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1Institute for Research in Biomedicine, Department of Cell Biology, and Centro de Investigación Biomédica en Red para Enfermedades Neurodegenerativas,
Instituto de Salud Carlos III, University of Barcelona, 08028 Barcelona, Spain, and 2Molecular Biology of the Cell I, German Cancer Research Center, 69120
Heidelberg, Germany

The family of CREB (cAMP response element-binding protein) transcription factors are involved in a variety of biological processes
including the development and plasticity of the nervous system. In the maturing and adult brain, CREB genes are required for activity-
dependent processes, including synaptogenesis, refinement of connections and long-term potentiation. Here, we use
CREB1 NescreCREM �/� (cAMP-responsive element modulator) mutants to investigate the role of these genes in stimulus-independent
patterns of neural activity at early stages. We show that lack of CREB/CREM genes specifically in neural tissue leads to increased
synaptogenesis and to a dramatic increase in the levels of spontaneous network activity at embryonic stages. Thus, the functions of
CREB/CREM genes in neural activity differ in distinct periods of neural development.
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Introduction
Activity-dependent neural plasticity is a crucial event during the
postnatal critical period and in the adult brain. Stimulus-
dependent activity is required for the refinement of connections,
formation and stabilization of synapses, and plasticity processes
such as long-term potentiation (LTP) (Katz and Shatz, 1996;
Hensch, 2005). The transcription factors of the CREB (cAMP
response element-binding protein) family are key mediators of
stimulus-induced nuclear responses that underlie activity-
dependent processes, including synaptogenesis, refinement of
neural connections, and LTP (Murphy and Segal, 1997; Gass et
al., 1998; Mayr and Montminy, 2001; Barco et al., 2002; Lonze et
al., 2002; Pittenger et al., 2002; Gao et al., 2004; Marie et al., 2005).
In addition to stimulus-regulated neural activity during the crit-
ical period, developing neurons pass through an earlier period of
patterned neural activity, known as the “precritical period,”
which is stimulus independent (Feller and Scanziani, 2005). Such
early patterns of neural activity are characterized by the recruit-
ment of large numbers of neurons into synchronous waves (Ben-

Ari, 2001). The pattern of activity of these synchronous waves has
been proposed to regulate processes such as gene expression and
neuronal differentiation and gross map patterning and refine-
ment (Stellwagen and Shatz, 2002; Torborg et al., 2005; Hooks
and Chen, 2006; Huberman et al., 2006; Spitzer, 2006). Here, we
show that lack of CREB/CREM (cAMP-responsive element mod-
ulator) genes specifically in neural tissue is not required for the
formation of axonal tracts in vivo in the mouse embryo. Unex-
pectedly, we found that the lack of these transcription factors
increases cortical synaptogenesis and dramatically increases the
levels of spontaneous neural activity at early stages, indicating
that the CREB/CREM genes play opposing roles in neural activity
which are developmentally regulated.

Materials and Methods
Animals. The generation of the CREB1 NescreCREM �/� and
CREB1 NescreCREM �/� mutants as well as the procedures to determine
the genotype by PCR have been reported previously (Mantamadiotis et
al., 2002).

Histology. Embryos were transcardially perfused at embryonic day 18
(E18) with 4% paraformaldehyde, and brains were postfixed, cryopro-
tected, and frozen in dry ice. Coronal sections (40 �m thick) were Nissl-
stained or immunostained with the anti-TAG-1, and anti-L1 (1:1000; a
gift from J. Rathjen, Medical Research Council, Berlin, Germany) anti-
bodies. After incubation with biotinylated secondary antibodies, sections
were processed using the Vectastain ABC kit (Vector Laboratories).

Protein brain extracts and Western blot. The brains of control and mu-
tant mice were collected at E18 and homogenized in Tris 50 mM, pH 7.4,
150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 10% glycerol, 1 mM apro-
tinin, 1 mM leupeptin, 0.2 mM PMSF, 0.1 M NaF, 10 mM sodium pyro-
phosphate, and 0.2 mM sodium orthovanadate. After centrifugation, su-
pernatants were analyzed by Western blot. Protein samples were
separated by SDS-PAGE at 150 V. After running, transfer to nitrocellu-
lose membranes was performed in 120 mM glycine, 125 mM Tris, and
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0.1% SDS and 20% methanol. Filters were then saturated in 3% BSA in
TBS and incubated with the following antibodies: anti-GABAA�1, anti-
Glu2/3 (1:1000; Millipore), and NMDA receptor subunit NR1 (1:1000; a
gift from M. Watanabe, Hokkaido University School of Medicine, Sap-
poro, Japan). Anti-�-tubulin (1:10,000; Roche Diagnostics) and anti-
actin (1:50,000; Millipore) were used as loading controls. Secondary an-
tibodies were used at 1:2000 in TBS-T containing 3% powder milk.
Labeling was visualized using ECL plus (GE Healthcare). All the Western
blot data represent a minimum of three separate experiments. For den-
sitometric analyses, the Quantity One (Bio-Rad) program was used.

Electron microscopy. E18 embryos [CREB1 NescreCREM �/� (n � 3),
CREB1 NescreCREM �/� (n � 2), CREB1 �/�CREM �/� (n � 2) and
CREB1 �/�CREM �/� (n � 3)] were processed for electron microscopy.
Briefly, mice were perfused with 2% glutaraldehyde–2% paraformalde-
hyde in 0.1 M phosphate buffer. Brains were removed from skulls and
fixed overnight in the same fixative solution. Fixed brains were sectioned
and postfixed with 2% osmium tetroxide, dehydrated, and embedded in
Araldite. Ultrathin sections were collected, stained with uranyl acetate
and lead citrate, analyzed and photographed. Serial adjacent electron
micrographs, each covering 64 �m (final magnification 20,000�; n �
45– 64 per group of mice), were obtained from the stratum radiatum and
the stratum lacunosum-moleculare of the hippocampus. The density
axon terminals that displayed at least one synaptic contact were analyzed
in double and single mutants and in their control littermates. In addition,
we analyzed the surface area of randomly selected synaptic terminals
(n � 45–55 per group) and dendrites (n � 40 –70 per group of animals)
with the aid of the IMAT image analysis program (Scientific-Technical
Services, University de Barcelona, Barcelona, Spain). Statistical analyses
were performed using the Student’s t test.

Ca2� imaging. Neuronal activity was recorded on hippocampal acute
slices from E18 control and single- and double-mutant embryos
(Schwartz et al., 1998; Aguado et al., 2003). The brains were removed and
placed in cold artificial CSF (ACSF), bubbled with 95% O2 and 5% CO2.
Transversal hippocampal slices (300 �m thick) were obtained by cutting
tissue pieces in a McIlwain tissue chopper (Mickle Laboratory) and kept
in a storage chamber containing oxygenated ACSF. [Ca 2�]i in slices was
measured with the membrane-permeant acetoxymethyl ester of fura-2,
fura-2-AM (Invitrogen) dissolved in DMSO with 0.001% pluronic acid
(Invitrogen). Images were captured in an upright fluorescence micro-
scope (BX50WI; Olympus) at room temperature (22–25°C) with a
silicon-intensifier tube camera (Hamamatsu; C2400 – 08). Fura-2 fluo-
rescence images were collected at 4 s intervals (average of 15 frames for
each time point) using a 380-nm bandpass filter controlled by the
National Institutes of Health Image program. (�)-2-amino-5-
phosphonopentanoic acid (APV), 6-cyano-7-nitroquinoxaline-2,
3-dione (CNQX) (�)-bicuculline methiodide (BMI), and EGTA
were obtained from Sigma and thapsigargin from Calbiochem–
Novabiochem.

Network analysis. Changes in fluorescence, �F/F � (F0–F1)/(F0), were
analyzed with a program written in Interactive Data Language (Research
Systems) (Schwartz et al., 1998; Aguado et al., 2003). The time of initia-
tion of each Ca 2� transient for each cell was marked on a raster plot.
These plots were used to calculate the matrix of asymmetric correlation
coefficients between all cell pairs. Contingency tables and � 2 tests were
then used to detect the correlation coefficients that were significantly
greater than expected. Significant correlation coefficients were used to
generate a correlation map in which lines link neurons whose asymmet-
ric correlation coefficient is significant ( p � 0.01) and in which the
thickness of a line connecting any two cells represents the magnitude of
the greatest asymmetric correlation coefficient between the cells. To test
whether the [Ca 2�]i transients showed associations between the neurons
within a network, the number of simultaneous activations in a recording
was calculated and used as a statistical test (Schwartz et al., 1998; Aguado
et al., 2003). To determine its p value, the distribution of the statistics
under the null hypothesis of independent transients was computed by
Monte Carlo simulation. The p value was then estimated as the propor-
tion of the 1000 replications in which the statistical test exceeded the
statistical test computed from the true data. To simulate independent
realizations of the transients, the number of cells, activations and time

intervals were preserved, but the initiations of the transients were taken at
random. Statistical analyses were performed using the Student’s t and
Mann–Whitney U tests. Data are expressed as mean � SEM.

Results
Increased synaptogenesis in the hippocampus of
CREB1 NescreCREM �/� embryos
To specifically investigate the role of the CREB family of tran-
scription factors on early neural activity in vivo, we generated
mouse embryos lacking CREB specifically in glial and neural pro-
genitors, in addition to the lack of one or two CREM alleles
(Mantamadiotis et al., 2002). CREB1 NescreCREM�/� mice die at
birth, and thus we analyzed them at E18. We first addressed
whether the CREB/CREM family of transcription factors are re-
quired for axonal growth and the development of neural connec-
tions in vivo. Brain sections were immunostained for the axonal
markers L1 and TAG-1, two adhesion molecules that are en-
riched in developing axonal tracts. We did not observe differ-
ences in the trajectories or in the thickness of axonal tracts be-
tween the various genotypes (Fig. 1A–H). Thus, the major
commissures of the forebrain, including the corpus callosum,
and the hippocampal and anterior commissures, were well devel-
oped in CREB1 NescreCREM�/� mutant brains (Fig. 1A,B). Sim-
ilarly, the distribution of axonal fascicles in several forebrain re-
gions, including the intermediate zone of the neocortex, the
alveus and fimbria in the hippocampus, or the reciprocal
thalamocortical bundles that traverse the striatum, was indistin-
guishable in control and CREB1 NescreCREM�/� mutant brains
(Fig. 1C–H). Similar findings were observed in other brain areas
such as the cerebellum and the brainstem (data not shown). We
conclude that the CREB/CREM genes are not required for early
axonal growth and guidance in vivo.

In the adult brain, the CREB family of transcription factors is
involved in synaptic plasticity and synaptogenesis (Lonze et al.,
2002; Gao et al., 2004). Therefore, we reasoned that although the
lack of CREB/CREM genes does not alter axonal guidance, it may
affect synaptogenesis once axons have reached their targets. We
performed an electron microscopy study in the hippocampus at
E18. At this age, immature synaptic terminals containing few
synaptic vesicles were recognizable in the plexiform layers of the
hippocampus (Aguado et al., 2003). Often, these terminals estab-
lished synaptic contacts with adjacent profiles corresponding to
dendrites. No difference was observed in the fine structure of
synaptic terminals, dendrites or synaptic contacts between the
genotypes studied, including control and CREB1 NescreCREM�/�

littermate embryos (Fig. 1 I, J). We also measured the surface area
of synaptic terminals and dendrites, which did not differ between
control and CREB1 NescreCREM�/� mutant embryos (0.47 �
0.06 �m 2 and 0.36 � 0.04 �m 2 in synaptic terminals and 0.75 �
0.11 �m 2 and 0.96 � 0.16 �m 2 in dendrites of control and mu-
tant hippocampi, respectively). Interestingly, the density of syn-
aptic contacts in the hippocampus of CREB1 NescreCREM�/�

embryos was greater than in control littermates (Fig. 1K). This
was particularly noticeable in the stratum lacunosum-moleculare
(49% increase), which receives entorhinal input and matures ear-
lier than the stratum radiatum. The density of synaptic contacts
(15–35%) was also greater in embryos lacking only the CREB
(CREB1 NescreCREM�/�) or the CREM (CREB1�/�CREM�/�)
gene, indicating that both transcription factors are required to
ensure the correct complement of synapses at early stages of cor-
ticogenesis. These data indicate that the lack of CREB and CREM
genes does not impair axonal growth or synapse formation in vivo
but results in increased synaptogenesis in the embryonic brain.
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Increased levels of spontaneous activity
in hippocampus of
CREB1 NescreCREM �/� embryos
At perinatal stages, the hippocampus and
other brain regions display patterns of in-
trinsic spontaneous neural activity, which
are essentially synaptically driven (Garas-
chuk et al., 1998, 2000; Ben-Ari, 2001). We
thus examined whether the increased syn-
aptogenesis in CREB1 NescreCREM�/�

mutants alters neural activity levels. To
study the impact of CREB and CREM de-
letions on the activity of developing cir-
cuits, we analyzed spontaneous [Ca�2]i

changes in hippocampal slices of several
mutant embryos by Ca�2 imaging
(Schwartz et al., 1998; Aguado et al., 2003).
After loading the dye fura-2, many neu-
rons were stained throughout the princi-
pal and plexiform layers of the hippocam-
pus (Fig. 2A,B). Analyses of E18
hippocampal neurons from control
CREB1�/�CREM�/� embryos showed
that �10% of fura-2-loaded neurons ex-
hibited spontaneous [Ca�2]i oscillations,
with a mean frequency of activation of
19.7 � 1.8 [Ca�2]i transients/cell/10 4 s (13
slices from 5 embryos) (Fig. 2C,H, I).
These low levels of spontaneous activity
are consistent with the weak intrinsic
activity reported in prenatal mouse
hippocampi (Aguado et al., 2003).
CREB1 NescreCREM�/� embryos (eight
slices from four embryos) had more spon-
taneously active neurons and a higher fre-
quency of spontaneous [Ca 2�]i oscilla-
tions than control CREB1�/�CREM�/�

embryos (Fig. 2C,H, I). Moreover, in mu-
tant embryos lacking either the CREB or
the CREM gene, there was a nonsignificant
increase in the number of active neurons
(six to eight slices from three embryos per
each genotype) and a significant 51.9% in-
crease in the frequency of spontaneous
[Ca 2�]i oscillations (Fig. 2H, I). No
changes were detected in the duration of
[Ca 2�]i transients in any of the genotypes
analyzed (Fig. 2 J).

Synchronous activation of developing
neurons is believed to be a crucial step in
the development of neural circuits (Katz
and Shatz, 1996; Ben-Ari, 2001). We ana-
lyzed the effect of CREB and CREM muta-
tions on the patterns of synchronous
spontaneous activity generated in hip-
pocampal circuits. We used a method of
statistical analysis that identifies and maps
the coactivations among individual cells
(Schwartz et al., 1998; Aguado et al., 2003).
Spatiotemporal analysis of control slices showed that only a mod-
erate percentage of neurons belonged to correlated networks
(Fig. 2D,K), as described previously (Aguado et al., 2003). A
representative correlation analysis of a control embryo is shown

in Figure 2F, where each fura-2-loaded pyramidal neuron dis-
playing spontaneous [Ca 2�]i changes is indicated with black
squares and the spatiotemporal correlation map (see Materials
and Methods) shows the synchronous network shaped by coac-

Figure 1. CREB/CREM mutant mice display normal fiber cytoarchitectonics but increased synaptogenesis. A–F, Coronal sections of E18
forebrains immunoreacted for L1 and TAG1 showing that the trajectories of the main fiber tracts of the forebrain are unaltered in
CREB1 NescreCREM �/� embryos. CC, Corpus callosum; CTT, corticothalamic tract; F, fimbria; H, hippocampus; S, striatum; T, thalamus.
G–H, Hippocampal sections immunoreacted for L1 showing similar patterns of fiber distribution (arrows) in CREB1 �/�CREM �/� and
CREB1 NescreCREM �/� embryos. DG, Dentate gyrus; CA1–CA3, hippocampal subfields. I, J, Electron micrographs showing axon terminals
displaying synaptic contacts (arrows) in the stratum radiatum of CREB1 �/�CREM �/� and CREB1 NescreCREM �/� hippocampi. K,
Density of synaptic terminals in the stratum radiatum and stratum lacunosum moleculare in the genotypes showing increased number of
contacts in CREB1 �/�CREM �/�, CREB1 NescreCREM �/�, and CREB1 NescreCREM �/� embryos, compared with CREB1 �/�CREM �/�

brains. *p � 0.05, **p � 0.01). Scale bars: A–H, 200 �m; I, J, 0.5 �m.
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Figure 2. Spontaneous correlated network activity is enhanced in the hippocampus of E18 CREB1 NescreCREM �/� and CREB1 NescreCREM �/� embryos. A–G, Examples of network activity in the
hippocampal CA1 region of CREB1 �/�CREM �/� and CREB1 NescreCREM �/� embryos. A, B, Fura-2-loaded hippocampal slices showing active neurons (squares). C, Representative plots of �F/F
over time illustrating spontaneous [Ca �2]i changes in a hippocampal neuron. The initiation of [Ca �2]i transients is indicted by bars on the x-axis. D, E, Raster plots of all active cells shown in A and
B in a CREB1 �/�CREM �/� (D) and CREB1 NescreCREM �/� (E) slice. Horizontal lines represent the activity profile over 800 s of each active neuron, and vertical thick lines mark the onset of [Ca �2]i

oscillations. The long vertical lines crossing the horizontal lines in D and E mark the times where the onset of the oscillations is synchronous across multiple cells. F, G, Correlation maps illustrating
a significant ( p � 0.01) spatiotemporal coactivation among all cell pairs shown in A–D and B–E assayed with � 2 contingency tables. Each pair of synchronous cells is connected by lines. The
thickness of the lines is proportional to the degree of significance. The p value reflects the overall level of coactivation obtained by Monte Carlo simulation and represents the probability that the
coactivations present in this field are caused by chance. The complexity of spatiotemporal correlations is enhanced in CREB1 NescreCREM �/� embryos, as denoted by the increased number of cells
involved in correlated networks. H–K, Histograms showing significant increases in the percentage of active neurons (H ), the activation rates Ca 2� transients/cell/10 4 s (I ), and the number of active
cells involved in correlated networks in CREB1 NescreCREM �/� hippocampal slices (K ), whereas durations of Ca 2� oscillation do not differ (J ). *p � 0.01. Scale bar, 50 �m.
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tive neurons. In these correlation maps,
each pair of neurons with significant syn-
chronous [Ca 2�]i increases is connected
by lines whose thickness is proportional to
the degree of correlation. Analysis of pat-
terned spontaneous activity of
CREB1 NescreCREM�/� littermates re-
vealed that double mutants had an average
of 62.9 � 7.8% of coactivated neurons,
2.4� more than in controls (Fig. 2E,K).
Moreover, no changes were observed in
the percentage of neurons showing syn-
chronous Ca 2� events in single mutants
(Fig. 2K). We conclude that the elimina-
tion of CREB and CREM genes in vivo
markedly enhances spontaneous neuronal
activity in the prenatal brain by increasing
the number of active neurons and activa-
tion rates and their patterns of synchro-
nized activity.

To study the cellular mechanisms un-
derlying nonevoked Ca 2� events in con-
trol and CREB1 NescreCREM �/� mutant
embryos, we used a pharmacological ap-
proach. Rapid removal of extracellular
Ca 2� by perfusion with Ca 2�-free ACSF
containing 2 mM EGTA completely
blocked spontaneous [Ca 2�]i oscil-
lations in both controls and
CREB1 NescreCREM �/� neurons (three
and two slices, respectively) (Fig. 3A). We also analyzed the con-
tribution of released intracellular Ca 2� to spontaneous [Ca 2�]i

transients by applying thapsigargin, which depletes intracellular
Ca 2� stores. Addition of thapsigargin (2 �M) to hippocampal
slices did not alter the percentage of neurons with spontaneous
[Ca�2]i transients in control or CREB1 NescreCREM�/� embryos
(two and two slices, respectively) (Fig. 3A). These results indicate
that neuronal [Ca�2]i oscillations depend almost exclusively on
extracellular Ca 2� and that the mechanisms underlying Ca 2�

mobilization are preserved in CREB1 NescreCREM �/� double
mutants. Administration of the GABAA receptor antagonist BMI
(30 �M) to control hippocampal slices reduced the number of
spontaneously active cells (42.5%, two slices). Similar blocking
effects were observed in embryonic neurons of
CREB1 NescreCREM�/� slices after treatment with BMI (48.8%
active neurons, three slices) (Fig. 3A). Moreover, blockade of
ionotropic glutamate receptors by APV and CNQX (50 and 20
�M, respectively) showed that the activation of these receptors
contributed similarly to the generation of intrinsic activity in
embryonic neurons of control and CREB1 NescreCREM�/� hip-
pocampi (Fig. 3A). These observations were supported by a rise
in the Monte Carlo p value (Fig. 3B), which reflects the overall
network decorrelation (Schwartz et al., 1998). We also analyzed
protein expression levels of several subunit neurotransmitter re-
ceptors, including GABAA�1, NMDAR1, and GluR2/3. In agree-
ment with the above data, no differences in the expression levels
of these subunits between control and CREB1 NescreCREM�/�

mutant embryos were detected (Fig. 3C).

Discussion
These results are consistent with previous reports showing that
the excitatory actions of both GABA and glutamate are required
for the generation of spontaneous activity in the hippocampus

(Leinekugel et al., 1997; Garaschuk et al., 1998, 2000; Aguado et
al., 2003). Moreover, our findings indicate that the elimination of
the CREB and CREM genes does not substantially alter the phys-
iological contribution of the main ionotropic receptors to gener-
ate spontaneous Ca 2� activity. This suggests that the increased
level of neural activity observed in CREB1 NescreCREM�/� mu-
tant embryos is attributable to the dramatic increase in synapto-
genesis. Previous studies have shown that the lack of CREB and
CREM genes results in an increased number of degenerating neu-
rons (Mantamadiotis et al., 2002). Whether this process is related
to the altered patterns of connectivity and neural activity de-
scribed in the present study remains to be elucidated.

The development of neural connections follows two essen-
tially independent processes: initially, growing fibers are guided
toward their targets and form early synapses in an activity-
independent manner; then, activity-dependent axonal branching
and synaptogenesis occur (Katz and Shatz, 1996; Tessier-Lavigne
and Goodman, 1996). The role of the CREB family of transcrip-
tion factors in activity-dependent plasticity processes, including
LTP, long-term memory, and formation and stabilization of new
synapses, in the postnatal and adult brain, is well established
(Murphy and Segal, 1997; Gass et al., 1998; Mayr and Montminy,
2001; Barco et al., 2002; Lonze et al., 2002; Pittenger et al., 2002;
Gao et al., 2004; Marie et al., 2005). In contrast, little is known
about the role of the CREB transcription factors in axonal growth
and guidance, or in the early patterns of neural activity in the
precritical period. A reduction in the size of some axonal path-
ways, including the corpus callosum, has been found in conven-
tional CREB null mutant embryos (Rudolph et al., 1998). In
CREB1 NescreCREM�/� mutants, we did not detect either aber-
rant axonal tracts or reduced axonal pathways in distinct regions
of the CNS. These differences may be attributable to the fact that
we used Cre/loxP mutants in which the CREB gene is targeted

Figure 3. A, Histograms showing the percentage of active neurons (with respect to controls) in the E18 CA1 hippocampal
region, after incubations with EGTA, thapsigargin, BMI, and CNQX/APV. White bars represent control CREB1 �/�CREM �/� slices
and black bars represent CREB1 nescreCREM �/� double-mutant embryos. B, Average of Monte Carlo p values representing the
probability that the overall degree of synchronous correlation present in the network is caused by chance. CREB1 NescreCREM �/�

hippocampal slices exhibit significant values in basal conditions, whereas neurotransmitter receptor antagonists decorrelate
spontaneous activity. C, Western blots showing protein expression levels of neurotransmitter receptors (GABAA�1 subunit, glu-
tamate receptor NMDA receptor subunit NR1 and GluR2/3) in brain lysates of E18 embryos. Densitometric analyses revealed no
significant differences among groups in neurotransmitter receptor protein expression levels ( p 	 0.05).
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exclusively in neural and glial progenitors at the onset of Nestin
expression (Mantamadiotis et al., 2002). Thus, the reduced sizes
of axonal tracts in germline CREB mutants (Rudolph et al., 1998)
may be secondary to CREB-dependent processes occurring at
earlier embryonic stages (Bleckmann et al., 2002).

We show here a marked increase in the number of synapses in
the hippocampus of CREB1 NescreCREM�/� embryos. Consis-
tently, the patterns of spontaneous intrinsic activity in double-
mutant hippocampi showed a marked increase in the number of
activated neurons and also in their synchronous network activity.
Interestingly, the analysis of the neural activity in pyramidal cells
reveals enhanced activity in the single and double mutants, lack-
ing only CREB or both CREB and CREM genes. The finding that
spontaneous activity in CREB/CREM mutants is reduced after
treatment with neurotransmitter receptor antagonists indicates
that the enhanced spontaneous activity observed is attributable,
at least in part, to the increased number of synaptic contacts in
these mutants. Moreover, GABAergic and glutamatergic receptor
antagonists reduced activity by only 60%; it is likely that other
neurotransmitter systems or mechanisms (e.g., gap junctions)
collaborate in driving this activity. It has been shown that the
frequency of patterned neural activity drives the refinement and
segregation of initially imprecise connections (Stellwagen and
Shatz, 2002; Hanson and Landmesser, 2004; Torborg et al., 2005;
Demas et al., 2006). Our results therefore agree with these find-
ings by demonstrating a correlation between altered patterns of
neural activity patterns and abnormal synaptogenesis.

In summary, we show that the lack of CREB/CREM genes in
neural tissue leads to increased synaptogenesis and spontaneous
neural network activity specifically at early developmental stages,
in contrast to the critical period and adult brain, where they are
required for neural activity-dependent synaptogenesis, refine-
ment, and plasticity. These data point to an unexpected role of the
CREB/CREM genes in neural development and suggest that un-
identified age-dependent factors modulate the activity of CREB/
CREM genes and their transcriptional activity in the same neu-
rons. Such differential regulation might be achieved by a
differential expression of signaling pathways controlling CREB/
CREM phosphorylation and/or by inhibition of transcription in-
duced by these genes.
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