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Regulation of proliferation and histone
acetylation in embryonic neural precursors

by CREB/CREM signaling
Rosanna Parlato1,2,3, Claudia Mandl4, Gabriele H€olzl-Wenig4, Birgit Liss1, Kerry L Tucker3,y, and Francesca Ciccolini4,*

1Institute of Applied Physiology; University of Ulm; Ulm, Germany; 2Dept. of Molecular Biology of the Cell I; DKFZ-ZMBH Alliance; German Cancer Research Center;
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yKerry L Tucker’s current affiliation is the Center for Excellence in the Neurosciences, Dept. of Biomedical Sciences, College of Osteopathic Medicine, University of New England,
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Abbreviations: BIO, 6-bromoindirubin-30-oxime; BrdU, bromodeoxyuridine; CBP, CREB-binding protein; CREB, cAMP-response
element binding protein; CREM, cAMP-responsive element modulator; d.p.c, days post coitum; Ctr, control; DM, double mutant;
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; FGF-2, fibroblast growth factor-2; FACS, fluorescence acti-
vated cell sorting; GE, ganglionic eminence; HD, Huntingtons disease; HDAC, histone deacetylases; IHC, immunohistochemistry;
IZ, intermediate zone; PCNA, Proliferating Cell Nuclear Antigen; PH3, phosphohistone H3; PI, propidium iodide; PP, pre-plate;

Shh, Sonic hedgehog; SVZ, subventricular zone; TSA, trichostatin A; VZ, ventricular zone.

The transcription factor CREB (cAMP-response element binding protein) regulates differentiation, migration, survival

and activity-dependent gene expression in the developing and mature nervous system. However, its specific role in the

proliferation of embryonic neural progenitors is still not completely understood. Here we investigated how CREB

regulates proliferation of mouse embryonic neural progenitors by a conditional mutant lacking Creb gene in neural

progenitors. In parallel, we explored possible compensatory effects by the genetic ablation of another member of the

same gene family, the cAMP-responsive element modulator (Crem). We show that CREB loss differentially impaired the

proliferation, clonogenic potential and self-renewal of precursors derived from the ganglionic eminence (GE), in

comparison to those derived from the cortex. This phenotype was associated with a specific reduction of histone

acetylation in the GE of CREB mutant mice, and this reduction was rescued in vivo by inhibition of histone

deacetylation. These observations indicate that the impaired proliferation could be caused by a reduced

acetyltransferase activity in Creb conditional knock-out mice. These findings support a crucial role of CREB in controlling

embryonic neurogenesis and propose a novel mechanism by which CREB regulates embryonic neural development.

Introduction

Tight regulation of proliferation and differentiation is essen-
tial for brain development.1-3 Timing of cell fate specification
and differentiation is especially achieved by the combination and
integration of multiple transcriptional programs,4 although epi-
genetic mechanisms are also emerging.2,5 Severe deficits in neuro-
genesis during embryonic development are exhibited by multiple
neurodevelopmental disorders including Down syndrome, lissen-
cephaly, microcephaly, autism, and epilepsy6-8 prompting to a
better understanding of the complex mechanisms regulating
embryonic neurogenesis.

The cAMP-response element binding protein (CREB) belongs
to a family of transcription factors implicated in the regulation of
several cellular processes in the developing brain.9CREB affects neu-
rogenesis at different levels for example, by regulation of migration,
differentiation, maintenance and survival.9-12 The genetic ablation
of CREB in specific cellular contexts has highlighted its cell-autono-
mous and cell-specific functions.12,13 So far the role of CREB in sur-
vival and differentiation of neural progenitors has been extensively
investigated in the adult brain.14-16During embryonic development
the specific loss of CREB in neural progenitors achieved by the Cre/
LoxP system results in increased apoptosis but only when also the
cAMP-responsive element modulator (CREM) was lost, due to its
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compensatory effects.12 Although in the ini-
tial analysis of these models no effects on pro-
liferation were reported, recent evidence have
shown that CREB is involved in the regula-
tion of neural progenitor cell proliferation in
culture in a global Creb knockout mice.17–19

However, it is poorly understood how the
loss of CREB reduces progenitor proliferation
and whether CREB plays a similar role in
vivo.

Here we investigated the cell autonomous
role of CREB signaling in mouse embryonic
neural progenitors. For this analysis we took
advantage of a mouse model based on the
conditional ablation of Creb under the con-
trol of the NestinCre transgene in combina-
tion with Crem global knock-out to exclude
possible compensatory roles due to
CREM.12Using this experimental system we
show that at embryonic day (E) 13.5 whereas
in the cortex the number of neural progeni-
tors is unaltered, in the ganglionic eminence
(GE) CREB ablation leads to its rapid
decrease. A similar effect was observed in
neurosphere cultures. This analysis revealed
that CREB loss impaired the proliferation,
clonogenic potential and self-renewal of pre-
cursors derived from the GE but not from
the cortical counterpart. This phenotype was
associated with a reduction of histone acetylation in the GE but not
in the cortical anlage.Moreover, inhibition of histone deacetylation
in vivo rescued proliferation in vitro. These observations indicate
that the context-specific impairment of proliferation could be
caused by a reduction of histone acetyltransferase activity in Creb
conditional knockout mice.

Results

Lack of CREB impairs the proliferation of GE but not
of cortical precursors

The function of CREB on the regulation of neural precursor
activity has mainly been focused on neuronal maturation and dif-
ferentiation.10-14 Recent evidence has shown that CREB also reg-
ulates proliferation of neural precursors derived from the
embryonic GE.17 However, it is unknown whether this role
depends on a cell autonomous or non cell-autonomous mecha-
nism and whether CREM, the transcription factor usually com-
pensating CREB loss in the brain, has a similar role.12

To investigate the cell autonomous function of CREB signaling
in the early embryonic neurogenesis we have taken advantage of a
conditional approach by which the Creb gene is specifically ablated
in neuronal and glial progenitors after expression of the NestinCre
transgene.12 In particular, we analyzed proliferation and neural stem
cell activity in cultures isolated from the E13.5 GE of CremC/¡;
Crebfl/fl (control), Crem¡/¡; Crebfl/fl (Crem¡/¡), CrebNestinCre;

CremC/C (Creb¡/¡) and CrebNestinCre; Crem¡/¡ double mutant
(DM) mouse embryos. Consistent with previous observations,17 we
found that 7 day old neurospheres obtained from E13.5 Creb¡/¡

and DM GE contained fewer cells than the counterpart established
from control and Crem¡/¡ embryos (Fig. 1A), suggesting that the
mutation affected proliferation. Indeed, clonal analysis revealed a
decrease both in the number (Fig. 1B) and in the size of the clones
generated from the dissociated GE of Creb¡/¡ and DM embryos
(Fig. 1C), although the single mutation of Creb resulted in a less
penetrant phenotype with more variation among individual mutant
cultures than in the DM counterparts. Moreover, besides the change
in size, clones originating from Creb mutant precursors did not dis-
play spheric morphology (Fig. 1C), suggesting that loss of CREB
also affects cell-cell adhesion, as previously proposed.11

Next, to investigate the mechanisms of impaired neural stem cell
proliferation in Creb mutants, we purified the clone-forming cells.
To this end we used flow cytometry to isolate cells expressing high
levels of EGFR (EGFRhigh cells) from cultures of the E13.5 GE
grown in the presence of exogenous FGF2 for 24 hours. We have
previously shown that at least one in 5 EGFRhigh cells displays stem
cell characteristics i.e. long-term self-renewal and multipotential-
ity.20–22 Independent of the genotype, after 24 hours after exposure
to exogenous FGF2, cultures derived from the dissociated GE con-
tained similar numbers of EGFRhigh cells (Fig. 2A and B) showing
that the defect in proliferation is not due to impaired EGFR expres-
sion. In contrast, Creb¡/¡ and DM cultures exposed to FGF2 for
48 hours displayed a significantly higher number of EGFRhigh cells

Figure 1. Loss of CREB and CREM impairs the proliferation of striatal precursors. (A–B) Quantita-

tive analysis of total cells in high (A) and clonal (B) density neurosphere cultures established from

dissociated GE of E13.5 embryos with the indicated genotypes. Data represent means § SEM in

at least 3 independent experiments. Asterisks indicate significant differences versus control (Ctr;

ANOVA) * P <0 .05; ** P<0 .01. (C) Representative images illustrating clone size and morphology.
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than the control or Crem¡/¡ counterparts (Fig. 2C). This effect did
not reflect a change in cell viability as shown by the number of cells
incorporating propidium iodide (PI) (% PI positive cells: control:
5.62 § 1.08; Crem¡/¡: 6.05 § 1.03; Creb¡/¡: 6.06§ 0.71; DM:
5.08 § 1.00). Taken together these data indicate that the viability
and the number of clone-forming neural precursors isolated from
the GE of Creb¡/¡ and DM E13.5 embryos is not compromised.
Furthermore, the increase in EGFR expression was transient, as it
was not observed if the culture medium was replaced with fresh one
24 hours after dissection (Fig. 2D), or after 5 d in the continuous

presence of FGF2 (Fig. 2E). Together, these data indicate that fac-
tors present in the culture medium other than FGF2 promote the
upregulation of EGFR expression in CREB- deficient precursors.
Immunofluorescence revealed a decrease in the expression of Ki67
and bromodeoxyuridine (BrdU) incorporation, suggesting a defect
in proliferation of EGFRhigh cells isolated from Creb¡/¡ and DM
mice. This defect was reflected by a smaller fold increase in cell num-
ber after the first passage (Fig. 2G). However, the percentage
decrease in immunopositive cells for either marker was similar, sug-
gesting that CREB ablation affects the number of proliferating

Figure 2. Effect of CREB and CREM on number and cycling rate of EGFRhigh precursors. (A) Representative FACS plots illustrating EGFRhigh cells in DIV1

control (Ctr) and DM cultures, pre-treated with EGF before staining with EGF-Alexa488, as negative control, or left untreated as indicated. (B–E) Quantita-

tive analysis of EGFRhigh cells in the cultures established from the GE of E13.5 embryos with the indicated genotype measured after the indicated day in

vitro (DIV). In (D) the culture medium was replaced 24 hours after plating. (F) Quantitative analysis of BrdU incorporation and expression of the given

markers in EGFRhigh cells isolated from DIV2 cultures of Ctr and DM GE. Data represent means § SEM in at least 3 independent experiments. Asterisks

indicate significant differences vs. Ctr (Student’s t-test) *P <0 .05; **P <0 .01. (G) Fold increase in cell number from DIV0 to DIV5 neurosphere cultures

established from dissociated E13.5 GE cells of embryos with the indicated genotypes.
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precursors rather than cell cycle kinetics. In
addition, although the number of cells
expressing the early neuronal marker Tuj1
was increased, the expression of Nestin in
EGFRhigh cells isolated fromDM and control
embryos was not significantly changed
(Fig. 2F). However in mutant cultures the
total number of EGFRhigh cells is transiently
increased and this excess of neuroblasts could
be a consequence of lingering high levels of
EGFR expression during lineage progression.
Together these data indicate that, compared
to the control counterpart, EGFRhigh cells
proliferate less and display characteristics of
more differentiated neuronal progenitors.

Both EGFRhigh and EGFRlow cells
sorted from 2 day-old Creb¡/¡ and DM
cultures displayed a defect in primary
clone formation (Fig. 3A and B), prolif-
eration potential (Fig. 3C) and self-
renewal (Fig. 3D). Consistent with our
previous analyses, independent of EGFR
expression CREM ablation did not affect
the number of clone forming precursors
and clone size (Fig. 3A-C). However, pri-
mary clones obtained from Crem¡/¡ pre-
cursors gave rise to fewer secondary
clones (Fig. 3D), indicating a defect in
self-renewal. Thus, ablation of CREB
impacts the proliferation rate and self-
renewal of neural stem cells in the GE,
whereas deletion of CREM alone impacts
only their ability to self-renew. A defect
in primary clone formation (Fig. 3E and
F) and differentiation (Fig. S1) was also
observed if cells were maintained for lon-
ger time (3-5 days) in culture before
FACS analysis and isolation. However, at
these later time-points proliferation
potential and self-renewal were unaffected
(Fig. 3G and H). Taken together, these
results indicate that lack of CREB
impairs the ability of highly neurogenic
and self-renewing precursors to undergo
clone formation. The proliferation of less
neurogenic and self-renewing secondary
progenitors is instead less affected, espe-
cially in high-density cultures.

The effect of CREM and CREB on
proliferation is modulated by regional
cues

To establish whether CREB regulates
neural precursor proliferation in a region-
specific manner, we next investigated the
clonogenic activity of cells isolated from

Figure 3. Effect of CREB and CREM on the ability of precursors isolated from the E13.5 GE to form

primary and secondary clones. Analysis of clones obtained from EGFRhigh and/or EGFRlow cells sorted

at DIV1 and DIV2 (A and D) and DIV 3-5 (E and H) from cultures of the GE from E13.5 embryos with

the given genotypes. Graphs illustrate quantitative analyses of primary (A, B, E, F) and secondary

(D and H) clones as well as clone size (C and G). Data represent means § SEM in at least 3 indepen-

dent experiments. Asterisks indicate significant differences versus Ctr (ANOVA) *P<0 .05; **P<0 .01.
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the E13.5 cortical anlage by a similar FACS-based procedure.
Cortical EGFRhigh cells from single mutant Creb¡/¡ and
Crem¡/¡ formed clones at a rate comparable to controls
(Fig. S2A). Although DM EGFRhigh precursors (Fig. S2A),
Creb¡/¡ and DM EGFRlow cells displayed a decreased ability of
forming clones, this effect was not significant (Fig. S2B). More-
over, in either group of precursors, the size and the ability of
undergoing secondary clone formation was not affected (data not
shown). In contrast to the GE, 48 hours after dissection control,
Crem¡/¡, Creb¡/¡ and DM cultures contained similar numbers
of EGFRhigh cells (Fig. S2C). Together these data show that
absence of CREB per se is not a prerequisite for clone formation
in neural precursors, and the inability to proliferate in vitro
shown by high self-renewing and neurogenic mutant precursors
isolated from the GE rather reflect a specific change in this cell
population.

The functional relevance of CREB–dependent gene expres-
sion in neural precursors is supported by CREB being phosphor-
ylated on Serine-133 in the germinal layer,17 a modification
crucial for stimulus-dependent CREB activity.23 Our analysis of
phosphorylated CREB protein at E13.5 in the germinal zones of
the GE and cortex confirmed these previous observations show-
ing phospho-CREB immunoreactivity also in these regions char-
acterized by high density of cells actively cycling and dividing, as
indicated by Ki67 (Fig. S3A-C) and BrdU immunoreactivity
(Fig. S3D-G). Moreover, double immunofluorescence of control
E13.5 telencephalic sections with antibodies specific to a third
proliferative marker, i.e., the proliferating cell nuclear antigen
(PCNA), and phospho-CREB showed that phospho-CREB is
also expressed in precursors undergoing proliferation in the ger-
minal zone of the cortex and especially of the GE. Notably, at
E13.5 phospho-CREB immunoreactivity was stronger and more
widespread in the GE than in the cortical counterpart (Fig. 4)
suggesting that CREB activation is more tightly associated to the
proliferation of neural precursors in the GE than in the cortex. A
similar analysis of DM littermate embryo showed that by E13.5
phospho-CREB immunoreactivity was strongly decreased in
both regions with only a few immunopositive cells observed
mostly at the apical side of the germinal areas (Fig. 4).

To further investigate the specific role of CREB/CREM loss
in the proliferation of neural progenitors in the embryonic brain,
we quantified the number of cells in S-phase by BrdU incorpo-
ration in control and DM E13.5 embryos (Fig. 5). Pregnant
females were given a single intraperitoneal injection of BrdU and
embryos at E13.5 were collected and analyzed after 2 hours. This
analysis revealed a small but significant decrease in the number of
BrdUC cells within the apical VZ of the GE in DM embryos but
not within the cortical anlage supporting that the number of cells
in the S-phase is reduced in DM mice (Fig. 5 Ea, Ec). The VZ of
the embryonic GE includes radial glia precursors that undergo
mitosis at the apical border, and a newly identified subset of pre-
cursors undergoing sub-apical mitosis.24 We therefore, analyzed
phosphohistone H3 (PH3) positive mitotic cells in the GE of
control and DM embryos. Consistent with our previous observa-
tions, loss of CREB and CREM did not affect the number of cor-
tical mitotic cells, whereas, compared to control, the number of

PH3C cells within the germinal region of DM embryos was
reduced. Moreover, the genotype specifically affected precursors
undergoing sub-apical division in the VZ.

Taken together these data indicate that, in vitro as in vivo,
CREB regulates neural progenitors proliferation in a region-
specific manner decreasing the proliferation of dividing precur-
sors in the GE but not in the cortex.

Lack of CREB and CREM differentially affects the ability of
precursors isolated from the GE to respond to environmental
signals

The expression of EGFR and clone formation in neural pre-
cursors can be independently affected by a plethora of different
signals, among others Wnt and Sonic hedgehog (Shh),25 promi-
nent in the developing dorsal and ventral telencephalon, respec-
tively. We had found that GE primary precursors were more
sensitive to CREB ablation than cortical precursors, indicating
that the effect of CREB signaling interacts with ventral-dorsal
cues. To investigate whether control and mutant precursors simi-
larly respond to environmental cues we next determined the
effect of Wnt and Shh signaling on EGFR expression and clone
in the various genetic landscapes. To this end, we cultured disso-
ciated GE precursors for 2 d with either 6-bromoindirubin-30-
oxime (BIO), a GSK inhibitor that functions as an agonist of
canonical Wnt signaling, or with Shh before sorting the cells
based on EGFR expression and investigating the effect of the
treatments on the number of EGFRhigh cells (Fig. S4A), primary
(Fig. S4B) and secondary (Fig. S4C) clone formation. This anal-
ysis revealed that whereas exposure to Shh did not significantly
affect EGFR expression, treatment with BIO increased the num-
ber of EGFRhigh cells in control and Crem¡/¡ cultures
(Fig. S4A). This treatment also effectively increased the ability of
DM precursors to generate primary (Fig. S4B) and secondary
clones (Fig. S4C). Both BIO and Shh treatments rescued self-
renewal in Creb¡/¡ but not in Crem¡/¡ single mutant precursors
(Fig. S4C), whereas neither treatment affected primary clone for-
mation in either genotypes (Fig. S4B).

Thus, the ability of neural precursors to upregulate EGFR
expression and undergo clone formation in response to Wnt and
Shh signaling is dependent on the genotype.

Inhibition of histone acetylation rescues the defective clone
formation of GE precursors lacking CREB

Our data indicate that CREB deficiency could differentially
modulate proliferation of neural precursors by context-specific
genetic programs and environmental cues. Notably CREB can
modulate histone acetylation and expression of its target genes by
binding the transcriptional coactivator and acetyl transferase
CREB-Binding Protein (CBP).9 Hence, to test whether CREB
loss results in decreased histone acetylation, we analyzed the acet-
ylation of histone H3 and H4 in cell lysates of the GE and corti-
cal anlage dissected from control, Creb¡/¡ and DM E13.5
embryos. Interestingly, the acetylation levels of these histones
decreased in both regions (Fig. 6). However, the decrease in acet-
ylation was more prominent in GE than in cortical extracts. In
addition, acetylated H3 in the GE was more affected than H4.
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To explore the functional relevance of these histone modifica-
tions, we next investigated how the inhibitor of class I and II his-
tone deacetylases (HDACs) trichostatin A (TSA), affects neural

precursor proliferation. Time-mated pregnant females were
injected every 12 hours with 12.5 mg TSA at 11.5 d.p.c. and
embryos were sacrificed at E13.5. In comparison with controls

(Fig. 7A) acetylated H4 and acetylated H3
displayed a more intense immunostaining
especially at the contour of the nuclei
upon TSA treatment. The treatment had a
similar effect on the distribution but not
on the intensity (Fig. 7A) of H3 immuno-
reactivity. These observations are in agree-
ment with previous studies showing that
TSA results in redistribution of acetylated
H3 and H4.26,27 Thereafter, dissociated
GE cells were plated in FGF-2 medium
and sorted by FACS at DIV2 (Fig. 7B).
Clonal analysis revealed that independent
of EGFR expression, the treatment
completely rescued the impairment of
Creb and/or Crem mutant precursors to
form primary clone in terms of number
(Fig. 7B) and clone size (not shown).
Importantly, the treatment did not signifi-
cantly affect clone number in control or
Crem mutant progenitors (see for compar-
ison Figures 3A, B and 7A, B). Taken
together, these data indicate that the
impaired clone formation in GE precur-
sors can be ascribed to altered acetylation
patterns in these cells and can be rescued
by preventing histone deacetylation.

Discussion

Our study based on conditional
genetic mutants showing no overt defects
in brain development dissects the context-
specific role of CREB in neural progeni-
tors proliferation. The data presented
here support the following conclusions.
First, loss of CREB and CREM impairs
neural precursor proliferation and self-
renewal. Some of these deficits are also
evident in Crem single mutant. Second,

Figure 4. Analysis of phospho-CREB and

PCNA expression in the coronal sections of

the E13.5 telencephalon. Representative con-

focal micrographs illustrating the germinal

regions of the GE and cortex from control

(Ctr) and DM embryos upon double immunos-

taining with phospho-CREB (P-CREB, red),

PCNA (green) and DAPI (blue) counterstaining

of the nuclei. The apical side is shown on the

upper side. Arrows and arrowheads indicate

double and single immunopositive cells,

respectively. Scale bar is 30 mM.
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CREB plays a region-specific role in vivo, as
proliferation and histone acetylation of GE
precursors are more impaired than cortical
precursors at this initial stage. Third, Wnt
and Shh signaling stimulation, can both
ameliorate the clonogenic deficits of Creb
mutant neural precursors, indicating that
multiple subtle changes rather than the lack
of individual molecular components con-
tribute to this phenotype. However, the
extent of the improvement elicited by each
signal varies and the understanding of the
mechanisms underlying the altered
response to Wnt and Shh will require the
identification of downstream targets.
Finally, we show that histone acetylation is
reduced in Creb mutants and its restoration
rescues the clone formation deficit, suggest-
ing that CREB is required for CBP histone
acetyl transferase activity. Differently from
previous approaches our study is based on
mutant mice in which CREB is specifically
ablated in neural progenitors cells, allowing
us to dissect the cell-autonomous effects of
CREB in vivo. Whereas the ablation of
CREB dramatically affected the ability on
GE precursors to proliferate in vitro, espe-
cially in clonal cultures, the mutation in
vivo specifically affected progenitors under-
going sub-apical division in the GE.
Indeed, our analysis of phospho-CREB and
PCNA expression in the germinal areas of
the cortex and GE highlighted a differential
pattern of CREB activation in proliferating
cells between the two regions that could
account for the differential sensitivity of
GE and cortex to Creb conditional abla-
tion. Progenitors undergoing sub-apical
division in the GE include basal radial glia
progenitors, which in the murine telen-
cephalon are abundant in the GE but not
in the cortical anlage. This population has
been associated with rapid proliferation and
expansion of the progenitors, which is nec-
essary to increase neuronal output. Indeed,
basal radial glia progenitors are abundant in
the cortex of gyrencephalic species.24 Con-
sistent with the hypothesis that the prolifer-
ation of these progenitors is affected in
Creb mutant mice, we found a decrease in
the number of highly proliferating and neu-
rogenic clonogenic precursors in mutant
embryos. Despite the loss of CREB
impaired the proliferation of these precur-
sors also in vivo, previous analysis of these mutants have essen-
tially highlighted a massive deficit in neuronal survival rather

than in the telencephalic neurogenesis,12 suggesting that environ-
mental factors may compensate the loss of CREB.

Figure 5. Ablation of Creb and Crem leads to reduced proliferation in the GE but not in the cortex

of E13.5 embryos. (A–D) Representative micrographs of coronal telencephalic sections obtained

from control (Ctr; A and B) and DM (C and D) embryos upon immunostaining with BrdU (A and

C) and phospho-H3 (B and D) antibodies. (E) Quantitative analyses of the immunostaining

with BrdU (Ea and Ec) and PH3 (Eb and Ec) antibodies in the GE (Ea and Eb) and in the cortex

(Ec and Ed). Scale bar is 60 mm; N D 3–4. Asterisks indicate significant differences vs. control (Ctr)

counterpart (Student’s t-test) *P < 0 .05.
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Besides the consequence of CREB ablation on neural precur-
sors, we could investigate Crem single mutants and show a novel
function of CREM in self-renewal. Nevertheless CREM does not
compensate loss of CREB in neural precursor proliferation, as it
does in neuronal survival and stimulus-dependent gene expres-
sion in other contexts.12,28 This finding is in line with the similar
phenotypes of Creb mutant mice in catecholaminergic neurons

either lacking only CREB or both CREB
and CREM13,29 and highlights context-spe-
cific compensatory mechanisms triggered in
absence of CREB.

Previous studies have established a role
for histone acetylation in the regulation of
neural progenitor differentiation in the
postnatal hippocampus and in neural pre-
cursor cultures.30-32 Our results point to a
specific role of CREB-dependent gene
expression in cortical and GE precursors
and suggest a model in which CREB con-
trols the number of highly proliferative
and neurogenic precursors in the develop-
ing GE by chromatin acetylation status
(Fig. 8). Interestingly, differential biologi-
cal effects in the cortex and GE upon
manipulation of histone acetylation levels
have been previously reported in develop-
ing mouse brain.33,34 HDAC inhibition by
TSA in utero resulted in increased prolifer-
ation of precursors in the VZ and SVZ of
the GE, a decrease in neurogenesis, and a
corresponding reduction in GE- derived
GABA-positive cells undergoing tangential
migration in the cortex.33 In contrast, in
utero HDAC inhibition resulted in
increases in neural precursors and neuro-
genesis in the cortex, despite the fact that
acetylation levels of histone H3 increased
in both GE and cortex. Although we did
not detect a change in the cortex of Creb
and DM mutants, the results seen in the
GE are consistent with previous data.33

Increased levels of histone acetylation,
either through CREB-mediated recruit-
ment of CBP or the inhibition of HDACs
with TSA, increased the ability of GE neu-
ral precursors to undergo in vitro prolifera-
tion and clone formation. Several
transcriptional regulators recruit histone
acetylation modifying enzymes to gene
promoters, e.g. the transcriptional repress-
ors REST and TLX are capable of recruit-
ing HDACs by indirect and direct
binding, respectively.35-37 While REST
regulates the expression of genes associated
with neuronal differentiation,38 TLX con-
trols the proliferation of neural precursors

in both the embryonic and postnatal brain39,40 and it promotes
cell cycle entry of neural stem cells.41 Besides HDAC recruit-
ment, transcription factors can also recruit histone acetyl trans-
ferases. In particular, serine 133-phosphorylated CREB binds
CBP, which displays lysine acetyltransferase activity.42 In
mature neurons impaired CBP activity has been mainly associ-
ated to transcriptional repression and neuronal death. Notably

Figure 6. Ablation of CREB and CREM results in decreased histone acetylation in the E13.5 telen-

cephalon. (A) Western blot analysis of GE (left column panels) and cortical protein extracts (right

column panels) showing analysis of alpha-tubulin, total histone H2B, acetylated histones H3 and

H4. (B) Quantification of western blot analysis of the GE (Ba and Bb) and cortex (Bc and Bd).

Bands were normalized against H2B (Ba and Bc) and a Tubulin (Bb and Bd). Note that ablation

of CREB leads to a stronger alteration of histone acetylation in the GE (Ba and Bb) than in the cor-

tex (Bc and Bd). Asterisks indicate significantly different from the respective control (Ctr) (ANOVA)

* P < 0.05; **P < 0.01.
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Figure 7. Blocking histone deacetylation rescues the ability of neural precursors to form clones. (A) Representative micrographs of coronal telencephalic

sections obtained from control E13.5 embryos showing the effect of TSA on the levels and distribution of acetylated histone 3 (AcH3), acetylated histone

4 (AcH4) and histone 3 (H3) immunoreactivity in the GE and in the cortex. Pregnant females were injected with TSA at 11 d.p.c. and every 12h for 48h

before analysis. V D Ventricle. Scale bar is 30 mM. (B) Quantitative analyses of the number of primary clones obtained from EGFRhigh and EGFRlow cells

isolated at DIV 1 cultures established from E13.5 embryos with the indicated genotypes after TSA treatment.
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the polyglutamine expansion in the mutant protein huntingtin,
accounting for Huntington´s disease (HD), results in the inter-
action with the acetyltransferase domain of CBP and inhibition
of its activity that leads to neurodegeneration.43 Moreover
HDAC inhibitors arrest neurodegeneration in cellular and ani-
mal models of HD.44

Here we show that HDAC inhibition rescues the deficits of
neural proliferation caused by CREB loss, prompting to further
studies addressing whether impaired neuronal survival can be res-
cued by HDAC inhibitors in neuron-specific conditional Creb
mutant mice. Notably, TSA rescues memory deficits and tran-
scription of selective CREB/CBP target genes in models of HD.45

Conditional loss of CBP attenuates the neurogenic response to an
enriched environment in the adult dentate gyrus, indicating that
CBP is crucial for the transmission of environmental cues known
to control neurogenesis.46 The analysis of CBP heterozygous mice
shows decreased CBP histone acetylation at promoters of neuronal
and glial genes, but TSA treatment rescued these deficits.8

In summary, we provide the first evidence that CREB regu-
lates proliferation of GE neural precursors by promoting chroma-
tin activation. These results show novel implications of impaired
CREB-dependent programs during neurogenesis in vivo and rep-
resent an important advance for in the understanding of neuro-
genesis and neurodevelopmental disorders.

Materials and Methods

Ethical statement
All experimental procedures involving

animals were carried out in strict accordance
with the guidelines provided by the Regier-
ungspr€asidium in Karlsruhe and the local
authorities at the University of Heidelberg.
All experimental protocols were approved
by the “Regierungspr€asidium” in Karlsruhe.
Every effort was made to minimize the
number of animals used and their suffering.

Mice
Experimental mice were obtained by

crossing the following either CrebC/fl;
CremC/¡; NestinCreC/Tg or Crebfl/fl;
CremC/¡; NestinCreC/C males with were
crossed with Crebfl/f; Crem¡/¡;
NestinCreC/C or CrebC/fl; Crem¡/¡;
NestinCreC/Tg females. Crebfl/fl; Crem¡/¡;
NestinCreC/¡, abbreviated as CrebNesCre;
Crem¡/¡ are indicated in the text as DM.
The analysis of the genotype was performed
as previously described.12

Culture of primary embryonic neural
precursors

Neurosphere cultures: Following
mechanical dissociation, cells were plated at
a density of 105 cells/ml in 24 well plates in
culture medium consisting of ice cold

Euromed-N basal serum free culture medium, Penicillin-Strepto-
mycin (100 U/ml), glutamine (2 mM) and 2% B27 (Gibco).
Human recombinant EGF and FGF-2 (Peprotech) were added
to the culture medium at a concentration of 20 ng/ml and
10 ng/ml, respectively with or without GDF15 (10 ng/ml,
R&D). Cells were fed with 1/2 the volume of fresh culture
medium every 4 d precursors were allowed to proliferate in sus-
pension for 7 days, before mechanical dissociation and counting.

Clonal cultures: Using FACS automated cell deposition one
EGFRhigh and 10 EGFRlow cells were plated at a density of one
cell per well in 96 well/plates in culture medium supplemented
with EGF and FGF-2. Clones were scored after 7 d.

Secondary clone formation: Single spheres from clonal cultures
were mechanically dissociated, and replated in 96 well plates in
EGF and FGF-2 supplemented culture medium at a density of
103 cells per well. Secondary neurospheres were scored after 7 d.

Fluorescence activated cell sorting (FACS)
Sorting was performed FACSAria sorter and a FACSVantage

(Becton Dickinson) as previously described.20 Briefly, after
mechanical dissociation cells were suspended in ice-cold sorting
medium: Euromed-N basal medium/Leibovitz medium (Gibco)
(1:1) containing 100 U/ml Penicillin/Streptomycin, 2 mM
L-glutamine, 2% B27, 1% FCS, 0.6% Glucose, 1 mg/ml

Figure 8. Schematic model depicting the proposed role of CREB in the proliferation of embryonic

neural progenitors. (A) Under normal conditions phosphorylated CREB (pCREB) binds to cAMP-

responsive element (CRE) and recruits CBP promoting histone acetylation (Ac) of targets genes

which in turn lead to clone formation. (B) Upon CREB ablation, CBP is not capable of maintaining

histone acetylation and clonogenic activity of neural progenitors is impaired. (C) Treatment with

the histone deacetylase inhibitor TSA prevents the loss of histone acetylation and rescues the defi-

cit in clone formation observed in the absence of CREB suggesting that CREB regulates prolifera-

tion essentially by modification of chromatin structure.
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Propidium Iodide, 10 ng/ml FGF-2 and 20 U/ml DNase. To
detect EGFR, cells were stained with 20 ng/ml EGF-Alexa 488
(Molecular Probes). Cells were labeled after being plated at a
density of 105 cells/ml in FGF-2 culture medium, for 24 or
48 hours. FACS gates were set using cells stained with propidium
iodide (PI) only and cells that had been incubated with 20 ng/ml
EGF (Sigma) for 15–30 minutes at 37�C prior to staining with
EGF-Alexa. EGFRlow and EGFRhigh populations were gated on
the basis of a 20-fold decrease or increase in fluorescence levels
with respect to the more fluorescent control cells.

Antibodies
The following antibodies were used at the indicated dilution:

mouse monoclonal a-Bromodeoxyuridin (BrdU) 1:10 (Roche,
USA); a-BrdU dilution 1:100 (DAKO, M0744); rabbit poly-
clonal a-phosphohistone H3 (PH3) 1:500 (Upstate, 06–570),
a-PH3 1:30 (Santa Cruz), a-Ki67 1:200 (Abcam, ab15580),
PCNA 1:500 (DAKO, M0879), a-phosphoCREB 1:1000 or
1:100 (Upstate, 06–519), a-H2B 1:200 (Santa Cruz), a-Ac.H3
H3K9/18ac 1:1000 (Upstate, 07–593), a-Ac.H3 H3K27ac
1:500 (Abcam, ab4729), a-Ac.H4K5/8/12/16 1:1000 or 1:500
(Upstate, 06–866), mouse monoclonal: a¡b-tubulin type III
(Tuj1, 1:400, Sigma); a-Tubulin 1:50000 (Sigma); rat monoclo-
nal a-Nestin 1:500 (PharMingen).

Histological analysis
For immunohistochemistry (IHC), embryos were fixed in 4%

paraformaldehyde, pH 7.2 overnight, processed for paraffin sec-
tions and sectioned at 7 mm. The sections were incubated in cit-
rate buffer, pH 6.0, and boiled in a microwave oven. The
primary antibodies were incubated overnight at 4�C. Biotin-con-
jugated secondary antibody was diluted 1:400 in PBS and detec-
tion was performed using the avidin-biotin system (Vector
Laboratories, PK-6100) with the VECTOR peroxidase kit. The
staining was developed with diaminobenzidine (DAB) and H2O2

(Sigma, D4293). For immunofluorescence, Alexa 488 anti-rabbit
antibody (Invitrogen, A-21206), anti-mouse (A-11029) and
Alexa Fluor� 594 anti-rabbit (A-21203) were used (1:100).

Cell counts
Left and right hemispheres of 3 to 5 nonadjacent, 7-mm-thick

sections per brain region (GE and cortex) were photographed.
Sections at comparable rostrocaudal levels were selected for each
genotype before performing the immunostaining. Sections were
visualized on a Nikon (Melville, NY) microscope and photo-
graphed at 40x magnification with a high-resolution digital cam-
era (Zeiss AxioCam) and by Leica-SP8 confocal microscope.
Photographs were imported into Photoshop 5.0 (Adobe Systems,
San Jose, CA), and composites of each section were aligned. For
BrdU immunostaining different subregions of the cerebral wall
were counted. These subregions were defined by the distance
between the ventricle and the apical border of the abventricular
band formed by BrdU labeled cells in S phase. This distance was

used to define the side of the squared area used to count immu-
nopositive cells. Two adjacent regions in line with the orientation
of the ventricular zone (VZ) included the entire VZ (subregion 1
and subregion 2). The same area was used to count cells in the
subventricular zone (SVZ) (subregion 3). In the cortex subregion
3 included also the pre-plate (PP) and the intermediate zone
(IZ). The subregion 4 comprised the CP in the cortex and the
striatum in the GE. PH3 labeling was used to distinguish cells
proliferating in the VZ and SVZ. PH3 immunostaining was per-
formed on adjacent sections, immunopositive cells were counted
using the same criteria as for BrdU. However, dividing apically
PH3 immunostained cells were counted separately from remain-
ing mitotic cells in subregion 1.

TSA injections
Time-mated pregnant females were injected intraperitoneally

every 12 hours at 11.5 d post coitum (d.p.c.) with either vehicle
(8% ethanol in 16 PBS) or TSA (Sigma, Calbiochem, Schwal-
bach, Germany; 0.5 mg/kg body weight) dissolved in vehicle
(100 mg/ml). Females were sacrificed at 13.5 d.p.c. after a total
of 5 injections.

Statistical analysis
The means and standard errors of at least 3 independent

experiments were calculated and statistical significance tests (t-
test or one-way ANOVA, followed by a Bonferroni posthoc test)
were performed using Prism 4.03 (GraphPad Inc., USA).
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