8786 - The Journal of Neuroscience, June 15,2011 - 31(24):8786 — 8802

Behavioral/Systems/Cognitive
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Unraveling the mechanisms by which the molecular manipulation of genes of interest enhances cognitive function is important to
establish genetic therapies for cognitive disorders. Although CREB is thought to positively regulate formation of long-term memory
(LTM), gain-of-function effects of CREB remain poorly understood, especially at the behavioral level. To address this, we generated four
lines of transgenic mice expressing dominant active CREB mutants (CREB-Y134F or CREB-DIEDML) in the forebrain that exhibited
moderate upregulation of CREB activity. These transgenic lines improved not only LTM but also long-lasting long-term potentiation in
the CA1 area in the hippocampus. However, we also observed enhanced short-term memory (STM) in contextual fear-conditioning and
social recognition tasks. Enhanced LTM and STM could be dissociated behaviorally in these four lines of transgenic mice, suggesting that
the underlying mechanism for enhanced STM and LTM are distinct. LTM enhancement seems to be attributable to the improvement of
memory consolidation by the upregulation of CREB transcriptional activity, whereas higher basal levels of BDNF, a CREB target gene,
predicted enhanced shorter-term memory. The importance of BDNF in STM was verified by microinfusing BDNF or BDNF inhibitors into
the hippocampus of wild-type or transgenic mice. Additionally, increasing BDNF further enhanced LTM in one of the lines of transgenic
mice that displayed a normal BDNF level but enhanced LTM, suggesting that upregulation of BDNF and CREB activity cooperatively
enhances LTM formation. Our findings suggest that CREB positively regulates memory consolidation and affects memory performance
by regulating BDNF expression.

Introduction which the molecular manipulation of the gene of interest en-
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and Silva, 2009). Therefore, it is important to identify genes that ~ and Squire, 1984; Abel et al., 1997; Silva et al., 1998; Martin et al.,,
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Kida et al., 2002; Suzuki et al., 2004; Duvarci et al., 2008). These

studies have shown that LTM, but not STM, depends on new
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the promoter (Chrivia et al., 1993; Bito et al., 1996; Silva et al.,
1998). This interaction of CREB-CBP is an essential step of
CREB-mediated transcription.

Importantly, previous genetic studies have demonstrated that
loss of function of CREB disrupts memory consolidation and
impairs certain forms of LTP (Bourtchuladze et al., 1994; Oike et
al., 1999; Kida et al., 2002; Pittenger et al., 2002; Korzus et al.,
2004). Therefore, it was proposed that CREB functions as a pos-
itive molecular switch for memory formation. However, little is
known about the impacts of increased levels of CREB activity on
memory performance. Indeed, recent studies using viruses to
overexpress CREB suggested that the upregulation of CREB ac-
tivity improves memory formation (Josselyn et al., 2001; Bright-
well et al., 2007; Han et al., 2008; Zhou et al., 2009). In contrast,
the memory performance of transgenic mice expressing a domi-
nant active CREB mutant (VP16-CREB) in the forebrain dis-
played contradictory results (i.e., the impairment and weak
improvement of memory performance) (Viosca et al., 2009a,b).
In this study, we generated transgenic mice expressing dominant
active CREB (CREB-Y134F or CREB-DIEDML) in the forebrain
that exhibited moderate upregulation of CREB activity (1.5- to
2.5-fold) at the basal level and examined the effects of upregulat-
ing CREB activity after memory performance and LTP.

Materials and Methods

Mice. Mice were housed in cages of five or six, maintained on a 12 h
light/dark schedule, and allowed ad libitum access to food and water in
their home cages. All experiments were conducted during the light phase
of the cycle in an illuminated testing room, according to the Guide for the
Care and Use of Laboratory Animals, Japan Neuroscience Society and To-
kyo University of Agriculture. All experiments were conducted blind to the
treatment condition of the mouse. Animal behavior was recorded using a
video camera.

Plasmid constructions. Full-length cDNA encoding rat CREB-Y134F was ob-
tained by PCR using Rous sarcoma virus (RSV)-CREB (kindly provided by M.
Montminy, Salk Institute, La Jolla, CA), as described previously (Kida et al.,
2002). To generate CREB-Y134F cDNA, two separate fragments of CREB-
Y134F ¢cDNA (nucleotides 1-390 and 391-1030) were amplified by PCR
using the following primers: 1/390 primers (sense, gggaagcttgecgecaccat-
gacgcgtagatctatgaccatggactctgga; antisense, gggggatcctctagaaaggattteecttegttt);
391/1030 primers (sense, gggaagctttctagaaggccttccttcaggaaaattttgaatga; anti-
sense, gggggatccacgcgtgaattcttaatctgacttgtggeagtaaaggtctttaagtgcttttagetee; the
point mutations are underlined). To generate CREB-DIEDML cDNA, two sep-
arate fragments of the CREB-DIEDML cDNA (nucleotides 1-408 and 409—
1030) were amplified by PCR using the following primers as previously described
(Hosoda et al., 2009): 1/408 primers (sense, gggaagcttgecgecaccatgacgegtagatc-
tatgaccatggactctgga; antisense, gggggatcccttaageatgtcttctatgtctgaaaggatttcec-
tteg); 409/1030 primers (sense, gggaagcttcttaagattttgaatgacttatct; antisense,
gggggatccacgegtgaattcttaatctgacttgtggeagtaaaggtctttaagtgcttttagetee; the
DIEDML sequences are underlined). The resulting PCR fragments were
subcloned into the HindIII-BamHI sites of pBluescript II (SK—) (Strat-
agene), generating pBS-CREB-Y134F and pBS-CREB-DIEDML. Fur-
thermore, these fragments were subcloned into the BglII-EcoRI sites of
the pEYFP-C1 vector (Clontech), generating pEYFP-CREB-Y134F and
pEYFP-CREB-DIEDML. To generate plasmids expressing GAL4-CREB-
Y134F or -DIEDML (pM-CREB-Y134F or CREB-DIEDML), fragments
of the CREB-Y134F and -DIEDML cDNA were amplified by PCR using
the primers (sense, gggggattcgaattcgtatgaccatggactctgga; antisense,
gggaagcttttaatctgacttgtgeca). These fragments were subcloned into the
HindIII-BamHTI sites of the pM vector (Clontech). pM-CREB-wild type
(WT), pM-CREB-S133A, pEYFP-CREB-WT, and pEYFP-CREB-S133A
were generated as described above.

The KIX domain of CBP and one copy of the nuclear localization
signal (nls) was amplified by PCR using RSV-human CBP (kindly
provided by R. H. Goodman, Oregon Health and Science University,
Portland, OR) as a template and the primers (sense, gggaagctttccg-

J. Neurosci., June 15,2011 - 31(24):8786 — 8802 * 8787

gaggcggeggaattcaaaacacaatt; antisense, ggggaatccttagecgtectecacctt-
gegcttettettgggeccttgagaaacctgeat). To generate a plasmid expressing
ECFP-KIXnls (pECFP-KIXnls), the resulting PCR fragment was sub-
cloned into the BspEI and BamHI sites of pECFP-C1 (Clontech).

To generate the plasmids expressing EYFP-CREB-WT, -S133A, -Y134F,
or -DIEDML and ECFP-KIXnls (pCKIXnls-YCREB-WT, -S133A, -Y134F,
or -DIEDML), the Mlul fragment containing the CMV promoter and the
coding region of EYFP-CREB-WT, -S133A, -Y134F, or -DIEDML was sub-
cloned into the Mlul site of pECFP-KIXnls. These expression plasmids
(pCKIXnls-YCREB-WT or -mutants) facilitate the expression of ECFP-
KIXnls and EYFP-CREB-WT or -mutants from a single vector.

To generate the constitutively active CaMKIV (1-317 nucleotide) ex-
pression plasmid (pCMV-acCaMKIV), ¢cDNA encoding acCaMKIV
(kindly provided by Dr. Anthony R. Means, Duke University, Durham,
NC) was amplified by PCR using the primers (sense, gggggtaccgccgecac-
catgacgcgtatgctcaaagtcacggtg; antisense, gggctcgagacgcgtttagagettctttt-
gagcggt). The resulting PCR fragment encoding CaMKIV was subcloned
into the KpnI-Xhol sites of pc-DNA3 (Invitrogen).

The GAL4-dependent luciferase reporter plasmid (pGAL4RE-Luc)
was generated as described previously (Iwamoto et al. 2005). The
B-galactosidase expression plasmid (pCMV-B-gal) and PKA catalytic
subunit expression plasmid (pCMV-PKA) were purchased from Clon-
tech or Stratagene, respectively.

Generation of transgenic mice. Mlul fragments encoding CREB mu-
tants from pBS-CREB-Y134F and CREB-DIEDML were ligated with an
Mlul fragment from pMM-403-CaMKIV (Fukushima et al., 2008), gen-
erating pMM-403-CREB-Y134F or -DIEDML, respectively. pMM-403-
CREB-Y134F and -DIEDML were digested with Sfil, and transgenic mice
were generated by injecting the purified insert into the pronuclei of
C57BL/6N zygotes. Transgenic founders were crossed with C57BL/6N
mice (Charles River Japan). Genotyping was performed as described
previously (Kida et al., 2002; Fukushima et al., 2008; Hasegawa et al.,
2009).

Biochemical experiments. Northern blotting using a **P-labeled SV40
poly(A) probe and in situ hybridization using a DIG-labeled SV40
poly(A) probe were performed as described previously (Kida et al., 2002;
Uchida et al., 2006). Hippocampal extracts were prepared as described
previously (Kida et al., 2002). The expression of the brain-derived neu-
rotrophic factor (BDNF) protein was assessed using an ELISA-Emax
Immunoassay System kit as indicated in the manufacturer’s protocol
(Promega). The BDNF expression levels in CREB mutant mice were
expressed as a ratio of WT mice. Western blotting, using a rabbit poly-
clonal anti-CREB antibody (1:1000; Cell Signaling Technology) and a
mouse monoclonal anti-a-tubulin antibody (1:1000; Santa Cruz Bio-
technology), was performed as described previously (Hosoda et al.,
2004). Equal protein loading was confirmed by reprobing with the anti-
a-tubulin antibody. For immunoprecipitation, nuclear extracts from the
hippocampus were prepared using a protocol described by Lubin et al.
(2005). Nuclear proteins were precleared with protein-G Sepharose
beads (50% slurry; GE Healthcare) at 4°C for 30 min. The beads were
collected by centrifugation, and the precleared extracts were incubated
with 3 ul of anti-CBP antibody (sc-369; Santa Cruz Biotechnology) at
4°C for 3 h. The precleared extracts were incubated with protein-G Sep-
harose beads at 4°C for 1 h. The beads were washed with TNE buffer (10
mwm Tris-HCI, pH 7.5, 0.25% NP-40, 150 mm NaCl, and 1 mm EDTA) and
collected by centrifugation. The beads were resuspended in an SDS-
PAGE loading buffer.

Behavioral experiments. Before the commencement of behavioral ex-
periments, the mice were individually handled for 2 min each day for 1
week. All experiments were performed blind to the group of subjects.
Individual mice were used for all experiments. We tested at each time
point using different groups of animals.

Contextual fear conditioning. Mice were trained and tested in condi-
tioning chambers (17.5 X 17.5 X 15 cm) fitted with a stainless steel grid
floor through which footshocks could be delivered as described previ-
ously (Suzuki et al., 2004; Fukushima et al., 2008). Training consisted of
placing the mice in the chamber and delivering an electrical footshock [2
s duration; 0.2 mA (see Fig. 5C), 0.4 mA (see Figs. 1G, 3C,D, 4G, 8A,C)]
148 s later. Mice were returned to the home cage 30 s after the final
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footshock. Memory was assessed at 5 or 30 min or at 2 or 24 h later by
calculating the percentage of time spent freezing during 5 min when
re-placed in the training context. Freezing behavior (defined as the
complete lack of movement, except for respiration) was measured
automatically as described previously (Anagnostaras et al., 2000).

For the contextual discrimination test, the mice were trained in the
conditioning chamber described above. The mice assigned to the CXT-
same (CXT-S) condition were tested in the same conditioning chamber
as in training. The mice in the CXT-different (CXT-D) condition were
tested in a different chamber (11 X 11 X 13 c¢cm), which was made of
smoked Plexiglas. For testing, the mice were assigned to a CXT-S or
CXT-D condition and tested for 1 d (short delay) or 28 d (long delay)
after fear conditioning. Mice were randomly assigned to the CXT or delay
conditions. Memory was assessed as the percentage of time the mice
spent freezing during 5 min.

Social recognition test. The social recognition test was performed as
described previously (Kogan et al., 2000; Fukushima et al., 2008). Adult
mice were placed into individual plastic cages in an experimental room
under dim light. The cages were identical to those in which mice were
normally housed (plastic, 30 X 17X 12 cm). After a period of 60 min, a
juvenile mouse was placed into a cage with a subject for a first-exposure
trial lasting 45 s (see Fig. 8T) or 1 min (see Fig. 6 A, C), 1.5 min (see Figs.
3A,5A,6E,G,8E,K), or 3 min (see Fig. 8 H,N,Q). The duration of social
investigation behavior exhibited by the adult mouse was determined with
a hand-held stopwatch. Social investigation was measured as described
previously (Thor and Holloway, 1982). Memory was reassessed at 5 min,
30 min, 2 h, 24 h, or 48 h later by recording the length of investigation
time exhibited by the subject to the same juvenile (second exposure). To
evaluate the differences of ability to form social memory between the
groups of mice, we calculated a recognition index, the ratio of the dura-
tion of the second and first investigation times. To examine effects of
protein synthesis inhibition on 2 h STM (see Fig. 6 E) and 24 h LTM (see
Fig. 6G), mice received a systemic injection of anisomycin (ANI; 150
mg/kg, i.p.) immediately after the first exposure. ANT (Wako) was dis-
solved in saline (pH adjusted to 7.0-7.4 with NaOH).

Morris water maze test. The Morris water maze test was performed as
described previously (Suzuki et al., 2004; Kim et al., 2011). Mice were
trained with two trials per day for 10 d. The mice were tested at approx-
imately the same time everyday. In the probe test at 24 h after 5and 10 d
of training, the platform was removed, and the mice were allowed to
swim for 60 s. We measured the time the mice spent in each quadrant.

Passive avoidance test. The passive avoidance test was performed as
described previously (Fukushima et al., 2008; Zhang et al., 2011). The
step-through passive avoidance apparatus (O’Hara & Co. Ltd.) consisted
of a box with separate light and dark compartments. During the training
sessions, each mouse was allowed to habituate to the light compartment
for 30 s, and the guillotine door was raised to allow access to the dark
compartment. As soon as the mice had entered the dark compartment,
the guillotine door was closed. After 5 s, a footshock (0.2 mA) was deliv-
ered for a total period of 2 s. Memory was assessed at 2 or 24 h later as the
crossover latency for the mice to enter into the dark compartment when
re-placed in the light compartment, as in training. The test ended if the
mice did not enter the shock chamber after 1200 s.

Surgery for drug microinfusion. Surgeries were performed as described
previously (Suzuki et al., 2008; Mamiya et al., 2009; Kim et al., 2011).
Under Nembutal anesthesia and using standard stereotaxic procedures,
stainless steel guide cannulae (22 gauge) were implanted into the dorsal
hippocampus (—1.8 mm, =1.8 mm, —1.9 mm). Mice were allowed to
recover for at least 1 week after surgery. After this, they were handled for
1 week before the commencement of contextual fear conditioning or
social recognition. BDNF (Promega), the BDNF inhibitor (K252a;
Wako), and the anti-BDNF antibody (AB1513P; Millipore) were dis-
solved in vehicle solution [artificial CSF (ACSF)]. Mice were trained as
described above and received intracranial injections of BDNF or K252a
before or after the training as indicated. Infusions into each brain region
(0.5 pl) were made at a rate of 0.25 ul/min. The injection cannula was left
in place for 2 min after the infusion.

Immunohistochemistry. Mice were contextual fear conditioned as de-
scribed above. The no-conditioned group [conditioned stimulus (CS)
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only] received a training session in the absence of footshocks. The c-fos-
positive cells were analyzed at 90 min after the training, as described
previously (Zhang et al., 2011), using a polyclonal rabbit primary anti-
body for anti-c-fos (1:5000, Ab-5; Calbiochem). Quantification of c-fos-
positive cells in sections (100 X 100 wm) of the amygdala (—1.22 and
—1.34 mm relative to bregma) and dorsal hippocampus (—1.46 and
—1.82 mm relative to bregma) were analyzed (Suzuki et al., 2008; Ma-
miya et al., 2009; Zhang et al., 2011). Data for the c-fos-positive cells in
each group were expressed as a percentage of the averaged values in the
no-conditioning WT control group (Kee et al., 2007).

Brain slice electrophysiology. Brain slice electrophysiology was per-
formed as described previously (Zhuo et al.,, 1999; Fukushima et al.,
2008). Coronal brain slices (300 um) containing the hippocampus from
6- to 8-week-old WT and Y134F mice were prepared using standard
methods (Zhao et al., 2005). Coronal brain slices were transferred to a
submerged recovery chamber with oxygenated (95% O, and 5% CO,)
ACSF containing (in mm) 124 NaCl, 2.5 KCI, 2 CaCl,, 2 MgSO,, 25
NaHCO;, 1 NaH,PO,, and 10 glucose at room temperature for at least
1 h. Whole-cell patch-clamp recordings were performed under visual
guidance using an Olympus microscope fitted with infrared differential
interference contrast optics (BX51WI; Olympus). EPSCs were recorded
from CA1 pyramidal neurons with an Axon 200B amplifier (Molecular
Devices), and stimulations were delivered by a bipolar tungsten stimu-
lating electrode placed in the striatum radium. EPSCs were induced by
repetitive stimulations at 0.02 Hz, and neurons were voltage clamped at
—70 mV. The recording pipettes (3-5 M()) were filled with a solution
containing (in mm) 145 K-gluconate, 5 NaCl, 1 MgCl,, 0.2 EGTA, 10
HEPES, 2 Mg-ATP, and 0.1 Na;-GTP (adjusted to pH 7.2 with KOH).
The induction protocol (referred to as the spike-timing protocol) for
LTP involved three paired presynaptic stimuli that caused three EPSPs
(10 ms ahead) with three postsynaptic action potentials (APs) at 30 Hz,
paired 15 times every 5 s. The NMDA receptor-mediated component of
EPSCs was pharmacologically isolated in ACSF containing CNQX (20
uM) and picrotoxin (100 um). The patch electrodes for measuring
NMDA receptor-mediated EPSCs contained (in mm) 102 CsMeSOs;, 5
tetraethylammonium (TEA) chloride, 3.7 NaCl, 11 BAPTA, 0.2 EGTA,
20 HEPES, 2 MgATP, 0.3 NaGTP, and 5 QX-314 Cl (adjusted to pH 7.2
with CsOH). Neurons were voltage clamped at —30 mV, and NMDA
receptor-mediated EPSCs were evoked at 0.05 Hz. Picrotoxin (100 um)
was always present to block GABA, receptor-mediated inhibitory cur-
rents. Access resistance was 15-30 M{) and was monitored throughout
the experiment. Data were discarded if access resistance changed >15%
during an experiment.

For hippocampal field recording, male WT and CREB-Y134F-C mice
at 8—10 weeks of age were anesthetized with inhaled halothane. Trans-
verse slices of hippocampus (350 um) were rapidly prepared and main-
tained in an interface chamber at 28°C, where they were subfused with
ACSF consisting of (in mm) 124 NaCl, 4.4 KCl, 1 NaH,PO,, 1 MgSO,, 1.6
CaCl,, 25 NaHCOj;, 10 glucose, and 25 sucrose, bubbled with 95% O,
and 5% CO,. The protocol of electrical stimulation and recordings has
been described previously (Zhuo et al., 1999). Slices were kept in the
recording chamber for at least 2 h before the experiments. A bipolar
tungsten stimulating electrode was placed in the Schaffer collateral—
commissural fibers, and extracellular field potentials were also recorded
in the stratum radiatum using a glass microelectrode (3—-12 M(), filled
with ACSF). For LTP recording, stable field EPSPs (fEPSPs) were evoked
by adjusting stimulation intensity so that a half-maximal fEPSP was elic-
ited. Test responses were elicited at 0.02 Hz. LTP was induced using
high-frequency stimulation (four 100 Hz, 1 s trains at 5 min intervals).
Data were collected by Clampex 5.0 and analyzed using the pClamp 9.2
software. Data were normalized with respect to the mean values of the
responses in the baseline period. For the statistical comparison of LTP in
WT and CREB Y134F-C mice, data were calculated from 0 to 180 min
after LTP induction.

Cell culture experiments. COS-1 and PC12 cells were maintained and
transiently transfected as described previously (Hosoda et al., 2004, 2009;
Iwamoto etal., 2005). Luciferase and 3-galactosidase activities were mea-
sured as described previously (Hosoda et al., 2004, 2009; Iwamoto et al.,
2005). All reporter assays were performed in triplicate in three indepen-
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dent experiments. For the luciferase reporter assay, PC12 cells grown in
24-well plates were transiently transfected with pGAL4-Luc (100 ng) and
pCMV-B gal (50 ng) with or without pM-CREB-WT, pM-CREB-Y134F,
or pM-CREB-DIEDML (50 ng). pCMV-B-gal was cotransfected as a
control for transfection efficiency. For the fluorescence resonance energy
transfer (FRET)-based acceptor bleaching test, COS-1 cells grown in a 35
mm glass-bottom culture dish (MatTek) were transiently transfected
with pCKIXnls-YCREB-WT, pCKIXnls-YCREB-S133A, or pCKIXnls-
YCREB-Y134F (1000 ng) with or without pCMV-PKA or pCMV-
acCaMKIV (100 ng). For the FRET-based real-time imaging, PC12 cells
in a 35 mm glass-bottom culture dish were transiently transfected with
pCKIXnls-YCREB-WT or pCKIXnls-YCREB-Y134F (1000 ng). The
empty vector (pcDNA3) was used to standardize the total amount of
transfected DNA. Solutions of forskolin (FSK) and ionomycin (Wako)
were prepared in DMSO at 1 or 0.5 mM, respectively. Forty-eight hours
after the transfection, imaging analyses were performed. Cells were im-
aged on an inverted microscope (IX-70; Olympus) with a cooled CCD
camera and a w-view system (Hamamatsu Photonics) controlled by
AUQACOSMOS software (Hamamatsu Photonics). We used a FRET
filter set [excitation filter for cyan fluorescent protein (CFP), 440DF21;
excitation filter for yellow fluorescent protein (YFP), 500AF25; emission
filter for CFP, 480DF30; emission filter for YFP, 535DF25; dichroic mir-
ror, 455DRLP] from Omega Optical for fluorescence imaging. For real-
time imaging, the emission ratio (535 nm/480 nm) with excitation at 440
nm was measured. For the acceptor bleaching test, we used a 540AF30
filter (Omega Optical) for the photobleaching of YFP. Transfected cells
were illuminated for 60 s without neutral density filters. FRET efficiency
(E) is given by E = 1 — (Fda/Fd). Fd and Fda show the donor emission
intensity before and after photobleaching, respectively. Each value rep-
resents the mean * SD.

Data analysis. Data were analyzed with ANOVA. One-way or two-way
ANOVA followed by post hoc Newman—Keuls and post hoc Bonferroni’s
comparisons, respectively, were used to analyze the effects of groups,
genotypes, times, treatments, and drugs. All values in the text and figure
legends represent mean * SEM. A paired ¢ test was used to analyze
differences of social investigation times within each group between first
and second exposures in the social recognition test and to analyze differ-
ences of time spend in the target quadrant (TQ) compared with the other
quadrants in Morris water maze test.

Results

Generation of CREB-Y134F expression mice

To generate transgenic mice expressing a dominant active CREB
mutant, we used the CREB-Y134F mutant that displays a higher
affinity with PKA compared with WT-CREB (Du et al., 2000).
We first analyzed the function of CREB-Y134F in vitro using
cultured cells. Two-way ANOVA followed by a post hoc Bonfer-
roni’s test revealed significant effects of mutation (WT-CREB
and Y134F) and drug (0,0.1, and 1 um) (FSK: mutation, F(, ,,, =
11.897, p < 0.05; drug, Fe 1) = 29.243, p < 0.055 ionomycin:
mutation, F; 1,y = 29.844, p < 0.05; drug, F, ,,) = 22.41,p <
0.05). Consistent with a previous report, weak activation of PKA
by the application of a low dose of FSK (0.1 um) is sufficient to
fully activate transcription by CREB-Y134F (Y134F vs WT, p <
0.05), whereas strong activation of PKA by the application of a
high dose of FSK (1 uMm) is required for WT-CREB (Y134F vs WT,
p > 0.05) (Fig. 1A). CREB-Y134F also displayed significantly
higher transcriptional activation compared with WT-CREB in
response to activation of the Ca** signal transduction pathway
by the application of ionomycin (Y134F vs WT, 0.1 uM, p < 0.05;
1 uM, p < 0.05) (Fig. 1A). We next compared the ability of Y134F
and WT-CREB to form complexes with the transcriptional co-
activator CBP using a FRET-based assay. We measured FRET
efficiency using the acceptor bleaching approach in COS-1 cells
transiently expressing YFP fused with CREB, CREB-S133A (a
dominant-negative mutant of CREB), or CREB-Y134F (YFP-
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CREBs), and CFP fused with KIX, a domain of CBP that interacts
with CREB (CFP-KIX). Two-way ANOVA followed by a post hoc
Bonferroni’s test revealed significant effects of mutation and en-
zyme expression (PKA or CaMKIV) (PKA: mutation, F; ;43 =
10.306, p < 0.05; enzyme, F(; 143, = 13.156, p < 0.05; CaMKIV:
mutation, F(, 73y = 16.515, p < 0.05; enzyme, F, ;75 = 22.908,
p < 0.05). CREB-Y134F formed more complexes with CBP com-
pared with WT-CREB, with and without the overexpression of
the catalytic subunit of PKA (p < 0.05) or a dominant active
mutant of CaMKIV (acCaMKIV; p < 0.05), whereas CREB-
S133A failed to form a complex with KIX (p > 0.05) (Fig. 1B).
Furthermore, real-time image monitoring of the interaction be-
tween CREB and KIX in PC12 cells revealed that weak activation
of PKA by the application of a low dose of FSK is sufficient to
induce the formation of a complex between CREB-Y134F and
KIX (Fig. 1C). These in vitro observations indicate that CREB-
Y134F functions as an active CREB mutant that exhibits a higher
sensitivity to the activation of upstream signal transduction com-
pared with WT-CREB.

We next constructed a transgene that contained an a«CaMKII
promoter, a hybrid intron in the 5" untranslated leader, the cod-
ing region of CREB-Y134F fused with the Flag tag sequence at the
N terminus, and a polyadenylation signal (Fig. 1D). The
aCaMKII promoter exhibits strong activity in regions of the fore-
brain including the hippocampus, cortex, and amygdala (May-
ford et al,, 1996; Kida et al., 2002; Fukushima et al., 2008;
Hasegawa et al., 2009). In the present study, we generated two
lines of CREB-Y134F transgenic mice and performed expression
analyses. Northern blot analysis, using a specific probe for the
transgene mRNA, showed that a transgene transcript was ex-
pressed in two lines and that transgenic line C (Y134F-C) mice
display higher expression of transgene mRNA than line A
(Y134F-A) mice (Fig. 1 E). Consistent with this, in situ hybridiza-
tion analyses revealed the expression of transgene mRNA in the
CA1, CA3, and dentate gyrus of the hippocampal and cortical
regions in both transgenic lines (Fig. 1 F).

To examine the effects of CREB-Y134F expression in the fore-
brain, we analyzed the expression levels of the CREB target gene
c-fos (Sheng et al., 1991) in the CAl region of the hippocampus
and amygdala after fear conditioning (Fig. 1G,H ). We performed
contextual fear conditioning, a form of associative memory be-
tween a context (CS) and an aversive stimulus [unconditioned
stimulus (US)]. Transgenic mice and WT littermates were
trained with a footshock (0.4 mA; CS-US) or no footshock (CS
only), and the level of c-fos expression was assessed 90 min
after conditioning using immunohistochemistry. Two-way
ANOVA followed by a post hoc Bonferroni’s test revealed sig-
nificant effects of genotype [Y134F-A (A) or -C (C) vs WT] and
conditioning (A: CA1, genotype, F(, 59, = 20.014, p < 0.05; con-
ditioning, F(,,y = 22.446, p < 0.05; amygdala, genotype,
F(129) = 14.452, p < 0.05; conditioning, F, gy = 35.146, p <
0.05; C: CAL, genotype, F(; 55, = 36.42, p < 0.05; conditioning,
Fi 50) = 12.834, p < 0.05; amygdala, genotype, F, 5o, = 28.494,
P < 0.05; conditioning, F(, 55y = 16.199, p < 0.05). The expres-
sion of c-fos in the CAl region and amygdala was significantly
higher in conditioned WT and Y134F mice compared with un-
conditioned WT and Y134F mice (p < 0.05), suggesting that
contextual fear learning was associated with increased levels of
c-fos in the CA1 region of the hippocampus and in the amygdala.
However, these results could not exclude the possibility that
CREB-mediated expression is activated by a footshock but not in
response to learning. More importantly, Y134F-A and -C mice
displayed significantly higher c-fos expression levels in the CA1
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region and amygdala with or without contextual fear condi-
tioning in a dose-dependent manner of transgene expression
compared with WT mice (p < 0.05). These results suggest that
the expression of CREB-Y134F was reflected by an increased
level of CREB-mediated gene expression.

Consistently, the basal levels of c-fos expression in the hip-
pocampus and the amygdala (without any treatment) were sig-
nificantly greater in Y134F-A and -C mice compared with WT
littermates in a dose-dependent manner of transgene expression
(Fig. 11).

Basal synaptic transmission and LTP in the hippocampus of
CREB-Y134F expression mice

Itis predicted that the expression of CREB-Y134F leads to changes in
synaptic plasticity. To study the properties of synaptic transmission,
we performed whole-cell patch-clamp recordings in the CA1 region
of hippocampal slices using Y134F-C mice that display higher trans-
gene expression compared with Y134F-A transgenic mice. We ex-
amined the input—output relationships of AMPA receptor- and
NMDA receptor-mediated EPSCs evoked by various stimulus inten-
sities. To record the AMPA receptor-mediated EPSCs, we applied 50
uM AP-5 in the recording solution. The input—output relationships
of the AMPA receptor-mediated EPSCs in Y134F-C mice was com-
parable to that of WT mice (Fig. 2A). Next, we examined the NMDA
receptor-mediated EPSCs in the presence of 20 um CNQX. There
was no difference in the NMDA receptor-mediated EPSCs between
WT and Y134F-C mice (Fig. 2B). Similarly, no differences were
found in the current—voltage relationship of EPSCs mediated by
either the AMPA or NMDA receptors between WT and Y134F-C
mice [AMPA [-V relationship (Fig. 2C), NMDA [-V relationship
(Fig.2D)].

Next, we examined paired-pulse facilitation, a simple form of
synaptic plasticity; however, we observed no differences between
WT and Y134F-C mice (Fig. 2E). We also measured miniature
EPSCs in the presence of 1 uM tetrodotoxin. We found no signif-
icant difference in the frequency (0.4 = 0.1 vs 0.4 = 0.1 Hz; ¢ test,
p > 0.05), amplitude (8.8 = 0.7 vs 8.8 £ 0.9 pA; t test, p > 0.05),
rise time (10-90% of peak amplitude: 2.2 * 0.1 vs 2.4 * 0.2 ms;
ttest, p > 0.05), or decay time (90—37% of peak amplitude: 9.0 =
0.4 vs 10.2 * 0.4 ms; ¢ test, p > 0.05) between WT and Y134F-C
mice (Fig. 2F). These results suggest that basal synaptic transmis-
sion is not altered by the expression of CREB-Y134F.

We also examined whether the expression of CREB-Y134F
affected synaptic potentiation. LTP was induced using three pre-
synaptic stimuli that caused three EPSPs (10 ms ahead) with three
postsynaptic APs at 30 Hz, paired 15 times every 5 s (the EPSP-AP
protocol) (Zhao et al., 2005). LTP was induced within 12 min
after establishing the whole-cell configuration to avoid the wash-
out of intracellular contents that are critical for the establishment
of synaptic plasticity (Tsvetkov et al., 2002; Zhao et al., 2005).
LTP was induced using the EPSP-AP protocol resulting in a sig-
nificant, long-lasting synaptic potentiation in slices from WT
mice (169.6 = 11.8% at 25-30 min after LTP induction; ttest, p <
0.05 compared with the baseline responses before the induction).
The same protocol also induced LTP in Y134F-C mice (240.5 =
29.2% at 25-30 min after LTP induction; ¢ test, p < 0.05 com-
pared with the baseline responses) (Fig. 2G) and in Y134F-A mice
that express the transgene at a lower level than the Y134F-C mice
(170.7 £ 12.4% at 25-30 min after LTP induction; ¢ test, p < 0.05
compared with the baseline responses) (Fig. 2 H). The magnitude
of synaptic potentiation in Y134F-C mice was significantly
greater at 25-30 min after LTP induction than those of WT mice
(WT, 170.7 = 12.4% of baseline; Y134F-C, 240.5 = 29.2%; one-
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way ANOVA, p < 0.05) (Fig. 2G), and there was no significant
difference in the magnitude of synaptic potentiation between WT
and Y134F-A mice (one-way ANOVA, p > 0.05) (Fig. 2 H). These
results indicate that the expression of CREB-Y134F led to signif-
icant enhancement of synaptic potentiation in CA1 hippocampal
neurons in a dose-related manner of transgene expression.

To further investigate the contribution of CREB to late-phase
LTP (L-LTP) in the hippocampus, we have also performed field
recordings of L-LTP in the CA1 region of the hippocampus using
interface slice recording. As reported previously (Zhuo et al.,
1999), L-LTP was induced by applying four trains of tetanic stim-
ulation (100 Hz for 1 s) delivered at a 5 min interval. Consistently,
we found that L-LTP measured at 0—180 min after the induction
was significantly enhanced in hippocampal slices in Y134F-C
mice compared with those in WT littermates (WT, 179.8 & 2.3%
of baseline; Y134F-C, 279.3 = 2.2%; one-way ANOVA, p < 0.05)
(Fig. 21). These results indicate that enhancement of CREB activ-
ity contributes to increases in hippocampal L-LTP.

Expression of CREB-Y134F enhances memory formation

To examine the effects of expressing CREB-Y134F in the fore-
brain on learning and memory, we performed aversive and nona-
versive memory tasks using transgenic mice and WT littermates.
In these memory tests, the mice were trained using weak proto-
cols that would increase the likelihood of observing enhanced
memory formation in Y134F mice (Fukushima et al., 2008).

We first performed the social recognition test to examine the
ability to form nonaversive social memory using Y134F and WT
male littermates (Fig. 3 A, B). This task measures the difference in
time taken to investigate a juvenile male mouse by comparing
between the first and second exposures for 1.5 min. The second
exposure was performed at 30 min, 2 h, or 24 h after the first
exposure. We assessed the recognition index (the ratio of the
second investigation time relative to the first investigation time).
To clarify effects of genotype (WT and Y134F-A and -C), we
performed one-way ANOVAs with genotype at each time point.
We observed effects of genotype when memory was tested 2 and
24 h, but not 30 min, after training (2 h, F(, 4,y = 4.398, p < 0.05;
24h, Fpp 41y = 5.737, p < 0.05; 30 min, F, 55, = 0.105, p > 0.05).
The post hoc Newman—Keuls test revealed that Y134F-A and -C
mice showed significantly better recognition indices of 24 h LTM
(p <0.05) but showed comparable recognition indices for 30 min
STM (p > 0.05), compared with WT mice. These observations
indicated that Y134F mice displayed comparable 30 min STM
but enhanced 24 h LTM compared with WT mice. Impor-
tantly, the Y134F-C mice display a better recognition index at
24 h compared with Y134F-A mice although this difference
was not statistically significant, suggesting that Y134F mice
displayed enhanced LTM in a dose-dependent manner of
transgene expression.

More interestingly, Y134F-C mice (p < 0.05), but not Y134F-A
mice (p > 0.05), exhibited a significantly better recognition index for
2 h STM compared with WT mice, indicating that Y134F-C but not
Y134F-A mice displayed an enhanced 2 h STM. Importantly, the
Y134F-A mice display a better and worse recognition index at 2 h
compared wit WT or Y134F-C mice, respectively, although these
differences were not statistically significant, indicating that Y134F-C
mice are different from WT but Y134F-A mice are not. Thus, these
observations indicate that the Y134F-A mice display enhanced LTM,
whereas Y134F-C mice, with higher transgene expression than
Y134F-A mice, display enhanced STM and LTM.

Consistently, comparisons of the investigation times con-
firmed these observations (Fig. 3B); Y134F mice formed 30 min
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Figure2. Enhanced LTP in the hippocampal CA1 neurons of CREB-Y134F mice. A, Input—output relationship of the AMPA receptor-mediated EPSCs. B, Input— output relationship of
the NMDA receptor-mediated EPSCs. €, Current—voltage relationship of EPSCs mediated by the AMPA receptor. D, Current—voltage relationship of EPSCs mediated by the NMDA receptor.
E, Paired-pulse facilitation. F, Miniature EPSCs in the presence of T um tetrodotoxin. G, H, LTP was induced by three presynaptic stimuli that caused three EPSPs (10 ms ahead) with three
postsynaptic APs at 30 Hz, paired 15 times every 5 s (EPSP—AP protocol). The insets show averages of six EPSCs at baseline response (a) and 25-30 min after induction of LTP (b).
Normalized EPSCamplitudes at 25—-30 min after LTP induction (bar graph) are shown. G, Y134F-C. H, Y134F-A. I, L-LTP induced by high-frequency stimulation [4 X 100 Hz, 1 s trains at
5minintervals]in hippocampalslices. Inset, representative fEPSP traces before and 180 min after stimulation. Normalized fEPSCamplitudes at 0 —180 min after LTP induction (bar graph)
are shown. WT,n = 5-8 (A-1); A,n =7 (H); (,n = 5-8 (A-G, I). Error bars represent SEM. *p < 0.05.



Suzuki et al. @ Enhancement of LTM and STM by Upregulated CREB

B 30 min

—gao OFirst M Second

24 hrs

30 min

Recognition index
o o
o ik &

wT

2hrs

J. Neurosci., June 15,2011 - 31(24):8786 — 8802 * 8793

memories than WT mice, we compared
the ability in context fear discrimination
between Y134F-C and WT mice (Fig. 3D).
Mice were conditioned in the contextual
chamber A (training context). Behavioral
freezing 1 d or 1 month after conditioning
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n =14, (,n = 12) totals. *p < 0.05. Error bars represent SEM.

and 2 h STM and LTM, whereas WT mice formed only STMs but
not LTMs.

We next performed the contextual fear-conditioning task to
examine the ability to form aversive memories (Fig. 3C). Mice
were trained with a single footshock (0.4 mA), and behavioral
freezing was assessed at 30 min, 2 h, or 24 h after training. Con-
sistent with the results of the social recognition experiment, one-
way ANOVAs with genotype revealed effects of genotype at 2 and
24 h, but not 30 min (2 h, F,,, = 5.027, p < 0.05; 24 h,
Fip.56) = 4.898, p < 0.05; 30 min, F(, 45, = 0.566, p > 0.05). The
post hoc Newman—Keuls test revealed that Y134F-A and -C mice
displayed enhanced 24 h LTM (p < 0.05) and normal 30 min
STM (p > 0.05) compared with WT mice. Moreover, Y134F-C
mice showed enhanced 2 h STM compared with WT and
Y134F-A mice (p < 0.05), whereas Y134F-A mice showed com-
parable 2 h STM compared with WT mice. These observations
confirmed our results that Y134F-C mice exhibit enhanced 2 h
STM and LTM, whereas Y134F-A mice exhibit only enhanced
LTM. However, we could not exclude the possibility that
Y134F-A mice also show enhanced STM in other experimental
conditions such as stronger training protocols. Importantly,
Y134F mice displayed normal pain sensitivity (data not shown).

To further examine whether CREB-Y134F mice form stronger
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Expression of CREB-Y134F enhances memory formation. A, B, Social recognition test. A, Recognition index.
*p < 0.05. B, Investigation time. Thirty minutes or 2 h after the first exposure, WT and Y134F mice showed a significant
reduction in investigation time (a paired t test, p << 0.05). In contrast, at 24 h after the first exposure, Y134F, but not WT,
mice showed a significant reduction in investigation time (WT, p > 0.05; A and C, p < 0.05). *p < 0.05, compared with
the first exposure. Data show 30 min STM (WT,n = 13; A,n = 14;C,n = 13),2h STM(WT,n = 25;A,n = 11;(,n = 11),
and 24 h LTM (WT, n = 24; A,n = 8; (,n = 12). C, Contextual fear-conditioning test. Data show 30 min STM (WT, n = 22;
An=12;C,n=15),2hSTM(WT,n = 18;A,n = 11;(,n = 14),and 24 h LTM (WT,n = 44;A,n =17;(,n = 20).*p <
0.05. D, Contextual discrimination test. Data show 1d (WT-CXT-S, n = 10; WT-CXT-D, n = 11; Y134F-C-CXT-S, n = 13;
Y134F-C-CXT-D, n = 12) or 1 month (WT-CXT-S, n = 18; WT-CXT-D, n = 10; Y134F-C-CXT-S, n = 17; Y134F-C-CXT-D,n =
12) totals. *p < 0.05. E-G, Morris water maze test. WT,n = 22; A,n = 12; (,n = 17.*p < 0.05, compared with the other
three quadrants (a paired t test); “p < 0.05. H, Passive avoidance test. Data show 2 h (WT,n = 13;C,n = 13)and 24 h (WT,

was assessed in the training context or a
novel environment (novel chamber).
Three-way ANOVA revealed significant
genotype (WT vs Y134F-C) X time point
(1 d vs 1 month) interaction (F, o5y =
4.408, p < 0.05) and genotype X context
(training chamber vs novel environment)
interaction (F, 45y = 13.198, p < 0.05).
To further clarify the time point X con-
text interaction, we performed ANOVAs
on WT mice and Y134F-C mice, respec-
tively, and observed significant time
point X context interactions in WT mice
but not Y134-F mice (WT, F, ;5, = 4.947,
p < 0.05; Y134F-C, F,, 5, = 0.477 p >
0.05). Consistent with previous findings
(Frankland et al., 1998; Wiltgen and Silva,
2007; Winocur et al., 2007), a post hoc
Bonferroni’s test revealed that WT mice
displayed an impaired contextual dis-
crimination when the memory was re-
mote but not recent; conditioned freezing
levels were significantly greater in the
training context than in the novel envi-
ronment (p < 0.05) when tested 1 d after
the training, whereas these were similar in
both contexts when tested 1 month after
training (p > 0.05). In contrast, Y134F-C
mice maintained the contextual discrimi-
nation of the training context and a novel
environment; their conditioned freezing
levels were greater in the training context
than in the novel environment at both
time points (p < 0.05). Importantly,
Y134F-C mice froze significantly more often in the training con-
text but not in the novel environment compared with WT mice at
both time points (p < 0.05), confirming the observations in Fig-
ure 3C that Y134F-C mice display enhanced contextual fear
memories. Thus, these observations indicated that Y134F-C mice
form more precise contextual memories compared with WT
mice.

We also performed the Morris water maze task to assess the
formation of spatial memory (Fig. 3E-G). In this test, animals
learned to escape to a hidden platform in a swimming pool using
spatial cues located around the pool. WT and Y134F-A and -C
mice were trained with two trials per day for 10 d (at 1 min
intervals). Two-way repeated-measure ANOVA with genotype
(WT and Y134F-A and -C) and time (days 1-10) revealed signif-
icant effects of time and genotype (time, Fg 43,y = 96.909, p <
0.05; genotype, F(, 435y = 5.232, p < 0.05). All groups of mice
improved their performance as indicated by the decreasing es-
cape latencies to find the platform over successive days. To fur-
ther clarify effects of genotype, we performed two-way ANOVAs
with genotype (WT vs Y134F-A or -C) and time. Significant ef-
fects of genotype and time X genotype interactions were ob-
served between WT and Y134F-C mice, but not between WT and
Y134F-A mice (genotype, WT vs Y134F-A, F(, 5,, = 3.103, p >

= »

Discrimination index
)

ORTL ORTL ORTL
WT  Y134F-A Y134F-C
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0.05; WT vs Y134F-C, F(, 37y = 10.26, p < 0.05; genotype vs time,
WT vs Y134F-A, F( g = 1.793, p > 0.05 WT vs Y134F-C,
F(1.333) = 1.966, p < 0.05). These results indicated that Y134F-C
mice displayed significantly superior performance during train-
ing. To measure the formation of spatial memory, spatial mem-
ory was evaluated in probe tests at 6 and 11 d after training for 5
and 10 d, respectively. In the probe trials, mice were allowed to
swim for 60 s, and the time spent in each quadrant of the pool was
scored. In probe test 1, x? test revealed no significant differences
in time spent in four quadrants in all groups (WT and Y134F-A
and -C, p > 0.05), suggesting that all groups displayed no prefer-
ence for the TQ. However, planned comparisons using a paired ¢
test revealed that Y134-A and -C mice displayed significantly
more time spent in the TQ compared with all of the other quad-
rants [TQ vs opposite (OP), adjacent right (AR), and adjacent left
(AL); paired ¢ test, p < 0.05] but WT mice did not. Together,
these observations suggest that Y134F-A and -C mice formed
spatial memory faster than WT mice. In probe test 2, x” test
revealed significant differences in time spent in the four quad-
rants in Y134F-C mice but not WT and Y134F-A mice (WT, p >
0.05; Y134F-A, p > 0.05; Y134F-C, p < 0.05), suggesting that
Y134F-C mice displayed a preference for the TQ but WT and
Y134F-A mice did not. Additionally, planned comparisons using
a paired f test revealed that all groups spent time significantly in
the TQ compared with all of the other quadrants (TQ vs OP, AR
or AL; paired ¢ test, p < 0.05), suggesting that all groups formed
spatial memory. Furthermore, Y134F-C mice showed signifi-
cantly more time spent in the TQ compared with WT mice (one-
way ANOVA, F( 5, = 6.617, p < 0.05). Together, these
observations indicated that Y134F-C mice displayed enhanced
spatial memory. Thus, Y134F-A and -C mice revealed enhanced
spatial memory formation in a dose-related manner of transgene
expression compared with WT mice.

Furthermore, we also performed a passive avoidance task and
observed enhanced 2h STM and 24 h LTM in Y134F-C mice (Fig.
3H). There were no significant differences in crossover latency
observed across the groups during training. In contrast, one-way
ANOVA revealed significant effects of genotype (2 h, F(, 5¢) =
4.251; 24 h, F; 57y = 5.678, p < 0.05). Consistently, Y134F-C
mice exhibited significantly higher crossover latency at2 and 24 h
after the training compared with WT mice (p < 0.05).

Our observations in Figure 3 indicate that the expression of
CREB-Y134F in the forebrain improves the formation of LTM.
Interestingly, the results from Y134F-C mice suggest that the
higher expression of CREB-Y134F enhances STM and LTM.

Expression of CREB-DIEDML enhances STM and LTM

The CREB-DIEDML mutant contains mutations of a 6 amino
acid cluster that enables it to constitutively interact with CBP
(Cardinaux et al., 2000). Our in vitro analyses using cultured cells
showed that CREB-DIEDML induced a higher level of CREB-
meditated transcription at the basal condition and formed more
complexes with CBP compared with CREB-Y134F and WT-
CREB (Fig. 4 A, B). To further investigate the effects of upregulat-
ing CREB activity on STM and LTM, we generated transgenic
mice expressing CREB-DIEDML in the forebrain under the con-
trol of the «CaMKII promoter (Fig. 4C). Two lines (« and ) of
CREB-DIEDML mutant mice displayed comparable transgene
expression levels in the forebrain (Fig. 4D, E). Importantly, the
results of Western blotting using an anti-CREB antibody showed
that both transgenic lines displayed higher total CREB levels
compared with Y134F mice (Fig. 4F). To examine the effects of
CREB-DIEDML expression at the molecular level, we analyzed
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the expression levels of c-fos after contextual fear conditioning
using the same procedure as in Figure 1 (Fig. 4G,H). Two-way
ANOVA identified significant effects of genotype (DIEDML-« or
-Bvs WT) and conditioning (o, CA1, genotype, F(, ,5) = 31.568,
p < 0.05; conditioning, F, ,5y = 11.505, p < 0.05; amygdala,
genotype, F(,,5) = 16.236, p < 0.05; conditioning, F, ,5y =
10.235, p < 0.05; B, CA1, genotype, F(, ,,) = 33.85; conditioning,
F(1 22y = 14.054, p < 0.05; amygdala, genotype, F, ,,) = 42.95,
p < 0.05; conditioning, F(, ,,) = 15.476, p < 0.05). DIEDML-«
and -B mice revealed significantly higher c-fos expression levels in
the hippocampal CA1 and amygdala with or without contextual
fear conditioning compared with WT mice (p < 0.05), suggesting
that expression of CREB-DIEDML contributes to the upregula-
tion of CREB activity in the forebrain. Importantly, coimmuno-
precipitation of hippocampal nuclear extracts with an anti-CBP
antibody showed that DIEDML mice formed more complexes
between CREB and CBP in the hippocampus compared with WT
mice (Fig. 4I-K). These observations suggested that the upregu-
lation of CREB-mediated gene expression in DIEDML mice re-
flects the increased formation of CREB—CBP complexes after the
expression of CREB-DIEDML.

We then performed behavioral experiments using these
transgenic mice. In social recognition paradigms, we observed
similar results for DIEDML mice with those of Y134F-C mice
(Fig. 5A,B). We measured 5 min STM because our pilot ex-
periment suggested that DIEDML mice displayed enhance-
ment of 30 min STM. One-way ANOVAs with genotype
revealed effects of genotype at 30 min, 2 h, and 24 h but not at
5 min (30 min, F, 65 = 11.564, p < 0.05; 2 h, F(, 4, = 5.327,
P <0.05;24 h, Fy 105, = 8.972, p < 0.05; 5 min, F(, 4, = 0.031,
p > 0.05). DIEDML-a and -3 mice showed enhanced 2 h STM
and 24 h LTM (p < 0.05) and normal 5 min STM (p > 0.05)
compared with WT mice. However, in contrast to the results for
Y134F-C mice, DIEDML-« and -3 mice also displayed enhanced
30 min STM compared with WT mice (p < 0.05).

Consistent with these observations, in contextual fear-
conditioning paradigms (Fig. 5C), one-way ANOV As with genotype
revealed effects of genotype at 30 min, 2 h, and 24 h but not at 5 min
(30 min, F, ), = 4492, p < 0.05; 2 h, F5 5 = 5.257, p < 0.05; 24 h,
Fous = 6039, p < 0.05 5 min, Fge = 0242, p > 0.05).
DIEDML-« and -3 mice revealed normal 5 min STM (p > 0.05)
but revealed enhanced 30 min and 2 h STMs and 24 h LTM (p <
0.05). Importantly, DIEDML mice displayed normal pain sensi-
tivity (data not shown). These results confirmed and extended
our observations that the upregulation of CREB activity leads to
the enhancement of STM and LTM, even 30 min STM.

Dissociation of the mechanisms for the enhancement of STM
and LTM in active CREB mice

We observed the enhancement of STM and LTM in three lines of
active CREB mutant mice (Y134F-C and DIEDML-a and -f3). To
determine whether the mechanisms for the enhancement of STM
and LTM are dissociable, we performed social recognition para-
digms using a weaker training protocol than shown in Figures 3
and 5 (Fig. 6A-D). Y134F-C, DIEDML-f3, and WT male mice
were exposed to juvenile male mice twice for 1 min, but not 1.5
min, for the short (2 h or 30 min, respectively) and long (24 h)
interval. In contrast to the results shown in Figures 3 and 5,
two-way ANOVA between the active CREB mutants and WT
mice revealed significant time point (30 min or 2 h STM vs
LTM) X genotype (Y134F-C or DIEDML-S vs WT) interactions
(C,2h STM vs LTM, F; 54y = 9.772, p < 0.05; 8, 30 min STM vs
LTM, F, 55, = 14.475, p < 0.05). Y134F-C and DIEDML- mice
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Figure 4.  Generation of CREB-DIEDML expression mice. 4, Activation of CREB-mediated transcription in PC12 cells. Luc., luciferase. B, CREB—CBP (KIX) complex formation in COS-1 cells in the

acceptor bleaching test. We analyzed 52— 65 cellsin each group. (, Schematic representation of the CREB-DIEDML transgenic construct. D, Northern blot analysis of the transgene in the hippocampus
and cortex of WT mice, DIEDML-« (), and DIEDML- (B) mice. The SV40 poly(A) probe detected transgenic mRNA of 2.5 kb. E, In situ hybridization analyses of transgene mRNA expression in
DIEDML-cx, DIEDML-3, and WT mice. The SV40 poly(A) probe detected transgene mRNA in the forebrain of DIEDML-« and - 3 mice. Scale bar, 500 m. F, Levels of total CREB in the hippocampus.
Active CREB mice displayed higher levels of total CREB compared with WT mice. G, Immunohistochemical analyses of c-fos expression after fear conditioning. Scale bar, 100 pem. H, Quantification
of the number of c-fos-positive cells after contextual fear conditioning in WT, DIEDML-cx, and DIEDML- B mice. Data for the conditioning group (WT,n = 7; &, n = 9; 3,n = 7) and no-conditioning
group (WT,n = 6; &, n = 7; 3, n = 6) are shown. I, Coimmunoprecipitation (I.P.) experiments were performed using an anti-CBP antibody, and Western blot analysis was performed using
anti-CREB or anti-c tubulin antibodies. The input lanes represent 10% of the total cell lysates in the binding reaction. J, Quantification of CREB level (input). Both DIEDML transgenic lines displayed
significantincreases in the levels of CREB in the hippocampus compared with WT mice. K, Quantification of CREB levels (I.P.). DIEDML mice displayed significantly higher levels of CREB protein in the

precipitates after incubation with the anti-CBP antibody compared with WT mice. WT, n = 7; a,n = 7; ,n = 7. Error bars represent SEM. *p << 0.05.

showed comparable recognition indices for 2 h and 30 min STM
(p > 0.05), respectively, but showed significantly better recogni-
tion indices for 24 h LTM (p < 0.05) compared with WT mice.
These results indicated that in these experimental conditions,
Y134F-C and DIEDML-f3 mice displayed enhanced LTM but
showed normal STM. These observations indicate that expres-
sion of these active CREB mutants enhanced LTM without affect-
ing STM in weaker training conditions and that, interestingly,
enhancement of STM by the upregulation of CREB activity de-

pends on the training condition; transgenic mice failed to en-
hance STM under the weaker training condition.

To further compare mechanisms for the enhancement of STM
and LTM, we examined effects of inhibition of protein synthesis
on enhanced 2 h STM (Fig. 6 E,F) and 24 h LTM (Fig. 6G,H) in
DIEDML-3 mice. WT and DIEDML-3 male mice were exposed
to juvenile male mice twice for 1.5 min in 2 or 24 h intervals and
received a systemic injection of ANI (150 mg/kg) immediately
after the first exposure. Two-way ANOVA revealed a significant
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effect of genotype but not drug treatment
and genotype X druginteraction when2 h
STM was assessed (genotype, F, 3, =
14.656, p < 0.05; drug, F(, 5,) = 0.396,p >
0.05; interaction, F(, 5,y = 0.00018, p >
0.05). DIEDML- mice treated with and
without ANI showed comparable recog-
nition indices for 2 h STM (p > 0.05), but
these groups of mice showed significantly
better recognition indices (p < 0.05) com-
pared with both groups of WT mice.
These results indicated that protein syn-
thesis inhibition did not affect the en-
hancement of STM in DIEDML- mice,
suggesting that this enhanced STM does
not depend on new gene expression.
In contrast to these results, two-way
ANOVA revealed a significant geno-
type X drug treatment interaction when
24 h LTM was assessed (F(; 55, = 8.781,
p < 0.05). Consistent with previous ob-
servations, DIEDML-B mice treated with
vehicle showed a significantly better rec-
ognition index (p < 0.05) compared with
the other groups. However, DIEDML-
mice treated with ANI showed a signifi-
cantly worse (p < 0.05) or comparable
(p > 0.05) recognition index compared
with DIEDML- mice treated with vehi-
cle and both groups of WT mice, respec-
tively. These results indicated that
DIEDML-B mice treated with ANI failed
to enhance LTM formation.

Together, these observations suggest
the dissociation of mechanisms for en-
hancement of STM and LTM in active
CREB mice.
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Roles of BDNF in the enhancement

of STM

CREB-mediated transcription is required
for memory consolidation (Bourtchul-
adze et al., 1994; Oike et al., 1999; Kida et
al., 2002; Pittenger et al., 2002; Korzus et
al., 2004). Therefore, the upregulation of CREB activity is
thought to improve LTM by enhancing memory consolidation.
However, the mechanism of enhanced STM by increased CREB
activity is unclear; abundant studies have shown that CREB is not
required for STM. The BDNF gene has been identified as a CREB-
target gene (Finkbeiner et al., 1997). Previous studies have dem-
onstrated that infusion of BDNF or a BDNF inhibitor into the
dorsal hippocampus enhanced or impaired, respectively, STM in
a passive avoidance task (Alonso et al., 2002, 2005). These find-
ings raise the possibility that BDNF is upregulated by the consti-
tutive activation of CREB-mediated transcription at the basal
condition in active CREB mutant mice, thereby leading to en-
hanced STM. To test this, we first measured the levels of BDNF in
the hippocampus of active CREB mutant and WT mice at the
basal condition (Fig. 7). Compared with WT mice, Y134F-C mice
exhibited significantly higher levels of BDNF (p < 0.05), whereas
Y134F-A mice exhibited normal BDNF levels (p > 0.05). More
importantly, DIEDML-a and -B mice exhibited significantly
higher expression levels of BDNF even compared with Y134F-C

that DIEDML mice formed 5 min, 30 min, and 2 h STM and LTM, whereas WT mice formed only STMs but not LTM. *p <C 0.05,
compared with the first exposure. Data are shown for 5 min (WT,n = 32; o, n = 22; 3,n = 17), 30 min (WT,n = 41; o, n = 16;
B,n=17),2h(WT,n = 27; a,n = 14; B,n = 20),and 24 h (WT,n = 22; o, n = 15; B,n = 9). , Contextual fear-conditioning
test. Data are shown for 5 min (WT,n = 24; o, n = 8; 3,n = 20), 30 min (WT,n = 33; o, n = 19; B,n = 16),2h (WT,n = 22;
a,n=38; 3,n=13),and 24h (WT,n = 70; o, n = 14; 3, n = 24). Error bars represent SEM. *p < 0.05.

mice (p < 0.05). It is important to note that DIEDML- mice
displayed comparable expression levels of TrkB and p75 receptor
mRNAs in the hippocampus compared with WT mice (data not
shown).

Together with our previous behavioral findings, these ob-
servations suggest a positive correlation between hippocampal
BDNF expression levels and the enhancement of STM; higher
expression of BDNF leads to enhancement of shorter-term
memory.

It is important to note that we observed a decrease in BDNF
expression levels in the hippocampus of CREB*°~/~ mice (data
not shown) that displayed a decrease in CREB activity and im-
paired 1 h STM (Bourtchuladze et al., 1994). This result supports
our hypothesis that BDNF expression levels affect STM.

We examined the effects of the microinfusion of BDNF or a
BDNF inhibitor (TrkB blocker; K252a) into the dorsal hip-
pocampus on memory performance. Mice were trained with a
single footshock (0.4 mA), and behavioral freezing at 2 h after
training was assessed. In agreement with previous findings
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Figure 6.  Dissociation of mechanisms for the enhancement of short-term and long-term
social recognition memory in active CREB mice. A, B, Two-hour STM (WT,n = 8;C,n = 8) and
24h LTM (WT, n = 8;C,n = 8) in Y134F-Cand WT mice. (, D, Thirty-minute STM (WT,n = §;
B,n = 8)and 24 h LTM (WT,n = 8; 3, n = 8) in DIEDML-3 and WT mice. 4, C, Recognition
index. *p << 0.05. B, D, Investigation time. At 30 min (B) or 2 h (D) after the first exposure, WT
and active CREB mutant mice showed a significant reduction ininvestigation time (p << 0.05). In
contrast, 24 h after the first exposure (B, D), active CREB mutant but not WT mice showed a
significant reduction in investigation time (WT, p > 0.05; C, p < 0.05; 3, p << 0.05). These
observations indicated that active CREB mice formed STM and LTM, whereas WT mice formed
only STM but not LTM. *p << 0.05, compared with the first exposure. E, F, Effect of protein
synthesis inhibition on 2 h STM in DIEDML-3 and WT mice (WT-VEH, n = 8; WT-ANIl,n = 9;
B-VEH, n = 10; B-ANI, n = 9). E, Recognition index. *p << 0.05. F, Investigation time. Two
hours after the first exposure, WT and DIEDML- 3 mice treated with ANI or VEH showed signif-
icant reductions in investigation time (p << 0.05), indicating that all groups formed STM. *p <
0.05, compared with the first exposure. G, H, Effect of protein synthesis inhibition on 24 h LTM
in DIEDML-3 and WT mice (WT-VEH, n = 11; WT-ANI, n = 10; B-VEH, n = 8; B-ANI,n = 8).
G, Recognition index. *p << 0.05. H, Investigation time. Twenty-four hours after the first expo-
sure, the B3-VEH group showed a significant reduction in investigation time (p << 0.05),
whereas the other groups of mice did not (p > 0.05), indicating that only the 3-VEH group
formed LTM. *p << 0.05, compared with the first exposure. Error bars represent SEM.

(Alonso et al., 2002, 2005), microinfusion of BDNF at 3 h before
training or K252a immediately after training into the dorsal hip-
pocampus enhanced or impaired, respectively, the 2 h short-term
contextual fear memory (BDNF, F, ,; = 10.334, p < 0.05;
K252a, F(; ;7 = 8.861, p < 0.05) (Fig. 8A-D). Furthermore, we
extended these observations using social recognition paradigms
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(Fig. 8 E-J). WT mice received the dorsal hippocampal microin-
fusion of BDNF or vehicle (VEH) at 3 h before the first exposure,
or K252a or VEH immediately after the first exposure, and were
exposed to a juvenile male mouse twice for 1.5 or 3 min, respec-
tively. The BDNF- or K252a-treated group showed a significantly
better or worse, respectively, recognition index compared with
the VEH group (BDNF, F, 4, = 4.976,p < 0.05;K252a, F(, ;4 =
5.757, p < 0.05), indicating that microinfusion of BDNF or
K252a enhanced or impaired 2 h STM, respectively.

To further investigate whether the upregulation of BDNF
contributes to the enhanced STM in active CREB mice, we exam-
ined the effects of the microinfusion of BDNF or K252a on short-
term social recognition memory in active CREB mice.

Y134F-C mice expressing high levels of BDNF displayed nor-
mal 30 min STM [but showed enhanced 2 h STM (Fig. 3A)]. In
contrast, enhanced 30 min STM was observed in DIEDML mice
(Fig. 5A) expressing higher levels of BDNF than Y134F-C mice
(Fig. 7). Therefore, it is possible that the microinfusion of a low
dose of BDNF into the hippocampus is sufficient to enhance 30
min STM in Y134F-C mice. To test this hypothesis, WT and
Y134F-C male mice were microinfused with a low dose of BDNF
(50 ng/side) into the dorsal hippocampus at 3 h before first ex-
posure and exposed to juvenile male mice twice for 1.5 min in 30
min intervals (Fig. 8 K-M ). Two-way ANOVA revealed a signif-
icant genotype X drug interaction (F(, 5oy = 5.737, p < 0.05).
Y134F-C mice treated with BDNF displayed a significantly better
recognition index compared with the other three groups (p <
0.05) that displayed comparable recognition indices (p > 0.05).
These results indicated that the infusion of a low dose of BDNF
enhanced 30 min STM in Y134F-C, but not WT mice, suggesting
that the increased levels of BDNF observed in Y134F-C mice
contribute to the enhancement of 30 min STM.

We compared the effects of K252a infusion into the dorsal
hippocampus on 2 h STM between DIEDML-$ and WT mice
(Fig. 8 N-P). In this experiment, mice were trained using a stron-
ger protocol (3 min exposure) that was expected to increase the
likelihood of observing the impaired STM after K252a infusion.
Male mice were exposed to juvenile male mice twice for 3 min
with a 2 h interval and received an infusion of K252a (3 or 9.35 ng
per side) immediately after the first exposure. Two-way ANOVA
comparing recognition indices revealed significant interactions
between genotype X drug treatment (low dose vs high dose of
K252a; F(, 33, = 4.719, p < 0.05). Consistent with the previous
observations, we observed that DIEDML-f3 mice exhibited en-
hanced 2 h STM compared with WT mice when both groups were
treated with vehicle (p < 0.05). WT mice treated with low and
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Figure 8.  Effects of the microinfusion of BDNF and K252a on STM and LTM in active CREB and WT mice. 4, Effects of the microinfusion of BDNF into the dorsal hippocampus on 2 h short-term
contextual fear memory in WT mice (VEH, n = 14; BDNF, n = 11). *p << 0.05, compared with the VEH group at test. B, D, G, J, M, P, S, V, Cannula tip placements from mice infused with each drug
forA, G, E, H, K, N, Q, and T, respectively. Coronal sections are adapted from Paxinos and Franklin (1997) (1.94 mm posterior to bregma). C, Effects of the microinfusion of K252a into the dorsal
hippocampus on 2 h short-term contextual fear memory in WT mice (VEH, n = 9; K252a, n = 8.). *p << 0.05, compared with the VEH group at test. E-G, Effects of the microinfusion of BDNF into
the dorsal hippocampus on the 2 h short-term social recognition memory in WT mice (VEH, n = 8; BDNF, n = 8). E, Recognition index. *p << 0.05, compared with the VEH group. F, Investigation
time. The VEH or BDNF group showed significant reductions in investigation time (p << 0.05), indicating that both groups formed 2 h STM. *p << 0.05, compared with the first exposure (left). H-J,
Effects of the microinfusion of K252a into the dorsal hippocampus on the 2 h short-term social recognition memory in WT mice (VEH, n = 8; K252a, n = 8). H, Recognition index. *p << 0.05,
compared with the VEH group. /, Investigation time. The VEH, but not K252a, group showed a significant reduction in investigation time (VEH, ; ,,, = 17.82,p < 0.05;K252a, F; 1,y = 0.727,p >
0.05), indicating that only the VEH group formed 2 h STM. *p << 0.05, compared with the first exposure. K~M, Effects of the microinfusion of a low dose of BDNF into the dorsal hippocampus on 30
min STMin WT and Y134F-Cmice (WT-VEH, n = 8; WT-BDNF, n = 9; C-VEH, n = 9; (-BDNF, n = 8). K, Recognition index. *p << 0.05, compared with the other three groups. L, Investigation time.
WTand Y134F-Cmice treated with BDNF or VEH showed a significant reduction in investigation time (p << 0.05), indicated that all groups formed STM. *p << 0.05, compared with the first exposure.
N-P, Effects of the microinfusion of low or high doses of K252a (3 or 9.35 ng per side) into the dorsal hippocampus on 2 h STM in WT and DIEDML-3 mice (WT-VEH, (Figure legend continues.)
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high doses of K252a displayed significantly worse recognition
indices compared with WT mice treated with vehicle (p < 0.05).
Importantly, DIEDML-B mice displayed a significantly better
recognition index when treated with a low dose of K252a (p <
0.05), but a comparable recognition index was observed when
they were given injections of a high dose of K252a, compared with
WT mice treated with a low dose of K252a. These results indi-
cated that alow dose of K252a disrupted 2 h STM in WT mice and
that a higher dose of K252a is required to impair 2 h STM in
DIEDML-B mice compared with WT mice. To also confirm effects
of inhibition of BDNF, we examined the effects of the microinfu-
sions of anti-BDNF antibody into the dorsal hippocampus on 2 h
STM between DIEDML- and WT mice and obtained similar re-
sults with those using K252a (Fig. 8Q-S).

Together, these findings indicated a regulatory role of BDNF
in STM, suggesting a contribution of the increased BDNF levels
on the enhanced STM of active CREB mice.

Contribution of upregulated BDNF on LTM in active

CREB mice

We finally asked whether increased levels of BDNF contribute to
the enhancement of LTM and STM in active CREB mice. To test
this, we examined the effects of a BDNF infusion (250 ng per side)
on LTM in Y134F-A mice that displayed enhanced LTM but
normal STM (Fig. 8T-V). In this experiment, mice were trained
using a weaker protocol (45 s exposure and 48 h LTM) than in the
previous experiments, which was expected to enable us to observe
the effects of the interaction between the increase in CREB activ-
ity and BDNF infusion. Male mice were infused with BDNF (250
ng per side) into the dorsal hippocampus at 3 h before the first
exposure and exposed to juvenile male mice twice for 45 s with a
48 h interval. Two-way ANOVA comparing the recognition in-
dices revealed a significant genotype X drug treatment interac-
tion (F, 55y = 4.308, p < 0.05). WT and Y134F-A mice treated
with BDNF displayed significantly better recognition indices

<«

(Figure legend continued.) n = 10; WT-low,n = 8; WT-high, n = 8; 3-VEH,n = 8; B-low,n =
9; B-high, n = 10). N, Recognition index. *p << 0.05, compared with WT-VEH; *p < 0.05,
compared with WT-low K252a. 0, Investigation time. The WT-VEH, 3-VEH, and 3-low groups
showed significant reductions in investigation time (p << 0.05), whereas the other groups did
not (p > 0.05). These observations indicated that the WT-VEH, B-VEH, and B3-low groups
formed 2h STM. *p << 0.05, compared with the first exposure. @S, Effects of the microinfusion
ofalow or high dose of anti-BDNF antibody (0.5 p.g or 1 g per side) into the dorsal hippocam-
pus. A higher dose of anti-BDNF antibody is required to impair 2 h STM in DIEDML-3 mice
compared with WT mice (WT-VEH, n = 9; WT-low, n = 9; WT-high, n = 8; B-VEH,n = 11;
B-low, n = 10; B-high, n = 10). @, Recognition index. A significant interaction between
genotype X drug treatment (low vs high dose of anti-BDNF antibody) was observed (F; 33) =
8.594, p < 0.05). The 3-VEH group exhibited enhanced 2 h STM compared with the WT-VEH
group (p < 0.05). WT-low and -high groups displayed significantly worse recognition indices
compared with the WT-VEH group (p << 0.05). The B-low group displayed a comparable rec-
ognition index (p > 0.05), but the 3-high group displayed a significantly worse recognition
index, compared with the WT-VEH group, respectively. *p < 0.05, compared with WT-VEH;
*p < 0.05, compared with WT-low BDNF antibody. R, Investigation times. The WT-VEH,
-VEH, and B3-low groups showed a significant reduction in investigation time (p << 0.05),
whereas the other groups did not (p > 0.05). These observations indicated that the WT-VEH,
B-VEH, and B-low groups formed 2 h STM. *p << 0.05, compared with the first exposure. -V,
Effects of the microinfusion of BDNF into the dorsal hippocampus on 48 h LTM in Y134F-A and
WT mice (WT-VEH, n = 9; WT-BDNF, n = 10; A-VEH, n = 9; A-BDNF, n = 11). T, Recognition
index. *p << 0.05, compared with the other three groups. U, Investigation time. The WT-BDNF
and A-BDNF groups (p << 0.05), but not the WT-VEH and A-VEH groups (p > 0.05), showed
significant reductions in investigation time, indicating that the WT-BDNF and A-BDNF groups
formed LTM, whereas the other groups did not. *p << 0.05, compared with the first exposure.
Error bars represent SEM.
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compared with WT or Y134F-A mice, respectively, treated with
vehicle (p < 0.05). Importantly, Y134F-A mice treated with
BDNF displayed a significantly better recognition index com-
pared with WT mice treated with BDNF (p < 0.05). These results
indicated that BDNF infusion not only led to enhanced LTM in
WT mice but also led to a further enhancement of LTM in
Y134F-A mice, suggesting that the increased levels of BDNF and
the upregulation of CREB activity cooperatively enhanced LTM
formation. However, we could not exclude the possibility that the
Y134F-A transgenic line does have an upregulation of BDNF, ata
low level that falls below the sensitivity of the assay performed,
thereby leading to further enhancement of LTM by the infusion
of additional BDNF.

Discussion

Previous studies have shown that the loss of CREB function by
inhibiting CREB-mediated transcription impairs LTM without
affecting STM, indicating that CREB-dependent gene expression
is required for memory consolidation (Bourtchuladze et al.,
1994; Oike et al., 1999; Kida et al., 2002; Pittenger et al., 2002;
Korzus et al., 2004). Thus, previous studies have suggested that
CREB is a positive regulator of memory consolidation. In this
study, to further understand the effects of the gain of function of
CREB on memory performance, we generated and analyzed four
lines of transgenic mice expressing dominant active CREB mu-
tants (CREB-Y134F or CREB-DIEDML) in the forebrain. Expect-
edly, Y134F-A transgenic mice with the lowest transgene expression
level among all transgenic lines exhibited enhanced LTM but normal
STM (Fig. 3A,C). These observations indicated that the upregula-
tion of CREB-mediated transcription resulted in the enhanced for-
mation of LTM without affecting STM. Together with previous
findings, our observations strongly suggested that CREB positively
regulates memory consolidation.

Interestingly, Y134F-C mice displayed enhanced 2 h STM but
normal 30 min STM (Fig. 3 A, C). Similarly, two lines of DIEDML
mice displayed an enhancement of 30 min STM but displayed
normal 5 min STM (Fig. 5A, C). These observations indicate that
the upregulation of CREB activity led to the enhancement of
STM without affecting memory encoding or learning. Impor-
tantly, we found a dissociation of the mechanisms enhancing
STM and LTM in active CREB mice; weak training only leads to
the enhancement of LTM without affecting STM (Fig. 6). From
this observation, similarly with the case of Y134F-A mice, the
enhancement of LTM observed in Y134F-C and DIEDML mice is
thought to attribute to enhanced memory consolidation.

By what mechanism is STM enhanced in active CREB mice?
As STM is thought to be independent of new gene expression, it is
suggested that CREB plays a regulatory role in STM, but this
enhanced STM is not mediated by the transcriptional activation
of CREB target genes immediately after training. BDNF gene is a
target of CREB (Finkbeiner et al., 1997). Previous studies have
shown that hippocampal BDNF positively regulates STM and
LTM (Alonso et al., 2002, 2005). Importantly, we found that
active CREB mice displaying enhanced STM had increased levels
of BDNF in the hippocampus; transgenic lines displaying higher
expression levels of BDNF exhibit enhanced STM (Fig. 7). More
importantly, we found the following. (1) Infusion of BDNF or a
BDNF inhibitor (K252a) into the hippocampus of WT mice en-
hanced or impaired STM, respectively (Fig. 8 A—J). (2) Infusion
of a low dose of BDNF into the hippocampus was sufficient to
enhance 30 min STM in Y134F-C mice that display a normal 30
min STM and increased BDNF levels but not in WT mice that
display a normal 30 min STM and normal BDNF levels (Fig.
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8 K—M). (3) Infusion of a higher dose of the BDNF inhibitor into
the hippocampus is required to impair STM in DIEDML mice
compared with WT mice (Fig. 8 N-S). These observations suggest
that the increased levels of BDNF observed at the basal condition
as a result of the upregulation of CREB activity contribute to the
enhancement of STM in active CREB mice. From these findings,
CREB is thought to play a regulatory role in STM through the
regulation of BDNF expression. Interestingly, a previous genetic
study indicated that mutant mice lacking o/6 CREB isoforms
exhibited impaired 1 h STM but normal 30 min STM (Bourtchu-
ladze et al., 1994). This deficit of STM in CREB*®™/~ mutant
mice may contribute to the downregulation of BDNF as a result
of the decreased CREB activity (data not shown).

What is the impact of the upregulation of BDNF on LTM? We
found that a hippocampal infusion of BDNF into Y134F-A mice
displaying enhanced LTM, but normal BDNF levels, further im-
proved LTM (Fig. 8T-V). This observation suggested that the
increased levels of BDNF contribute to the enhancement of not
only STM but also LTM in active CREB mice. Supporting this
hypothesis, Y134F-C mice upregulating BDNF exhibited a supe-
rior ability in contextual discrimination even 1 month after train-
ing (Fig. 3D). Thus, the upregulation of CREB activity and BDNF
expression may synergistically improve LTM.

In summary, our findings suggest that CREB not only regu-
lates memory consolidation through the activation of activity-
dependent transcription but also indirectly affects the status of
ability in memory performance through the regulation of BDNF
expression; CREB positively regulates memory consolidation
through the transcriptional activation of target genes after train-
ing, whereas the regulation of BDNF expression levels by CREB
appears to determine the degree of ability in memory perfor-
mance, including STM and LTM.

Consistent with our observations, previous studies examining
the effects of upregulating CREB using viral expression vectors
revealed that the expression of WT-CREB or CREB-Y134F in the
hippocampus or amygdala led to the enhancement of spatial or
fear memory, respectively (Josselyn et al., 2001; Han et al., 2008;
Restivo et al., 2009). However, transgenic mice expressing VP16-
CREB in the forebrain under the control of the tetracycline-
dependent transcription activator revealed contradictory
observations (Viosca et al., 2009a,b). As VP-16 is an usually po-
tent transcription activation domain that is not contained in
CREB (Sadowski et al., 1988), there is a possibility that the fusion
transcription factor with VP16 strongly activates transcription by
recruiting other transcription cofactors that would not normally
be recruited by nonfusion transcription factors. In contrast, the
dominant active CREB mutants used in this study are thought to
activate transcription in a similar manner to WT-CREB and to
display lower thresholds of transcription activation in response
to the activation of the upstream signal transduction pathway.
Indeed, CREB-Y134F and -DIEDML are thought to enhance
CREB-mediated transcription without changing the transcrip-
tion factors recruited into the transcription machinery; CREB-
Y134F displays a lower threshold for interacting with CBP in
response to the activation of the upstream signal transduction
pathway, whereas CREB-DIEDML constitutively interacts with
CBP (Cardinaux et al., 2000). Therefore, it is possible that VP16-
CREB abnormally activates CREB-mediated transcription and
indirectly affects transcription of non-CREB target genes by in-
teracting with transcription cofactors that are required for the
transcription regulation of these genes.

In agreement with previous observations (Barco et al., 2002),
we demonstrated that the upregulation of CREB activity en-
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hances LTP evoked by a spike-timing protocol and L-LTP in CA1
neurons without affecting basal synaptic transmission (Fig. 2). It
is possible that the enhancement of LTM observed in Y134F-C
mice does not simply reflect enhanced LTP in CAl neurons
and/or that further enhancement of LTP in VP16-CREB mice
(Barco et al., 2002) compared with Y134F-C mice has not been
observed because of the ceiling affects. Additional studies are
required to compare the relationship of enhanced LTP and mem-
ory in these mutant mice. Conversely, previous studies have
shown that the genetic inhibition of CREB function impairs
L-LTP in CAl neurons (Huang et al., 1994; Pittenger et al., 2002;
Korzus et al., 2004). Thus, similar loss-of-function and gain-of-
function effects for CREB activity were observed on the forma-
tion of CA1-LTP and memory. However, it is possible that
enhanced synaptic plasticity in areas other than the hippocampus
CAl, such as the amygdala (Wei et al., 2002) or the anterior
cingulate cortex (Wu et al., 2008), also contributes to the en-
hanced memory formation observed in the active CREB mice. It
is necessary to further examine the effect of CREB-Y134F or
-DIEDML expression on the synaptic plasticity in other such
areas. Interestingly, a previous study has shown that the upregu-
lation of CREB activity by the viral expression of CREB-Y134F
not only enhances LTP but also modulates basal synaptic trans-
mission by increasing NMDA receptor-mediated synaptic trans-
mission (Marie et al., 2005). Levels of CREB-Y134F expression in
excess of those produced by the transgenic mice used in our
present study may be required to modulate basal synaptic trans-
mission. In addition, it is important to note that there are no
reports concerning the modulation of basal synaptic transmis-
sion in the CA1 hippocampal region associated with the genetic
inhibition of the CREB gene.

CaMKI1V functions as an upstream kinase of CREB and CBP
(Chrivia et al., 1993; Matthews et al., 1994; Bito et al., 1996; Sun et
al., 1996 Deisseroth et al., 1998; Korzus et al., 2004). Consistent
with this view, the genetic inhibition of CaMKIV, CREB, or CBP
disrupts memory consolidation and LTP (Yin et al., 1994; Lu et
al., 1999; Ho et al., 2000; Ribar et al., 2000; Kang et al., 2001; Kida
et al., 2002; Pittenger et al., 2002; Wei et al., 2002; Korzus et al.,
2004; Mouravlev et al., 2006). In our present and previous studies
(Fukushima et al., 2008), we showed that the upregulation of
CREB or CaMKIV activity leads to the improvement of memory
consolidation and LTP. Moreover, DIEDML mice with an enhanced
interaction between CREB and CBP exhibited enhanced LTM, sug-
gesting that facilitating the interaction between CREB and CBP im-
proves memory formation. Together, these findings strongly
support the critical contribution of the CaMKIV-CREB-CBP sig-
naling pathway to memory consolidation and LTP.
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