.5 pm.

was observed with control sense riboprobe (Fig. 5Aa). In con-
trast, HNCs showed a clearly detectable signal with C/EBP$ an-
tisense riboprobe (Fig. 5Bb) in both the somatic and dendritic
compartments compared with control sense riboprobe (Fig.
5Ba), suggesting that C/EBPS protein may be translated in den-
drites (Fig. 5Bb,Bc).

C/EBPé protein is increased in the nucleus after LTP

IA training induces an LTP-like synaptic plasticity in area CAl,
which is thought to be a cellular model of long-term memory
(Whitlock et al., 2006). Previous studies have shown that stimuli
that elicit LTP or other types of synaptic plasticity can induce
retrograde translocation of importins or transcription factors
that are present in dendrites, including CREB2, CREB-regulated
transcriptional coactivator 1, importin «, NF-«B, and Elk-1
(Meffert et al., 2003; Thompson et al., 2004; Lavaur et al., 2007;
Lai et al., 2008; Jeffrey et al., 2009; Ch’ng et al., 2012). Therefore,
we asked whether a change in the subcellular distribution of
C/EBP& occurs after hippocampal LTP. We induced long-lasting
LTP at CA3-CAl synapses using high-frequency stimulation
(Bozdagi et al., 2000). At either 15 or 45 min after stimulation,
350-um-thick hippocampal slices were either snap-frozen for
quantitative Western blot analyses or postfixed and sectioned at

30 wm for immunohistochemical staining. Quantitative Western
blot analyses of cytoplasmic and nuclear fractions of control or
LTP-induced hippocampal slices were performed. The fraction-
ation was validated with the nuclear and cytoplasmic markers
NPC and B-tubulin, respectively. NPC protein was indeed en-
riched in the nuclear compared with the cytoplasmic fraction,
whereas 3-tubulin was enriched in the cytoplasmic fraction (Fig.
6A). Levels of cytoplasmic C/EBPS were normalized to 8-tubulin
and nuclear C/EBP& to NPC (Fig. 6A). At 15 min after LTP in-
duction, we observed no significant change in protein levels or
subcellular redistribution in C/EBP& in either the cytoplasmic or
nuclear compartments (Fig. 6B). However, 45 min after LTP in-
duction, although no change in C/EBP$ in the cytoplasmic frac-
tion was found, there was a significant increase in the nuclear
fraction (361 * 116.9%) compared with the nuclear fraction of
unstimulated controls (100 = 54.4%, p < 0.05, Student’s t test;
Fig. 6C). Hence, after LTP there is an induction and nuclear
redistribution of C/EBP& protein.

The pattern of immunofluorescent localization of C/EBP§ in
CA1 was consistent with the Western blot analyses. As shown in
Figure 6D, at 15 min after LTP induction, there was no difference
in the intensity of C/EBP§ immunofluorescence between the
control and stimulated sections (Fig. 6Da,Dc). However, at 45
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Figure 6.  (/EBPS expression is induced after LTP. A, Representative Western blots validat-

ing cytoplasmic (Cyt) and nuclear (Nuc) fractionation of C/EBPS expression levels. NPC, immu-
nostaining with anti-NPC is enriched in the nuclear fraction; 3-tubulin, immunostaining with
anti-B-tubulin is enriched in the cytoplasmic fraction. B, Quantitative Western blot analyses of
cytoplasmic fractions from hippocampal slices processed 15 min or 45 after LTP induction;
(/EBPS protein levels remain unchanged. Representative Western blot examples are shown
below each graph. Data are expressed as mean percentage == SEM of unstimulated slice extract
(control) mean values (n = 4/group). €, Quantitative Western blot analyses of nuclear fractions
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min after LTP a clear increase in the intensity of C/EBPS immu-
nofluorescence, which also appears to be localized in the nuclei,
was observed (Fig. 6Db,Dd).

Discussion

The CREB-C/EBP is a highly evolutionarily conserved gene ex-
pression pathway engaged in long-term memory formation and
enduring synaptic plasticity (Alberini, 2009). For example, in
Aplysia californica, serotonin-driven induction of ApC/EBP in
sensory neurons follows that of CREB phosphorylation, and its
function is required for long-term facilitation (Alberini et al.,
1994; Bartsch et al., 1995). On the other hand, overexpression of
ApC/EBP promotes the induction of long-term facilitation from
a protocol that only elicits short-term facilitation (Lee et al.,
2001). In rat hippocampus, we have reported that IA training
leads to CREB phosphorylation at Ser133 immediately after
training, followed 9 h later by an induction in the expression of
C/EBPB in the same neuronal populations (Taubenfeld et
al., 2001b). Antisense-mediated knockdown of the learning-
dependent C/EBPf induction in the hippocampus prevents
long-term memory formation during a limited temporal win-
dow, which starts 5 h after training and ends by 2 d after training,
paralleling the kinetics of C/EBPf induction (Taubenfeld et al.,
2001a; b). This hippocampal requirement of C/EBPS induction
is specific for the consolidation of a new IA memory but not for
the reconsolidation of a reactivated IA memory (Taubenfeld et
al., 2001a). In contrast, C/EBPf induction in the amygdala is
required for the reconsolidation but not consolidation of TA
memory (Milekic et al., 2007). Our present results add to this
knowledge by showing that another isoform of C/EBP, which is
encoded by a distinct gene, C/EBP3J, is also critically regulated
and required for IA memory consolidation and reconsolidation.
Notably, the hippocampal induction of C/EBP$ is observed sev-
eral hours after training, and specifically between 12 and 20 h.
Correspondingly, 6-ODN injection into the hippocampus just
before the C/EBP& induction, at 12 h, but not at 5 h after training
impairs IA memory. Moreover, C/EBP& expression is increased
in the amygdala starting between 6 and 9 h after training, and the
increase persists for up to 20 h after training. Similar to its induc-
tion in the hippocampus, C/EBP8 induction in the BLA is re-
quired for IA memory consolidation. Finally, in line with what
was previously found with C/EBPB (Milekic et al., 2007), C/EBP&
in the amygdala is also required for IA memory reconsolidation.
These data, together with our previous studies on C/EBPf3, indi-
cate that both C/EBP isoforms are essential in the hippocampus
for memory consolidation and in the amygdala for reconsoli-
dation, but in the amygdala only C/EBP$ is required for con-
solidation. This suggests that region-specific coregulation or
differential regulation of transcription occurs via C/EBPS and &
after IA training and retrieval. Our data also confirm several pre-
vious findings, starting from our results on phosphorylated
CREB and C/EBP in TA (Taubenfeld et al., 2001a, b) and then

<«

from hippocampal slices processed 15 or 45 min after LTP induction; (/EBP 5 levels significantly
increase in the nuclear fraction at 45 min but not at 15 min after LTP induction. Representative
Western blot examples are shown below each graph. Data are expressed as mean percent-
age == SEM of unstimulated slice extract (control) mean values (n = 4/group). D, Examples of
anti-C/EBP & immunofluorescence staining showing no change in C/EBP& levels 15 min after
LTP induction (c) compared with unstimulated control (a). C(/EBP& immunofluorescence in-
creases 45 min after LTP induction (d) compared with unstimulated control (b) (n = 4/group).
Scale bar, 20 um. Bottom, Representative traces from LTP-elicited slices. Traces were recorded
before and 15 (c) or 45 min (d) after LTP induction. Calibration: 10 ms, 0.5 mV.
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also reported with other molecules, including BDNF, MuSK, and
IGF-II in different species and systems, indicating that the gene
expression-dependent phase underlying memory consolidation
lasts for >24 h. This gene expression recruits a cascade of
events, some of which occurring hours after training (late
events) are critical for sustaining the consolidation process, a
step necessary for the persistence of memory (Garcia-Osta et
al., 2006; Beckinschtein et al., 2007; Miniaci et al., 2008; Ou et
al., 2010, Chen et al., 2011).

Both temporal and spatial coregulation of C/EBPSB and
C/EBPS has been reported in many cell types (Cardinaux and
Magistretti, 1996; Yukawa et al., 1998; Thomas et al., 2000),
and both isoforms have been found to be regulated in response to
common stimuli, including Ca**, cAMP, and protein kinase A,
which are also known to be critical mediators of synaptic plasticity
(Breed et al., 1997; Yukawa et al., 1998; Pohnke et al., 1999). Our
present data showing that C/EBP$, like C/EBP3, is required in the
hippocampus for IA consolidation, and that learning induces both
isoforms in the same neuronal population (Taubenfeld et al., 2001b)
suggest that the two isoforms may heterodimerize or exert a con-
certed action at specific time points.

Although the coinduction of C/EBPf3 and 8 may imply a po-
tential heterodimerization at certain time points, it seems clear
that in the hippocampus C/EBPS is induced before C/EBP§; and,
in agreement, a sequential functional role in memory consolida-
tion was also revealed by the antisense-mediated knock-down
experiments. Whereas hippocampal C/EBPf3 antisense injection
at 5 h after training completely blocks long-term IA retention
(Taubenfeld et al., 2001a), similar injections of C/EBP& antisense
have no effect, and only later, at 12 h after training, the same
treatment significantly disrupts long-term IA retention. Thus, it
is unclear whether C/EBP3, at least in the hippocampus, regulates
common or different sets of genes than those controlled by
C/EBPB, and/or whether the two isoforms heterodimerize at
some point in time during memory consolidation. On the other
hand, as previous studies from our laboratory have found that
C/EBP is dispensable in the amygdala during memory consoli-
dation, and here we show that C/EBP$ is required in both con-
solidation and reconsolidation; we conclude that the two
isoforms are not always recruited in parallel. One possible expla-
nation for this differential regional recruitment, which needs to
be explored in future studies, is that C/EBP and C/EBPS, at least
in some neuronal subpopulations, may be functionally redun-
dant. Alternatively, both isoforms may be recruited to regulate
different sets of genes. Given the dendritic localization of
C/EBPS, its induction may stabilize changes that have already
occurred at activated synapses, where it may have been translated
or activated for translocation to the nucleus.

Our data are in apparent disagreement with previous studies
from Sterneck et al. (1998) who generated mice with a targeted
deletion of the C/EBP8 gene and found that, although they per-
formed normally on several behavioral tasks, they exhibited a
selective enhancement in contextual fear conditioning. Although
there are potentially several explanations that could account for
the different outcomes obtained in the two studies, a most likely
one is that Sterneck et al. (1998) used a global deletion in mice
that may influence the whole organism throughout development,
while we used a spatially and temporally restricted disruption of
the learning-induced upregulation of C/EBP& in adult rat brains.

Another study that examined the role of C/EBP-related tran-
scription factors in long-term synaptic plasticity and memory
storage used a tetracycline-regulated system and expressed in the
forebrain of mice a broad dominant-negative inhibitor of C/EBP
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(EGFP-AZIP) (Chen et al., 2003). This inhibitor is known to
preferentially interact with several inhibitory isoforms of C/EBP
butalso reduce the expression of activating transcription factor 4,
a member of the CREB-activating transcription factor family of
transcription factors. The expression of the dominant negative
inhibitor resulted in enhanced hippocampal spatial memory and
LTP, leading the authors to speculate on a possible inhibitory role
of C/EBPs or CREB isoforms. Our results are not in disagreement
with this study as, indeed, multiple C/EBP and CREB isoforms
exist, and some of them can act as inhibitory constraints
(Alberini, 2009).

Interestingly, we found that the expression of C/EBP8 protein
is localized to nuclear, somatic, and dendritic compartments in
the neurons of multiple brain regions and cultured hippocampal
neurons. Furthermore, C/EBP6 mRNA is present in both the
soma and dendrites of neuronal cultures, whereas it appears to be
primarily detected in the neuronal soma in the brain of adult rats.
The reasons for the different degree of C/EBPS mRNA dendritic
localization between hippocampal neuronal cultures and adult
brain remain to be determined. Several explanations may be con-
sidered, including the age of the cells, in vitro versus in vivo con-
ditions, different levels of neural activity, or simply differential
concentrations and localizations in microdomains.

The dendritic localization of C/EBPS protein, and in some
conditions its mRNA, may have an important role in relaying
signals between the synapse and the nucleus. The dendritic dis-
tribution suggests that, at least in certain conditions, C/EBP&
mRNA may be translated locally. Interestingly, C/EBP6 mRNA
carries the cytoplasmic polyadenylation element consensus
UUUUUAU that may in principle regulate its translation, simi-
larly to aCaMKII (Wu et al., 1998). Furthermore, Suzuki et al.
(2007) reported that C/EBPS mRNA is present in postsynaptic
densities of rat forebrain, suggesting that, although not detectable
in vivo in dendrites, C/EBP8 mRNA may be present in low con-
centrations and localized in the proximity of postsynaptic densi-
ties. Interestingly, our in situ C/EBPS hybridizations of brain
sections showed puncta that may indeed represent dendritically
localized mRNA.

We speculate that local, dendritic changes may regulate the
distribution of C/EBP& and perhaps its translocation to the nu-
cleus, as also suggested by its nuclear accumulation found after
LTP induction. Relevant to this hypothesis is the finding by Lai et
al. (2008) who showed that CREB2/activating transcription fac-
tor 4, a transcriptional repressor that modulates long-term syn-
aptic plasticity and memory, localizes to distal dendrites of
rodent hippocampal neurons and neurites of Aplysia sensory
neurons, binds to specific importin « isoforms, and is trans-
ported from distal dendrites into the nucleus following the in-
duction of long-term depression. In addition, a recent study by
Ch’ng et al. (2012) has found that CREB-regulated transcrip-
tional coactivator 1 is localized in dendritic spines and translo-
cates specifically from the stimulated synapses into the nucleus in
response to synaptic activity and LTP induction stimuli. Further
experiments should be able to clearly address whether dendritic
C/EBP& translocates into the nucleus in an activity-dependent
manner. Notably, although LTP is a cellular model of the mech-
anisms underlying memory formation, the temporal dynamics of
molecular signaling and regulation events underlying LTP and
memory formation can be very different. Our data suggest that
both LTP and IA training induce C/EBP& expression, but the
time courses of the induction are different, which is not surpris-
ing considering the diversity of learning from tetanic stimulation
on a slice.
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In conclusion, our study reveals important roles of C/EBP& in
the hippocampus and the amygdala for memory consolidation
and in the amygdala for reconsolidation. Our results suggest that
C/EBP& may act both in concert and in series with C/EBPJ3, re-
sulting in complex temporal and regional control of gene tran-
scription critical for long-term memory formation. Finally, our
findings of dendritic localization of C/EBP& and its nuclear accu-
mulation after LTP induction indicate that it may convey specific
synaptic changes to the nucleus.
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