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Changes in nuclear Ca2� homeostasis activate specific gene expression programs and are central to the acquisition and storage of
information in the brain. DREAM (downstream regulatory element antagonist modulator), also known as calsenilin/KChIP-3
(K� channel interacting protein 3), is a Ca2�-binding protein that binds DNA and represses transcription in a Ca2�-dependent
manner. To study the function of DREAM in the brain, we used transgenic mice expressing a Ca2�-insensitive/CREB-indepen-
dent dominant active mutant DREAM (daDREAM). Using genome-wide analysis, we show that DREAM regulates the expression
of specific activity-dependent transcription factors in the hippocampus, including Npas4, Nr4a1, Mef2c, JunB, and c-Fos. Fur-
thermore, DREAM regulates its own expression, establishing an autoinhibitory feedback loop to terminate activity-dependent
transcription. Ablation of DREAM does not modify activity-dependent transcription because of gene compensation by the other
KChIP family members. The expression of daDREAM in the forebrain resulted in a complex phenotype characterized by loss of
recurrent inhibition and enhanced long-term potentiation (LTP) in the dentate gyrus and impaired learning and memory. Our
results indicate that DREAM is a major master switch transcription factor that regulates the on/off status of specific activity-
dependent gene expression programs that control synaptic plasticity, learning, and memory.

Amajor challenge for neuroscience is to identify the regulatory
molecules underpinning the storage of information in neu-

rons. Activity-dependent gene expression underlies neuronal
plasticity and adaptive responses to different environmental stim-
uli in the central nervous system (CNS) and is determinant in the
formation and storage of memories. Diverse signaling pathways
participate in these processes. Among them, changes in intracel-
lular free calcium concentration are the most universal signal, and
the final output, in terms of adapted gene expression, is given by a
specific set of proteins that decode the calcium signal according to
its frequency, subcellular location, and intensity (1–3). A nuclear
tool kit of Ca2�-dependent effectors modifies the activity or the
properties of specific transcription factors to regulate gene expres-
sion in response to the Ca2� signal (for reviews, see references 4
and 5). Despite extensive investigation, a detailed mechanistic de-
scription of Ca2�-dependent signaling in the expression of the
late, transcription-dependent component of long-term potentia-
tion (LTP) is far from been complete (reviewed in reference 6).
Here, we examine the role of the Ca2�-dependent transcriptional
repressor DREAM (downstream regulatory element antagonist
modulator) in the control of activity-dependent transcription and
the expression of LTP, as well as in learning and memory.

The DREAM/calsenilin/KChIP-3 gene belongs to a group of
four genes (encoding K� channel interacting proteins 1 to 4
[KChIP-1 to -4]) that regulate the membrane expression and gat-
ing of Kv4 potassium channels (reviewed in reference 4) and also
encode structurally and functionally related calcium sensors able
to repress transcription in a Ca2�-dependent manner (7, 8). The
transcriptional activity of DREAM is effected by its binding to
DNA and by specific interactions with other nucleoproteins, in-
cluding CREM and CREB (9–11). The high-affinity binding of

DREAM to DRE sequences in DNA is regulated by the level of
nuclear Ca2� and requires DREAM oligomerization (7, 12, 13).
Unbinding of DREAM from DRE results in transcriptional dere-
pression of target genes, as shown for prodynorphin (7, 14, 15).
Mutation of the EF-hands in DREAM results in a Ca2�-insensitive
repressor that also blocks CREB binding protein recruitment by
phosphoCREB, impairing CRE-dependent transcription, since
the DREAM-CREB interaction is also Ca2� dependent (9). The
mutation of a leucine-charged residue-rich domain (LCD) motif
at the N-terminal end of DREAM prevents the interaction with
CREB and releases CREB-dependent transcription from basal re-
pression by DREAM (9). A combination of LCD and EF-hand
mutations generates a calcium-insensitive double mutant, here
called daDREAM (dominant active DREAM), that actively re-
presses DREAM target genes, preventing DREAM-mediated de-
repression in the presence of Ca2� and cyclic AMP (cAMP) stim-
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ulation. Of note, the double mutant daDREAM does not impair
transcription after CREB phosphorylation. Consistent with the
notion of DREAM binding to the DNA as homo- or heterooli-
gomers with other KChIP proteins (7, 13, 16), daDREAM acts as a
cross-dominant active mutant in vivo (17, 18). However, since
trafficking and gating of Kv4 channels by KChIP proteins does not
require KChIP oligomerization, daDREAM does not behave as a
dominant mutant for Kv4 channel function as shown in trans-
genic spinal cord neurons (15).

Interestingly, despite the potential role for a Ca2�-dependent
repressor such as DREAM in the regulation of synaptic plasticity
and learning and memory processes, DREAM knockout mice are
not different from wild-type mice in paired pulse facilitation, rest-
ing membrane potential, or the input-output relation of field ex-
citatory postsynaptic potentials (fEPSPs) (19). Furthermore,
DREAM knockout mice do not show an obvious phenotype in a
place-learning version of the Morris water maze test (14) and have
only a slight increase in LTP in the dentate gyrus of the hippocam-
pal formation (19) and slight improvement in memory in a con-
textual fear test (20). This is likely due to the functional redun-
dancy among DREAM/KChIP proteins and their overlapping
expression patterns (8, 16). Supporting this idea, genetic ablation
of KChIP-2 (21) or KChIP-1 (22) also resulted in mild pheno-
types.

In the present study, we used transgenic mice expressing a
Ca2�-insensitive/CREB-independent dominant active mutant
DREAM (daDREAM) to reveal the functional involvement of
DRE-mediated transcription in hippocampal function. We found
that the expression of several activity-dependent transcription
factors is affected in daDREAM mice and the expression of their
downstream targets is modified in transgenic hippocampal neu-
rons. Notably, downregulation of Npas4 in daDREAM mice re-
sulted in a severe alteration of GABAergic transmission, leading to
a reduction in recurrent inhibition and enhanced LTP in the den-
tate gyrus in vivo. Associated with these physiological abnormali-
ties, DREAM transgenic mice showed significant impairments in
learning and memory.

MATERIALS AND METHODS
Mice. The generation of DREAM transgenic mice has been reported pre-
viously (15, 17). Of the different transgenic lines generated, in this study
we used transgenic line 26, which shows specific expression of the trans-
gene in the telencephalon. The expression of the transgene in different
brain areas was quantified by real-time quantitative PCR (qPCR) as de-
scribed previously (16). DREAM knockout mice have been reported pre-
viously (14).

Microarray. RNA from the whole hippocampus from wild-type and
transgenic mice was prepared using TRIzol (Invitrogen) and the RNAeasy
Minikit (Qiagen). The RNA was quantified and the quality was assessed
with a 2100 Bioanalyzer (Agilent technologies). cDNA was synthesized
from 4 �g of total RNA using one-cycle target labeling and control re-
agents (Affymetrix) to produce biotin-labeled cRNA. The cRNA prepara-
tion (15 �g) was fragmented at 94°C for 35 min into segments 35 to 200
bases in length. Labeled cRNAs were hybridized to Affymetrix chips
(GeneChip mouse genome 430 2.0 array). Each sample was added to a
hybridization solution containing 100 mM 2-(N-morpholino)ethanesul-
fonic acid, 1 M Na�, and 20 mM EDTA in the presence of 0.01% Tween 20
to a final cRNA concentration of 0.05 �g/ml. Hybridization was per-
formed for 16 h at 45°C. Each microarray was washed and stained with
streptavidin-phycoerythrin in a Fluidics station 450 (Affymetrix) and
scanned at 1.56-�m resolution in a GeneChip Scanner 3000 7G system
(Affymetrix).

Microarray data analysis. Three biological replicates were indepen-
dently hybridized for each transcriptomic comparison. The GeneChip
intensities were background-corrected, normalized, and summarized by
the robust multiarray average (RMA) method (23) using the affy package
(24) from Bioconductor. For each comparison, the moderated t test was
applied to identify differentially expressed genes as implemented in the
limma package (25) from Bioconductor. Raw P values were adjusted for
multiple hypothesis testing using the false discovery rate (FDR) method
(26). Genes with an FDR of �0.1 and a fold change in expression of �1.6
or ��1.6 were included in the list of induced or repressed candidates,
respectively. The FIESTA viewer was used to facilitate the application of
these numerical filters and the selection of candidate genes in each com-
parison (http://bioinfogp.cnb.csic.es/tools/FIESTA; J. C. Oliveros). For
the biological classification of candidate genes, gene ontology (GO) terms
included in the generic GO slim set (http://www.geneontology.org
/GO.slims.shtml; S. Mundodi and A. Ireland) were used to group candi-
date genes into a reduced number of biological categories. Terms from the
Molecular function name space were taken into account. The GO terms
associated with the genes were obtained from the original Affymetrix an-
notation files.

Primary neuronal culture. Serum-free corticohippocampal neurons
from mouse E14 wild-type, homozygous transgenic, or DREAM-deficient
embryos were cultured as described previously (27) in Neurobasal me-
dium supplemented with B27, 2 mM Glutamax, and 100 �g/ml penicillin-
streptomycin (Invitrogen). After 10 days in culture, fully differentiated
neurons were stimulated with 60 mM KCl and harvested after 30 or 90
min for RNA or chromatin preparation, respectively. For knockdown of
KChIP proteins, neuronal cultures were transduced 24 h after plating
using lentiviral vectors encoding antisense KChIP-2 or green fluorescent
protein (GFP) or empty vector prepared as described previously (17). The
virus concentration was estimated by measuring the amount of p24 pro-
tein (Perkin-Elmer). The cultures received 5 �g of p24/106 neurons, and
the medium was changed 8 h after the addition of the virus. Neurons were
harvested 7 days after infection. The typical infection efficiency was about
90% as assessed using viral delivery of GFP.

Real-time quantitative PCR. RNA was isolated from whole tissues or
cell suspensions using TRIzol (Invitrogene), treated with DNase (Am-
bion), and reverse transcribed using hexamer primer and Moloney mu-
rine leukemia virus reverse transcriptase. To confirm the absence of
genomic DNA, each sample was processed in parallel without reverse
transcriptase. Real-time qPCR for endogenous DREAM and daDREAM
was performed as described previously (16). Validation of up- or down-
regulated genes in the microarray was done with specific primers and
TaqMan MGB probes (Applied Biosystems) or SYBR green-based tech-
nology (see Table S1 in the supplemental material) and with specific assays
from Applied Biosystems (see Table S2 in the supplemental material). The
results (triplicates) were normalized by parallel amplification of hypoxan-
thine phosphoribosyltransferase (HPRT) or �-actin as indicated (see Ta-
ble S1).

Chromatin immunoprecipitation. Chromatin immunoprecipitation
was performed as described previously (28). Briefly, nuclei from primary
cultured neurons were collected and chromatin was sonicated to an aver-
age length of 500 to 1,000 bp. The sheared chromatin was precleared with
blocked protein A/G-Sepharose beads (Pierce) and used for immunopre-
cipitation with 6 �g of affinity-purified polyclonal antibody Ab731
against amino acids (aa) 22 to 42 in the DREAM protein (29). The immu-
noprecipitated DNA was subjected to semiquantitative PCR with specific
primers (see Table S3 in the supplemental material). The PCR was per-
formed within the linear range using 20 to 25 cycles of amplification and
trace amounts of [32P]dCTP. Scanned autoradiograms were quantified
using the QuantityOne software (Bio-Rad).

Western blot. Whole-cell extracts from neuronal cell cultures were
prepared by incubating cell pellets on ice for 45 min with occasional vor-
texing with lysis buffer (50 mM Tris HCl, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS) supplemented
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with protease inhibitor cocktail (Roche). The extracts were cleared by
centrifugation at 14,000 � g for 20 min, and the protein content quanti-
fied with the DC protein assay (Bio-Rad). The affinity-purified rabbit
polyclonal antibodies (Ab) used were the DREAM-specific Ab730 (29) or
the pan-DREAM/KChIP Ab1014 (16). Other antibodies used were for
PSD95 (7E3-1B8; Affinity BioReagents), GABAA receptor �3 (ab 4046;
Abcam), and �-actin (AC-15; Sigma). Proteins were visualized with
horseradish peroxidase (HRP)-conjugated secondary antibody (Jackson)
followed by enhanced chemiluminescence (ECL) (SuperSignal West
Femto; Thermo Scientific). Blots were quantified using Quantity One
software (Bio-Rad).

Seizures. Wild-type and transgenic adult mice were injected intraperi-
toneally with pentylenetetrazol (45 mg/kg of body weight) or with PBS.
The behavioral score according to a modified Racine’s scale (0 to 6, where
0 is no response and 6 is generalized tonic-clonic convulsions) (30) was
recorded every 5 min during the 30 min following drug administration.
The median score for each animal was calculated, and the data were ana-
lyzed using the Mann-Whitney U test for differences between groups.

Electrophysiology in vivo. Adult male mice homozygous for the
transgene and wild-type littermates aged 3 to 6 months were anesthetized
with urethane (1.8 g/kg intraperitoneally [i.p.]). Experiments were per-
formed under the Animals (Scientific Procedures) Act (1986), United
Kingdom. Animals were placed in a head holder, and a glass micropipette
was positioned in the ipsilateral hilus of the dentate gyrus to record the
field responses evoked by stimuli delivered through a concentric bipolar
stimulating electrode placed in the ipsilateral perforant path. In order to
assess changes in feedforward and feedback inhibition, pairs of stimuli
were delivered at interpulse intervals varying from 10 to 500 ms at an
intensity sufficient to evoke a population spike of 	1 mV. For each ani-
mal, the average of three responses was obtained at each of nine intervals
between 10 and 50 ms. For LTP experiments, single test stimuli were
delivered at a frequency of 0.033 Hz, intensity of 70 to 300 �A, and pulse
width of 60 �s. The pulse width was doubled during the tetanus (six series
of six trains of six pulses at 400 Hz, with 200 ms between trains and 20 s
between series). The slope of the field excitatory postsynaptic potentials
(fEPSPs) was normalized with respect to the mean response in the 10 min
before the tetanus. The data are presented as the means 
 standard errors
of the means (SEM). For comparisons of the magnitude of LTP between
groups, the normalized values of the fEPSPs 50 to 60 min after the tetanus
were averaged for each animal and the groups were compared using Stu-
dent’s unpaired two-tailed t test.

Electrophysiology in vitro. Transgenic and wild-type littermates were
anesthetized by intraperitoneal injection of a mixture of medetomidine (1
mg/kg) and ketamine (76 mg/kg) before being killed by cervical disloca-
tion. The brains were rapidly removed and chilled (�3°C). Parasagital
slices were cut from the dorsal hippocampus using a Vibroslice (Campden
Instruments, Loughborough, United Kingdom). A detailed description of
the protocols used for in vitro electrophysiology can be found in the sup-
plemental material.

Behavioral analysis. Behavioral experiments were performed with
adult male mice homozygous for the transgene and wild-type littermates.
Mice were initially housed five per cage in a temperature (21 
 1°C
[mean 
 standard deviation]) and humidity (65% 
 10%) controlled
room with a 12-h/12-h light/dark cycle (lights on from 0800 to 2000 h)
with ad libitum food and water. The experiments took place during the
light phase. Behavioral tests and animal care were conducted in accor-
dance with the standard ethical guidelines (European Communities Di-
rective 86/609 EEC and National Institutes of Health 1995) and approved
by the local ethical committee (CEEA-PRBB). All behavior experiments
were carried out under blinded conditions. Detailed descriptions of the
protocols used for the Morris water maze, open field, active avoidance,
object recognition task, and fear conditioning experiments can be found
in the supplemental material.

Microarray accession number. Microarray data are available under
Gene Expression Omnibus accession number GSE17844.

RESULTS
Genome-wide analysis in daDREAM hippocampus. daDREAM
has been shown to function as a dominant active mutant for the
transcriptional repressor function of endogenous DREAM/
KChIP proteins (16, 17, 29). We used transgenic mice expressing
daDREAM in telencephalic areas of the brain (Fig. 1), where en-
dogenous DREAM is expressed (31), to search for DREAM tran-
scriptional targets that could reveal a potential role for DREAM in
hippocampal synaptic plasticity, learning, and memory. Compar-
ison of basal gene expression in the wild-type and transgenic adult
hippocampus, using cDNA microarrays, identified more than 250
genes whose expression was altered in daDREAM transgenic mice
(Gene Expression Omnibus accession number GSE17844; see also
Fig. S1 in the supplemental material). Up- and downregulated
genes were categorized according to GO terms and are presented
in Tables S4 to S6 in the supplemental material.

Among the genes with modified expression, we focused our
attention on those predicted to encode transcription factors that
could initiate gene expression programs governing changes in
synaptic plasticity, learning, and memory. We found that several
genes encoding early-induced, activity-dependent transcription
factors, including Npas4, Nr4a1, Mef2C, JunB, and c-Fos, were
downregulated in the transgenic hippocampus (Fig. 2A). For these
targets, the microarray results were confirmed in the transgenic
hippocampus by real-time qPCR (Fig. 2B). Importantly, the ex-
pression of other factors known to mediate activity-dependent
changes in gene expression, such as SRF, Atf3, and c-Jun (32–34),
was not modified in the transgenic hippocampus, supporting the
specificity of the changes induced by daDREAM. Taken together,
these results implicate Ca2�-dependent, DREAM-mediated dere-
pression of specific immediate early gene transcription in the
function of hippocampal neurons.

DREAM directly downregulates transcription from the
Npas4 promoter. Among target proteins with a function in the
nucleus, we focused our attention on Npas4, a basic helix-loop-
helix–PAS transcriptional activator (35). Contrary to the products
of other immediate early genes, such as c-Fos, JunB, Egr2, or
Nr4a1, Npas4 is selectively induced by rises in nuclear Ca2�, binds
to numerous enhancers in an activity-dependent manner (37),
and has been shown to transactivate the brain-derived
neuotrophic factor (BDNF) gene and to control the formation of
GABAergic inhibitory synapses (38). A reduced basal level of

FIG 1 Expression of daDREAM in transgenic brain. (A) Comparative real-
time qPCR analysis of the expression levels of daDREAM in cerebral cortex
(Cx), hippocampus (H), striatum (St), and cerebellum (Cb) from transgenic
mice. Values are normalized with respect to HPRT mRNA content. Results are
the means 
 SEM from 8 to 12 mice in two independent experiments. (B)
Coronal brain sections from daDREAM mice showing the distribution of
�-galactosidase activity in hippocampus (top) and cerebral cortex (bottom).
Bars represent 250 �m.
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Npas4 mRNA was found in the transgenic hippocampus (Fig. 2B)
but also in other areas with transgene expression, such as the ce-
rebral cortex and striatum, and was not modified in the cerebel-
lum, where daDREAM is not expressed (see Fig. S2 in the supple-
mental material).

Sequence analysis of the Npas4 proximal promoter identified
several DRE sites for DREAM binding (see Fig. S3A in the supple-
mental material). To determine whether Npas4 is a direct target
for DREAM repression, we used chromatin immunoprecipitation
with DNA isolated from primary cultured corticohippocampal
neurons, a system in which DREAM and other KChIP proteins are
expressed (Fig. 3A). The basal expression of Npas4 was reduced in
primary daDREAM neuronal cultures compared to its basal ex-
pression in wild-type cultures (Fig. 3B), confirming the results
obtained in adult tissues. Importantly, membrane depolarization
by stimulation with 60 mM K� resulted in strong induction of
Npas4 expression in wild-type neurons, while only a slight induc-
tion was obtained in transgenic neurons (Fig. 3B). Chromatin
immunoprecipitation with a DREAM-specific antibody showed
that under basal conditions, the binding of DREAM to the Npas4
promoter was stronger in transgenic cultures, while potassium
depolarization resulted in the Ca2�-dependent unbinding of
DREAM from the Npas4 promoter in wild-type neurons but had
no effect in transgenic cultures (Fig. 3C). As negative controls for
these assays, omission of the DREAM antibody or chromatin im-

munoprecipitation from cultured DREAM-deficient neurons re-
sulted in failure to amplify the Npas4 promoter (Fig. 3C). These
results indicate that DREAM directly binds to and controls the
expression of the Npas4 gene in neurons. As a positive control for
these experiments, we analyzed the expression of c-Fos, a bona
fide target for DREAM (7). The basal and activity-dependent ex-
pression levels of c-Fos were reduced in cultured daDREAM neu-
rons compared to the results for wild-type neurons (Fig. 3D), and
chromatin immunoprecipitation confirmed the direct binding of
DREAM to the c-Fos promoter (Fig. 3E; see also Fig. S3B in the
supplemental material).

GABAergic transmission is affected in daDREAM mice.
Npas4 regulates the establishment of GABAergic synapses (38).
Thus, to assess whether Npas4 repression in the daDREAM hip-
pocampus has functional consequences, we measured by real-
time qPCR the expression of several postsynaptic GABAergic
markers. The expression of the �1, �2, �2, and �3 GABA receptor
subunits was markedly reduced in the hippocampus of daDREAM
mice (Fig. 4A). Of note, downregulation of the �2 subunit was
already noticeable in the results of the genome-wide analysis (see
Tables S4 to S6 in the supplemental material). The downregula-
tion of GABA receptor subunits in the daDREAM hippocampus
was specific and did not affect the expression of presynaptic mark-
ers of inhibitory synapses, such as GABA transporters (GAT1 and
VIAAT), glutamic acid decarboxylase (GAD), or calbindin, which

FIG 2 Genome-wide analysis in daDREAM and wild-type hippocampus. (A) Functional clustering (molecular function, gene ontology) of up- and downregu-
lated genes encoding transcription factors or DNA binding proteins. Biological triplicates of wild-type (wt) and transgenic (tg) mice are presented as a heat map.
F.change, differential expression based on the ratio between averaged intensities (linear scale); FDR, adjusted P values; Gene Symbol � Gene Title, probe
annotations as provided by Affymetrix. (B) Real-time qPCR analysis of indicated transcripts in the hippocampus from wild-type and transgenic mice. Values are
normalized with respect to HPRT mRNA content. Results are the means 
 SEM from 8 to 12 mice in two independent experiments. **, P � 0.01, and ***, P �
0.001, relative to wt (two-tailed, unpaired t test).
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did not show any difference between genotypes (Fig. 4B). Immu-
nostaining for parvalbumin or GAT1 did not show cellular deficits
in hippocampal GABAergic interneurons in transgenic mice (see
Fig. S4 in the supplemental material). Furthermore, the levels
of PSD95 protein (Fig. 4C), a marker of excitatory synapses,
were also not affected. For comparison, the reduced level of �3

GABA receptor protein in the transgenic hippocampus is
shown (Fig. 4C).

The impairment of GABA receptor signaling associated with
specific mutations in GABAA receptor subunits is linked to epi-
lepsy in humans, and genetic ablation of specific subunits repro-
duces a phenotype prone to spontaneous or pharmacologically
induced seizures (39). To investigate whether reduced mRNA lev-
els of specific GABAA receptor subunits had a functional correlate,
we analyzed the susceptibility to convulsants of daDREAM mice.
The administration of subconvulsive doses of pentylenetetrazol or
kainate induced a significantly increased response in transgenic
mice compared to the response in the wild type (Fig. 4D). These
results indicate that the reduction in specific GABAA receptor sub-
units in daDREAM mice has a functional correlate at the receptor
protein level that, in turn, may anticipate changes in the electro-
physiological properties of transgenic neurons.

Paired pulse inhibition is abolished and LTP is enhanced in
daDREAM mice. To investigate changes in synaptic plasticity in
daDREAM mice, we analyzed paired-pulse inhibition and long-
term potentiation (LTP) in vivo. The simultaneous discharge of
granule cells evoked by a strong stimulus to perforant path fibers
sets up a powerful recurrent inhibition mediated by inhibitory
interneurons, particularly basket cells (40). As a result, the ampli-
tude of the population spike elicited by the second of a pair of
strong stimuli is greatly reduced when the interstimulus interval is
less than 	30 ms. Indeed, in wild-type mice, the population spike
in response to the second stimulus was abolished at intervals of
less than 20 ms (Fig. 5A). Conversely, in daDREAM mice, due to

FIG 3 DREAM directly regulates Npas4-mediated transcription. (A) Western
blot analysis of cortex-hippocampal neuronal cultures from wild-type (wt),
transgenic daDREAM (tg), and DREAM knockout (ko) embryos. A DREAM-
specific immunoreactive band (empty arrowhead), detected by the peptide-
specific antibody Ab730 against DREAM, was increased in transgenic da-
DREAM neurons and absent in knockout cultures. A nonspecific band is
marked with an asterisk. Use of the pan-KChIP antibody Ab1014 on the same
samples showed different immunoreactive bands (full arrowheads) corre-
sponding to the different KChIP isoforms expressed in these cultured neurons.
Quantification of the specific DREAM and the total KChIP immunoreactivi-
ties as relative ratios versus loading control �-actin is shown at the bottom. (B)
Real-time qPCR analysis of Npas4 in corticohippocampal primary cultured
neurons from wild-type (wt) and transgenic (tg) embryos under basal condi-
tions and 30 min after stimulation with 60 mM K�. Values are normalized with
respect to HPRT mRNA content. Results are the means 
 SEM from three
separate cultures in triplicates. ****, P � 0.0001 (one-way analysis of variance
[ANOVA], Tukey’s multiple comparison). (C) Chromatin immunoprecipita-
tion assay of the Npas4 promoter using chromatin isolated from primary cul-
tured neurons from wild-type (wt) and transgenic (tg) embryos before and
after potassium depolarization. Cultured neurons from DREAM knockout
(ko) embryos and exclusion of the antibody (-Ab) in the immunoprecipitation
of wild-type chromatin were included as negative controls. Autoradiogram of
the semiquantitative PCR is shown. After densitometric quantification, the
results shown are the means 
 SEM from four experiments. Input is 1%. ****,
P � 0.0001 versus wt nonstimulated (n 
 8, two-tailed, unpaired t test). (D
and E) Real-time qPCR analysis of c-Fos mRNA and chromatin immunopre-
cipitation assay of the c-Fos promoter, respectively, as described for panels B
and C. For qPCR, ****, P � 0.0001 (one-way ANOVA, Tukey’s multiple com-
parison). For chromatin immunoprecipitation, *, P 
 0.0380 versus wt non-
stimulated (n 
 5, two-tailed, unpaired t test).

FIG 4 GABAergic inhibitory transmission is reduced in daDREAM hip-
pocampus. (A and B) Real-time qPCR analysis of indicated GABAR subunits
(A) and GABAergic markers (B) in wild-type (wt) and transgenic (tg) hip-
pocampus. Results are the means 
 SEM from 8 to 12 mice in two independent
experiments. *, P � 0.05, and ***, P � 0.001 (one-way ANOVA, Tukey’s
multiple comparison). (C) Western blot analysis of PSD95 and �3 GABA
receptor proteins in wild-type and transgenic hippocampus. �-Actin content
was used as loading control. Representative autoradiograms are shown. Den-
sitometric quantification of the specific immunoreactive band versus loading
control �-actin, from a total of 4 (PSD95) or 8 (GABAR�3) samples from each
genotype, is shown. **, P 
 0.0039 (two-tailed, unpaired t test). (D) Seizure
severity after convulsant administration (PTZ, 45 mg/kg) in wild-type (wt, n 

7) and transgenic mice (tg, n 
 8). **, P 
 0.0083 (Mann-Whitney test).
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the reduced GABAergic synaptic strength, the feedback inhibition
was completely absent and, even at the shortest intervals, the pop-
ulation spike to the second pulse was enhanced rather than inhib-
ited (Fig. 5A). At longer intervals, when paired pulse depression
gives way to potentiation and a massive enhancement of the pop-
ulation spike, no significant differences were observed between
wild type and daDREAM mice (Fig. 5A). The impairment of
paired pulse inhibition was replicated in vitro, where whole-cell
recording confirmed the substantial weakening of inhibition (see
Fig. S5A and B in the supplemental material). The inhibitory post-
synaptic currents (IPSCs) recorded from wild-type neurons with a
holding potential of 0 mV were evoked by stimuli as weak as 1 mA
and grew progressively with increasing stimulus strength. IPSCs
were also evoked in transgenic cells but were substantially and
significantly smaller for all but the largest stimuli (see Fig. S5B). To
localize the source of the weakening of inhibition, we measured
the frequency and amplitude of spontaneous IPSCs at a holding
potential of 0 mV (see Fig. S5C). The mean amplitude of the spon-
taneous IPSCs did not differ between genotypes, nor did the time
constants and half width, but the frequency of the spontaneous
IPSCs was significantly lower in transgenic mice, about half the
frequency in the wild-type cells (see Fig. S5C). To test the strength
of excitatory input to granule cells, plots of the mean slope of the
EPSP as a function of stimulus strength were collected for wild-

type and transgenic mice. No difference was seen between the two
genotypes, suggesting that the excitatory drive was not grossly
affected in transgenic mice (see Fig. S5D). Spontaneous EPSCs
were not statistically significant different, but there was a tendency
to increased frequency and amplitude (see Fig. S5E). The magni-
tude of early LTP, measured 50 to 60 min after induction, was
greater in transgenic mice than in their wild-type littermates (Fig.
5B), presumably as a result of impaired recurrent inhibition at the
time of induction, leading to greater depolarization and enhanced
activation of N-methyl-D-aspartate (NMDA) receptors. Impor-
tantly, the modified synaptic plasticity in daDREAM mice was not
related to changes in A-type currents, which were identical in
transgenic and wild-type hippocampal neurons (see Fig. S6 in the
supplemental material). Similar results were previously shown in
spinal cord neurons (15).

DREAM directly regulates BDNF expression. The activity-
dependent expression of the mouse BDNF gene is induced by
several mechanisms. These include transactivators, such as CREB,
Npas4, and CaRF, which bind to promoter regions located imme-
diately before exons II and IV (see Fig. S3C in the supplemental
material), and derepression mechanisms operated by REST,
MeCP2, and DREAM (15, 41–43). Consistent with the expression
of daDREAM and the reduced levels of the Npas4, a significant
decrease in BDNF mRNA (Fig. 6A) was noticeable in the hip-
pocampus of daDREAM mice. The binding of DREAM to DRE
sites in the rat BDNF promoter has been shown in vitro, and re-
duced levels of BDNF mRNA and protein have been reported in
the spinal cord from a different transgenic line that has ubiquitous
daDREAM expression (15). To investigate direct regulation of
BDNF expression by DREAM, we performed chromatin immu-
noprecipitation. Using specific primers for mouse promoter IV,
we could detect the Ca2�-dependent binding of wild-type
DREAM to this promoter and the stronger interaction of da-
DREAM both under basal conditions and after depolarization
(Fig. 6B). Since BDNF expression has been related to structural
plasticity, learning, and memory, the blockade of activity-depen-
dent BDNF expression in the daDREAM hippocampus may pre-
dict impaired cognition in these mice.

FIG 5 Loss of paired-pulse inhibition and enhanced LTP in DREAM mutant
mice. (A) For paired-pulse studies, the amplitude of the population spike
evoked by the second stimulus, normalized to the amplitude of the population
spike evoked by the first stimulus, is plotted as a function of the interstimulus
interval for transgenic (tg, n 
 6) and corresponding wild-type littermates (wt,
n 
 11). Note the complete suppression of the second population spike at
short intervals in wild-type mice and its absence at all intervals in transgenic
mice. Stimulus intensity was set so that the first stimulus of the pair evoked a
population spike of 	1 mV. Representative responses to paired stimuli for
each group are displayed on the right. Calibration, 3 mV, 4 ms. (B) LTP was
measured at perforant path-granule cell synapses in anesthetized transgenic
and wild-type mice. LTP, measured 50 to 60 min after the tetanus (arrow), was
significantly enhanced. The magnitude of LTP was 32.3% 
 2.6% for trans-
genic and 13.7% 
 4.0% for wild-type mice (P � 0.005).

FIG 6 DREAM directly regulates activity-dependent BDNF gene expression.
(A) Real-time qPCR of BDNF levels in wild-type (wt) and transgenic (tg)
hippocampus. Values are normalized with respect to HPRT mRNA content.
Results are the means 
 SEM of 8 to 12 mice. ***, P � 0.001 (one-way
ANOVA, Tukey’s multiple comparison). (B) Chromatin immunoprecipita-
tion assay of promoter IV of the BDNF gene using chromatin isolated from
primary cultured neurons from wild-type (wt) and transgenic (tg) embryos
before and after potassium depolarization. Cultured neurons from DREAM
knockout (ko) embryos or exclusion of the antibody (-Ab) in the immunopre-
cipitation of wild-type chromatin were included as negative controls. Autora-
diogram of the semiquantitative PCR is shown. The densitometric quantifica-
tion results shown at the bottom are the means 
 SEM from four experiments.
**, P 
 0.0022 versus wt nonstimulated (n 
 3, two-tailed, unpaired t test).
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Impaired learning and memory in daDREAM mice. Ca2�-
dependent gene expression underpins changes in synaptic plastic-
ity and learning and memory processes. To assess a potential phe-
notype in daDREAM mice, we used three learning and memory
tests, the Morris water maze, the object recognition test, and an
active avoidance task. In the water maze, transgenic mice showed
a clear defect in hippocampal learning. During the acquisition
sessions (A1 to A10), performance was impaired (Fig. 7A; see also
Fig. S7A in the supplemental material). Swimming speed is un-
likely to contribute to this phenotype, since daDREAM mice
showed no differences with respect to the swimming speed of
wild-type mice (Fig. 7A, inset). However, in the removal session,
no impairment was detected in reference memory, once learning
was established after extensive training (see Fig. S7B). In the re-
versal learning session, daDREAM mice had difficulties in learn-
ing the new platform position (see Fig. S8 in the supplemental
material). Thus, a repeated reversal learning experiment was per-
formed, which showed that transgenic mice have a significant def-
icit in both reference (odd trials) (Fig. 7B; see also Table S7 in the
supplemental material) and working memory (even trials) (Fig.
7C; see also Table S7), being less efficient than wild-type mice. In
the object recognition task, novelty recognition was not affected
when analyzed 1 h after training, and transgenic mice exhibited a
discrimination index similar to that in the wild type (63.7 
 4.1
and 62.5 
 3.6, respectively). Conditioned learning in the active
avoidance procedure showed similar results for learning perfor-
mance during the first five training sessions in both genotypes (see
Fig. S9 in the supplemental material). In the last sessions, however,
the performance in daDREAM mice was significantly decreased
(see Fig. S9), suggesting deficits in associative learning in these
mice.

Gene compensation accounts for the mild phenotype in
DREAM�/� mice. The strong phenotype due to daDREAM ex-
pression in the hippocampus contrasts with the mild phenotype of

DREAM knockout mice (14, 19). Functional redundancy among
DREAM/KChIP proteins and their overlapping expression pat-
terns in different organs and brain areas, including the hippocam-
pus (8), might account for the lack of phenotype. Supporting this
idea, genetic ablation of KChIP-2 (21) or KChIP-1 (22) also re-
sulted in mild phenotypes. In fact, we found that the expression
levels of the transcription factors Npas4, Mef 2C, Nr4a1, Jun B,
and c-Fos were not significantly modified in the DREAM�/� hip-
pocampus (Fig. 8A). Moreover, we observed no change in BDNF
or in GABAergic postsynaptic markers in the DREAM�/� hip-
pocampus (Fig. 8B and C). These data are in agreement with the
lack of increase in prodynorphin gene expression originally re-
ported in the hippocampus of DREAM knockout mice (14). To
assess whether gene compensation by other KChIP family mem-
bers is responsible for the absence of changes in gene expression in
the DREAM�/� hippocampus, we aimed to knock down the ex-
pression of other KChIPs expressed in primary cultured cortico-
hippocampal neurons from DREAM�/� embryos (Fig. 8D), using
antisense lentiviral expression vectors. As expected, the transduc-
tion of primary cultured DREAM�/� neurons with the antisense
RNA for full-length KChIP-2 resulted in a reduction in KChIP-2
mRNA levels (Fig. 8E). Unexpectedly, however, the levels of
KChIP-1 and KChIP-4 mRNA were also reduced after antisense
KChIP-2 expression (Fig. 8E). Importantly, a further reduction
in KChIP levels in the DREAM�/� background was associated
with increased mRNA levels of the activity-dependent Npas4 and
c-Fos target genes compared to the KChIP expression in untrans-
duced DREAM�/� or wild-type neurons (Fig. 8F). The infection
with the antisense KChIP-2 lentiviral vector and the knockdown
of KChIP expression did not produce a nonspecific generalized
effect on the cultured neurons, since we observed no effect on the
mRNA level of CREB (Fig. 8F), an activity-dependent transcrip-
tion factor whose activity is mostly controlled at the posttransla-
tional level and which did not appear as a target for DREAM in the

FIG 7 Impaired learning and memory in daDREAM mice. (A) Escape latency across acquisition sessions (A1 to A10) is increased in transgenic (tg, n 
 11) with
respect to wild-type (wt, n 
 10) mice [repeated-measures ANOVA, F(1,19) 
 9.052, P 
 0.007]. (Inset) No difference in swimming speed was detected between
genotypes [repeated-measures ANOVA, F(1,19) 
 3.633, P 
 0.072]. (B and C) In the repeated reversal learning paradigm, transgenic mice (n 
 10) showed
increases in escape latency in odd (B) and even (C) trials, related to impairment in reference and working memory, respectively, across the eight acquisition
sessions (A1 to A8), compared to the results for wild-type mice (n 
 10). Data are expressed as means 
 SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001. For
statistical details, see Table S7 in the supplemental material.
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genome-wide analysis. These results support the notion of a com-
pensatory effect by other KChIPs as an explanation for the absence
of a transcriptional phenotype in DREAM�/� mice.

DREAM regulates its own expression. To further understand
the mechanism of DREAM regulation of activity-dependent gene
expression, we sought evidence for a mechanism that could switch
off activity-dependent transcriptional cascades once initiated. Of
note, the microarray results showed a significant downregulation
of endogenous DREAM expression in the daDREAM hippocam-

pus, and qPCR analysis confirmed reduced levels of endogenous
DREAM in the daDREAM transgenic hippocampus (Fig. 9A). The
reduction was also significant in other telencephalic areas where
the transgene is expressed, as well as in cultured transgenic neu-
rons (Fig. 9A and B). Thus, we investigated whether DREAM
could regulate its own expression and in this way close a self-
regulatory loop. Chromatin immunoprecipitation analysis sub-
stantiated this hypothesis and disclosed the Ca2�-dependent
binding of DREAM to DRE sites present in the promoter region of
the DREAM gene (Fig. 9C; see also Fig. S3D in the supplemental
material). These results indicate that activity-dependent derepres-
sion of endogenous DREAM leads to an increase in DREAM lev-
els, simultaneous with the increase in other DREAM targets, that
in turn will contribute to restore basal repression of DREAM and
its target genes in the wild-type hippocampus, in this way leading
to the transient induction of many activity-dependent genes.

DISCUSSION

The activation of calcium-dependent kinases and phosphatases
has been proposed as a universal mechanism driving activity-de-
pendent gene expression (reviewed in references 41 and 4). The
identification of the calcium-dependent transcriptional repressor
DREAM disclosed an alternative mechanism to link changes in

FIG 8 Activity-dependent gene expression is not modified in the hippocam-
pus of DREAM knockout mice. (A to C) Real-time qPCR analysis of indicated
transcripts in the hippocampus from wild-type (wt, n 
 10) and DREAM-
deficient (ko, n 
 10) mice. Values are normalized with respect to HPRT
mRNA content. Results are the means 
 SEM of two separate experiments. No
statistically significant differences were found. (D) Real-time qPCR analysis of
KChIP transcripts (K1, -2, and -4, KChIP-1, -2, and -4) in primary cultured
corticohippocampal DREAM�/� neurons under basal conditions. (E) Real-
time qPCR analysis of KChIP transcripts in primary cultured corticohip-
pocampal DREAM�/� neurons under basal conditions or after transduction
with empty (LV) or antisense KChIP-2 lentiviral vector (AS). The results are
expressed relative to the basal expression level of the respective KChIP. *, P �
0.05 versus respective basal expression level (one-way ANOVA, Dunnett’s
multiple comparison test). (F) Real-time qPCR analysis of Npas4, c-fos, and
CREB mRNA in corticohippocampal primary cultured neurons from
DREAM�/� embryos under basal conditions (-) or 6 days after infection with
the indicated lentiviral vector. The increases in Npas4 and c-fos levels follow-
ing KChIP knockdown are not observed in CREB mRNA levels. For compar-
ison, no significant changes in Npas4, c-Fos, or CREB mRNA levels were
observed under basal conditions in DREAM�/� versus wt cultured neurons.
Values are normalized with respect to HPRT or �-actin mRNA content. Re-
sults are the means 
 SEM from three separate cultures in triplicates. *, P �
0.05, and **, P � 0.01, versus the respective basal expression level (one-way
ANOVA, Dunnett’s multiple comparison test).

FIG 9 DREAM directly regulates its own activity-dependent expression. (A)
Real-time qPCR analysis of endogenous DREAM mRNA in different telence-
phalic areas from wild-type (wt) and transgenic (tg) mice. Values are normal-
ized with respect to HPRT mRNA content. Results are the means 
 SEM of 8
to 12 mice. ***, P � 0.001 (unpaired t test). Cx, cerebral cortex; H, hippocam-
pus; St, striatum; Cb, cerebellum. (B) Real-time qPCR analysis of endogenous
DREAM mRNA in primary corticohippocampal cultures from wild-type and
transgenic embryos under basal conditions and after potassium depolariza-
tion. Values are normalized with respect to HPRT mRNA content. Results are
the means 
 SEM from three separate cultures in triplicates. *, P � 0.05, and
***, P � 0.0001 (one-way ANOVA, Tukey’s multiple comparison). (C) Chro-
matin immunoprecipitation assay of the mouse DREAM promoter using a
DREAM-specific antibody and chromatin isolated from primary cultured
neurons from wild-type (wt) and transgenic (tg) embryos before and after
potassium depolarization. Cultured neurons from DREAM knockout (ko)
embryos or exclusion of the antibody (-Ab) in the immunoprecipitation of
wild-type chromatin were included as negative controls. Autoradiogram of the
semiquantitative PCR is shown. Densitometric quantification results shown at
the bottom are the means 
 SEM from four experiments. **, P 
 0.0031 versus
wt nonstimulated (n 
 3, two-tailed, unpaired t test).
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nuclear calcium concentration directly with enhanced expression
of the immediate early c-Fos gene (7). In the present work, a ge-
nome-wide analysis of transgenic and wild-type mice has identi-
fied several additional immediate early genes as targets for
DREAM derepression, indicating that DREAM is a permissive
transcriptional switch for activity-dependent transcription. Fur-
thermore, the self-regulatory function of DREAM identifies a loop
to shut down the transcription of immediate early genes shortly
after initiation by the upregulation of DREAM protein.

Genome-wide expression analysis was performed using the
whole hippocampus, and therefore, the results do not discrimi-
nate between hippocampal subareas where DREAM could differ-
entially regulate early transcriptional activation in different neu-
ronal subpopulations. This limitation of the present study is
particularly relevant since the results showed that DREAM con-
trols activity-regulated transcription factors that contribute in op-
posite directions to experience-dependent synapse development
and remodeling. Thus, the downregulation of Mef2c in DREAM
transgenic mice may result in a deficient elimination of the excess
of excitatory synapses during development (44) in a subset of
neurons, whereas the repression of Npas4 in other subareas results
in a reduction of the number of GABAergic synapses that form on
excitatory neurons (38). Nevertheless, expression analysis of post-
synaptic markers in the whole hippocampus confirmed the down-
regulation of GABA receptor subunits participating in inhibitory
mechanisms, while no change was observed either in the levels of
PSD95, a marker of excitatory synapses, or in the expression of
several glutamate receptors (45).

An analysis of activity-induced genes in cultured hippocampal
neurons (34) revealed a set of 169 genes that are more than 2-fold
upregulated in response to bicuculline-induced action potential
bursting and whose induction is blocked by at least 40% in the
presence of CaMBP4, a nuclear fusion protein containing four
repeats of the M13 calmodulin binding peptide that binds to and
inactivates the nuclear calcium/calmodulin complex (46). To cat-
egorize activity-dependent genes according to the mechanism of
induction, we compared the results from Zhang et al. (34) with the
results from our transcriptomic analysis. Although these two
studies used different experimental conditions, in vivo versus cul-
tured neurons and basal repression versus activity-dependent in-
duction, the comparison established three useful gene categories.
The first includes genes that are significantly downregulated in the
daDREAM hippocampus but are not or only slightly affected by
inhibition of the nuclear calcium/calmodulin complex in hip-
pocampal neurons. The most relevant genes from the point of
view of transcriptional cascades are shown in Table S8A in the
supplemental material and correspond to specific DREAM tar-
gets, whose activity-dependent early induction in wild-type neu-
rons is mediated mainly by DREAM derepression. The precise
molecular mechanisms leading to gene transactivation once
DREAM has detached from the promoter of each target gene are
not yet fully understood. The second category encompasses genes
that are significantly downregulated in the daDREAM hippocam-
pus and strongly dependent on the nuclear calcium/calmodulin
complex. The most important genes are shown in Table S8B and
correspond to genes in which DREAM has a permissive function
at the initial on/off switch but whose full induction is dependent
on the activity of calcium/calmodulin-regulated kinases. The
third category includes genes whose activity-dependent induction
is strictly independent of DREAM. A short list (see Table S8C)

includes those genes induced in a first or a second wave of gene
expression after membrane depolarization and that are not mod-
ified in the daDREAM hippocampus. Thus, under normal condi-
tions, endogenous DREAM has a permissive effect on the early
activation of a set of genes, some of which will be further activated
by parallel pathways involving the nuclear calcium/calmodulin
complex. Importantly, it has been shown that posttranslational
modifications of DREAM, such as sumoylation or a change in the
redox state, which are associated with increased nuclear localiza-
tion and repressor capability, respectively (36, 47), could render a
DREAM protein with increased repressor activity to block to a
greater extent activity-dependent learning and memory forma-
tion. In this scenario, it is tempting to speculate that changes in the
posttranslational processing of DREAM could participate in the
cognitive decline associated with aging or pathological conditions
of the brain.

Ablation of the DREAM gene in DREAM�/� mice resulted in
minor or no changes in learning and memory (14, 19), possibly
due to compensation by other KChIPs expressed in the hip-
pocampus. Our results after knockdown of KChIP proteins in
cultured neurons supported this idea and confirmed the repressor
activity of DREAM/KChIP proteins on the expression of the
transcription factors Npas4, Mef 2C, Nr4a1, Jun B, and c-Fos.
Interestingly, the hypoalgesic phenotype described in DREAM�/�

mice (14) is associated with increased expression of the prodynor-
phin gene, a bona fide target for DREAM/KChIP repression, in the
spinal cord. These data suggest that there is no gene compensation
at this level, which could be related to the low expression levels of
KChIP-1 and KChIP-2 in the spinal cord (J. R. Naranjo, unpub-
lished data) or to additional mechanisms not yet characterized.
Previous work using a mammalian expression vector for full-
length antisense KChIP-2 successfully reduced KChIP-2 expres-
sion without affecting DREAM mRNA levels, after transfection in
lymphocytes (16). Here, using a lentiviral vector for antisense
KChIP-2, we observed the downregulation of KChIP-2 but also of
KChIP-1 and -4. Their high degree of sequence homology might
account for cross-downregulation among KChIP mRNAs, and the
higher infection rates and transduction efficiencies of lentiviral
vectors than of mammalian expression vectors might contribute
to manifest the cross-activity observed in the present study.

In contrast, the expression of daDREAM in transgenic hip-
pocampal neurons results in a tonic basal repression of important
transcriptional cascades, with traceable consequences at the elec-
trophysiological level. Thus, the reduced Npas4 content in da-
DREAM hippocampal neurons resulted in a reduction of the
mean frequency, i.e., an increase in the mIPSC interevent interval,
of the spontaneous IPSC to about half that in wild-type neurons,
as previously shown after transient or permanent Npas4 ablation
(38). The mean amplitudes, time constants, and half widths of the
spontaneous IPSCs did not differ between genotypes (see Fig. S5C
in the supplemental material), as reported for the hippocampus of
Npas4 knockout mice (38), while these parameters were decreased
only after transient Npas4 knockdown (38). Permanent versus
transient Npas4 downregulation might account for developmen-
tal compensatory mechanisms responsible for the distinct effects
on IPSC amplitudes. Compensatory events during development
in the daDREAM hippocampus might mask changes in miniature
IPSC (mIPSC) amplitude despite a net reduction in the expression
of GABA receptors through different mechanisms involving, for
instance, the insertion and clustering of membrane receptors as
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shown in mice deficient for the scaffolding protein gephyrin at
hippocampal inhibitory synapses. In these mice, the frequency of
mIPSCs is the same as in wild-type mice but the amplitude is
significantly reduced (48). In addition, it has recently been shown
that the Npas4-mediated transcriptional program differentially
regulates inhibitory inputs in distinct neuronal compartments
(49). Thus, increased somatic inhibition or decreased dendritic
inhibition could be recorded upon Npas4 activation. Whether
these or yet other unknown mechanisms are operating in the da-
DREAM hippocampus is not presently known. Reduced expres-
sion of GABAA receptors and decreased GABAergic transmission
could account for the reduction in recurrent inhibition and en-
hanced LTP in the transgenic dentate gyrus.

To relate specific deficits in transcriptional cascades in da-
DREAM hippocampal neurons to changes in behavior is more
complex. Nevertheless, the reduction in the activity-dependent
response in transgenic neurons in culture is in line with the im-
paired ability in learning and memory tests shown by daDREAM
mice. Overall, the cognitive profile suggests a complex defect
probably specific for the corticohippocampal circuit, which
mainly affects spatial and associative learning but also working
and reference memories. These results agree with the impairment
in long-term recognition memory shown in Npas4-deficient mice
(50, 51). Conversely, short-term object recognition memory is not
affected in daDREAM mice. Interestingly, daDREAM mice
showed increases in early LTP in the hippocampus, which is con-
sidered to be a cellular analogue of learning. This is more likely
determined by the level of inhibition rather than by other factors,
such as the level of BDNF, which nevertheless was markedly re-
duced in daDREAM mice. BDNF has a role in activity-dependent
neuroplasticity in the hippocampus that could explain the spatial
learning defects in daDREAM mice with a BDNF deficiency. In
this regard, heterozygous BDNF knockout mice reportedly under-
express BDNF and have reduced late LTP, but their spatial mem-
ory and search strategy assessed with the Morris water maze (52) is
preserved, suggesting that the relationship between LTP and
memory is not always straightforward. Since it is always the case
that early LTP transits smoothly into late LTP, daDREAM may
also affect long-lasting forms of memory that are generally be-
lieved to be mediated by new protein synthesis, leading to synaptic
growth and a requirement of gene transcription and new protein
synthesis (53, 54). In a broader view, the present results also sug-
gest a role of DREAM throughout development in the establish-
ment and refinement of neuronal circuitries which, indisputably,
will result in changes in brain function in the adult animal.

In conclusion, the results from the genome-wide analysis of the
hippocampus from daDREAM mice indicate that Ca2�-depen-
dent unbinding from DNA of DREAM/KChIP proteins is an ini-
tial regulatory step necessary to switch on and off gene expression
cascades that control the inhibition-excitation balance and ulti-
mately allow learning and memory to occur. Central to these cas-
cades and immediately downstream from DREAM, the Npas4
protein emerges as a critical early regulator of activity-dependent
learning and memory. The master-switch regulatory role of
DREAM makes this repressor protein a novel target for drug de-
velopment of new-generation molecules, not based on phos-
phodiesterase inhibition and independent of the CREB pathway,
which could improve cognition.
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