
Histone deacetylases 1 and 2 control the progression
of neural precursors to neurons during
brain development
Rusty L. Montgomerya, Jenny Hsieha, Ana C. Barbosaa, James A. Richardsonb, and Eric N. Olsona,1

aDepartments of Molecular Biology and bPathology, The University of Texas Southwestern Medical Center at Dallas, 5323 Harry Hines Boulevard,
Dallas, TX 75390-9148

Contributed by Eric N. Olson, March 12, 2009 (sent for review March 4, 2009)

The molecular mechanism by which neural progenitor cells commit
to a specified lineage of the central nervous system remains
unknown. We show that HDAC1 and HDAC2 redundantly control
neuronal development and are required for neuronal specification.
Mice lacking HDAC1 or HDAC2 in neuronal precursors show no
overt histoarchitectural phenotypes, whereas deletion of both
HDAC1 and HDAC2 in developing neurons results in severe hip-
pocampal abnormalities, absence of cerebellar foliation, disorga-
nization of cortical neurons, and lethality by postnatal day 7. These
abnormalities in brain formation can be attributed to a failure of
neuronal precursors to differentiate into mature neurons and to
excessive cell death. These results reveal redundant and essential
roles for HDAC1 and HDAC2 in the progression of neuronal pre-
cursors to mature neurons in vivo.

cerebellum � hippocampus � neurogenesis � neuronal precursors

H istone acetyltransferases (HATs) and histone deacetylases
(HDACs) provide the enzymatic basis for transcriptional

activation and repression, respectively, through alterations of the
chromatin landscape (1). Transcription factors recruit HDACs,
either individually, or in repressive complexes to deacetylate
lysine residues on histone tails, resulting in chromatin conden-
sation and repression of gene expression (2). There are 4 classes
of HDACs that coordinate proper gene regulation for numerous
cellular processes: class I (HDAC1, -2, -3, and -8), class II
(HDAC4, -5, -6, -7, -9, and -10), sirtuin class III, and class IV
(HDAC11) (3). Although much has been learned through in
vitro and inhibitor studies, little is known about the biological
function of these individual enzymes in vivo (4). We have shown
that the class I HDACs, HDAC1 and HDAC2, redundantly
regulate cardiac growth and morphogenesis (5), however, the
functions of HDAC1 and HDAC2 in other tissues remain
unknown.

HDAC inhibitors have shown significant potential for thera-
peutic use in a variety of disorders, including those of the central
nervous system (CNS), such as neurodegenerative disease, mo-
tor neuron disease, and a number of other neurological disease
states (6). Furthermore, it has been shown that HDAC inhibitors
induce differentiation of both embryonic and adult cortical
neuronal progenitor cells to neurons specifically (7–9). The wide
expression pattern of a number of HDACs in the developing
brain suggests specific roles for individual HDACs in neuronal
development (10), however, the broad inhibition of classical
HDAC inhibitors has precluded the analysis of individual
HDACs pharmacologically. Additionally, the early lethality as-
sociated with global deletion of class I HDACs in knockout mice
has compounded the difficulties in analyzing the functions
of these enzymes during specific stages of neurogenesis in vivo
(5, 11).

To further investigate the specific roles of HDAC1 and
HDAC2 in neuronal development, we generated conditional
deletions of HDAC1 and HDAC2 in the central nervous system.
Here, we show both HDAC1 and HDAC2 are required for

multiple aspects of neuronal development. Deletion of both
HDAC1 and HDAC2 results in major abnormalities of cortical,
hippocampal, and cerebellar development, whereas deletion of
HDAC1 or HDAC2 individually has no apparent effect on
neuronal development. Neuronal precursors lacking HDAC1
and HDAC2 are unable to differentiate into mature neurons
specifically and undergo cell death, resulting in defects in
superficial cortical layering and death by postnatal day 7. These
results reveal HDAC1 and HDAC2 as critical and redundant
regulators of neuronal differentiation during neocortical, hip-
pocampal, and cerebellar development.

Results
Neuronal Abnormalities upon CNS Deletion of HDAC1 and HDAC2. To
generate mice that lack HDAC1 and HDAC2 in the central
nervous system, we crossed HDAC1loxP/loxP and HDAC2loxP/loxP

mice to transgenic mice expressing Cre recombinase under the
control of the human glial fibrillary acidic protein promoter,
GFAP-Cre, which is widely expressed in the central nervous
system, including neural stem cells (5, 12). HDAC1 and HDAC2
expression during brain development has been extensively stud-
ied and show relatively contrasting expression patterns through-
out the central nervous system. HDAC1 is highly expressed in
glia, whereas HDAC2 shows high expression in mature neurons,
however, both are expressed in neuronal stem cells/progenitors
during embryonic development (13). HDAC1loxP/loxP; GFAP-Cre
and HDAC2loxP/loxP; GFAP-Cre mice were born at normal Men-
delian ratios and showed normal brain histoarchitecture, behav-
ior, motor skills, and lifespan (supporting information (SI) Fig.
S1). HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre mice were also
born at normal Mendelian ratios, but died within the first week,
accompanied by a reduced brain size and compacted cerebellum
(Fig. 1). Immunohistochemistry of HDAC1 and HDAC2 showed
efficient deletion of HDAC1 and HDAC2 in the ventricular zone
and cortical plate regions of the neocortex (Fig. S2). One copy
of a wild-type allele of HDAC1 or HDAC2 was sufficient for
neural development and viability, further indicating the redun-
dant functions of these genes.

To delineate the defects associated with loss of HDAC1 and
HDAC2 in the developing CNS, we performed histological
analysis on 6-day-old pups. Histology on brains from wild-type,
HDAC1loxP/�; HDAC2loxP/loxP; GFAP-Cre and HDAC1loxP/loxP;
HDAC2loxP/loxP; GFAP-Cre mice showed dramatic defects local-
ized to the cortex, hippocampus, and cerebellum of the double
mutant animals. Deletion of HDAC1 and HDAC2 together
resulted in severe deficiencies in cortical laminar organization, a
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loss of all hippocampal structures, and a lack of foliation in the
cerebellum (Fig. 1). Mice with only 1 wild-type HDAC1 allele
showed reduced cerebellar foliation (Fig. 1), however, these mice
survived to adulthood and showed no obvious motor defects.
Histological sections of embryos obtained from timed matings
showed the neuronal defects to originate between E14.5 and
E16.5, a time of maximal neurogenesis and neuronal migration.

Abnormal Purkinje Cell Migration in HDAC1/2 Double-Mutant Mice. To
further investigate the cortical and cerebellar abnormalities
resulting from HDAC1/2 deletion, we performed immunohis-
tochemistry at postnatal day 1 to detect microtubule-associated
protein 2 (MAP-2), a neuronal marker highly expressed in
dendritic extensions, and calbindin, a marker of Purkinje cells in
the cerebellum. In wild-type mice, MAP-2 staining of the
neocortex showed proper dendritic extensions between cortical
layers, whereas HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre mice
showed highly disorganized cortical neurons with a complete
absence of dendritic extensions (Fig. 2A). Similarly, calbindin
staining of wild-type and HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-
Cre cerebellum revealed distinct neuronal malformations (Fig.
2B). At postnatal day 1, cerebellar development is ongoing and
Purkinje cells have not yet formed the tight single-cell layer
present in later stages. Consistently, wild-type mice showed
proper organization of Purkinje cells and normal foliation,
whereas Purkinje cells failed to migrate and remained within the
deep nuclei of the cerebellum in HDAC1loxP/loxP; HDAC2loxP/loxP;
GFAP-Cre mice. The lack of Purkinje cell migration is detri-
mental to the development of the cerebellum, because the
overlaying granule cell layer requires proliferative signals from
the Purkinje cells for proper cerebellar growth (14).

Defective Cortical Laminar Organization from Loss of HDAC1 and
HDAC2 in CNS. To further characterize the defects in cortical
laminar organization, we performed immunohistochemistry to
detect chondroitin sulfate proteoglycans (CSPGs), which serve
as molecular markers for the subplate and marginal zone of the
cerebral cortex and the subplate of the hippocampus (15). In
wild-type mice, by postnatal day 1, the cortical plate neurons

have split the preplate into 2 layers, the superficial marginal zone
and the subplate layer (16) (Fig. 2C). Immunohistochemical
staining for CSPGs on HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-
Cre mice also showed 2 distinct layers for the subplate and
marginal zone, albeit much less pronounced than in normal mice.
Additionally, the intermittent cortical plate was greatly reduced
in the cortex of HDAC1/2 double mutant mice, suggesting either
disorganization or compaction of the cortical plate neurons or a

Fig. 1. HDAC1 and HDAC2 deletion causes severe hippocampal and cere-
bellar abnormalities. Gross brain, hippocampus, and cerebellum from wild-
type, HDAC1loxP/�; HDAC2loxP/loxP; GFAP-Cre, and HDAC1loxP/loxP; HDAC2loxP/loxP;
GFAP-Cre mice stained with hematoxylin and eosin showing loss of hippocam-
pus and loss of foliation in cerebellum of double HDAC1 and HDAC2 mutants.
One copy of a HDAC1 allele is sufficient for development and viability.

Fig. 2. Neuronal defects in HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre mice. (A)
Immunohistochemical staining of MAP-2 on the neocortex of wild-type and
mutant mice. Mutant mice show a lack of dendritic extensions compared with
control. Scale bar � 40 �m. (B) Immunohistochemical staining for calbindin on
wild-type and mutant cerebellum. Mutant cerebellum shows Purkinje cells
have failed to migrate and remain among the deep cerebellar nuclei. Scale
bar � 40 �m. (C) Immunohistochemistry of CSPGs (green) and Hoechst (blue)
of wild-type and mutant cerebral cortex and hippocampus. Scale bar � 40 �m.
Deletion of HDAC1 and HDAC2 results in disorganized molecular layers.
Hippocampal structures are unidentifiable in mutant mice. MZ, marginal
zone; CP, cortical plate; SP, subplate; IZ, intermediate zone; VZ, ventricular
zone.
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reduced number of cortical plate neurons. Similarly, CSPG
staining on the hippocampus of HDAC1loxP/loxP; HDAC2loxP/loxP;
GFAP-Cre mice showed a complete disorganization of the
hippocampal subplate region compared with wild-type controls
(Fig. 2C).

Neuronal Migration Is Intact in CNS Deletion of HDAC1 and HDAC2.
Because HDACs are involved in regulation of the cell cycle (17)
and have been shown to control cell migration (18, 19), we
speculated that the observed phenotypes could be because of
inefficient neuronal migration and/or defective progenitor spec-
ification. Development of the cerebral cortex is an intricate
process that involves sequential neurogenesis and migration. As
the cortex develops, newly generated neurons migrate past the
older, more mature neurons to populate the cortical plate just
below the marginal zone in a classical inside-out pattern (16). To
examine neuronal migration, we performed neuronal birth date
analyses at E12.5 and E14.5. Pregnant females were injected with
a single i.p. injection of bromodeoxyuridine (BrdU) at either
stage E12.5 or E14.5, and embryos were harvested at E18.5. In
wild-type mice, immunohistochemistry against BrdU detected
neurons born at E12.5 at the base of the cortical plate (Fig. 3A).
HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre mice also showed
BrdU labeled neurons at the base of the cortical plate, indicating
proper migration of neurons, however, the number of mutant
neurons born at E12.5 was significantly diminished compared
with wild-type controls (Fig. 3B). Consistently, BrdU labeled
neurons born at E14.5 were visible in the cortical plate in both
wild-type and HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre mice,
but again, the mutant mice showed a significant reduction in the
number of BrdU-positive neurons (Fig. 3 A and B). These
findings suggest that although neuronal migration of mutant
neurons is intact, significantly fewer postmitotic neurons exist in
HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre mice.

CNS Deletion of HDAC1 and HDAC2 Results in Increased Proliferation
of Neuronal Progenitors. Because of the reduced number of
BrdU-positive neurons in HDAC1/2 double mutant mice, we
suspected the developing neurons either failed to differentiate
into neurons and/or underwent apoptosis. To determine whether
neuronal proliferation/differentiation was affected in mutant
mice, we injected pregnant females with a single i.p. injection of
BrdU at E14.5 and killed the embryos 1 hour later. Compared
with wild-type mice, HDAC1loxP/loxP; HDAC2loxP/loxP; GFAP-Cre
mice showed a significant increase in BrdU-positive neuronal
precursors in the ventricular zone of the neocortex (Fig. 3 C and
D) and in the developing hippocampus (Fig. 3 C and D).
Additionally, Tuj1-positive neurons appeared to be decreased in
mutant mice compared with wild-type littermates, especially in
the cortical plate region where neurons born at this time point
would normally be migrating (Fig. 3C). Surprisingly, the in-
creased proliferation of neuronal precursors was restricted to
E14.5 as the number of S-phase neuronal precursors at E13.5 was
similar between wild-type and mutant mice, whereas E15.5
mutant S-phase cells were significantly decreased compared with
wild-type mice, likely because of the overall reduced number of
neurons in the mutant cortical plate (Fig. S3).

Deletion of HDAC1 and HDAC2 in Neuronal Progenitors Blocks Neu-
ronal Differentiation. To quantify the potential defect in cell fate
specification, we prepared cortical neuronal precursors from
E14.5 HDAC1loxP/loxP; HDAC2loxP/loxP mice and infected them
with a retrovirus expressing Cre-GFP or GFP alone. Two days
after infection, we withdrew FGF and added differentiation
media. Surprisingly, deletion of HDAC1 and HDAC2 resulted in
a nearly complete block to neuronal differentiation, in response
to Isoxazole-9, retinoic acid plus forskolin, or valproic acid (Fig.
4 A–D), as shown by the lack of Tuj1-positive cells expressing

Cre-GFP. In contrast a significant number of GFP-alone cells
expressed Tuj1. The blockade of differentiation by deletion of
HDAC1 and HDAC2 was robust, showing only 5% Tuj1-positive
cells of the total GFP-positive cells in the Cre-GFP condition
compared with 45% Tuj1-positive cells of the total GFP-positive
cells in the GFP alone control (Fig. 4G). Surprisingly, the
blockade of differentiation was restricted to neurons. Cre-
mediated deletion of HDAC1 and HDAC2 followed by addi-
tion of differentiation media to drive an astrocytic fate resulted
in similar levels of differentiation between wild type and
mutant cells (Fig. 4 E and F).

Aberrant Cell Death from Loss of HDAC1 and HDAC2 in Neuronal
Progenitors. We next investigated whether the defects in neu-
ronal differentiation were because of aberrant cell death.
HDAC1loxP/loxP; HDAC2loxP/loxP neuronal precursors were in-
fected with Cre-GFP or GFP alone for 2 days and then
switched to neuronal differentiation conditions. After 24 h,
cells were stained with propidium iodide (PI) to assess dead and
dying cells and Hoechst to assess living cells. HDAC1loxP/loxP;
HDAC2loxP/loxP neuronal precursors infected with GFP alone
were largely PI-negative and had smooth, uniform nuclei,
whereas those infected with Cre-GFP were PI-positive and
contained fragmented nuclei indicative of cell death (Fig. 5A).

To confirm whether similar mechanisms occurred in vivo,
we performed Terminal deoxynucleotidyl Transferase biotin-
dUTP Nick End Labeling (TUNEL) analysis on the hippocam-
pus and neocortical regions of wild-type and HDAC1loxP/loxP;
HDAC2loxP/loxP; GFAP-Cre embryos. Consistently, robust cell
death was seen throughout the ventricular zone of mutant neocor-
tex at E15.5, whereas no apoptosis was noticeable in wild-type
embryos (Fig. 5B). The neuronal cell death extended throughout
the ventricular zone of the hippocampus of mutant embryos, but
was largely absent from wild-type hippocampus (Fig. 5B). The
apoptosis of neuronal precursors remained confined to a specified
time point as no cell death was seen at E14.5 or E16.5, suggesting
HDAC1 and HDAC2 are specifically required for proper neuronal
specification during neocortical and hippocampal development.

Discussion
In the present study, we provide genetic support that HDAC1
and HDAC2 act as redundant regulators during tissue develop-
ment. Deletion of either HDAC1 or HDAC2 individually in the
central nervous system does not evoke an overt developmental
phenotype, however, deletion of both HDAC1 and HDAC2
resulted in robust neural abnormalities, including obliteration of
the hippocampus, disorganization of the laminar structure of the
neocortex, and loss of foliation of the cerebellum.

HDAC1 and HDAC2 as Regulators of Tissue Development. We showed
that HDAC1 and HDAC2 act redundantly in the regulation of
cardiac development (5). Through these studies, it is apparent
the redundancy between HDAC1 and HDAC2 extends beyond
cardiac cell types, and includes the specific differentiation of
neuronal precursors into neurons. Mice lacking HDAC1 or
HDAC2 in the CNS showed no obvious histoarchitectural or
developmental phenotypes and lived to adulthood with lifespan
and mating patterns similar to wild-type littermates. However,
the double deletion of HDAC1 and HDAC2 in the CNS resulted
in severe neuronal death and animal lethality by 7 days. The
specific time point at which the phenotypic abnormalities ap-
peared (E14.5–15.5) is interesting because both neuronal dif-
ferentiation and neuronal migration are high during this time.
Additionally, the hGFAP-Cre line is not highly expressed in the
frontal cortex until E13.5 (12), consistent with the time point at
which the phenotypic abnormalities appeared.

Development of the cerebral cortex is a dynamic process that
involves coordinated neurogenesis and neuronal migration. Neu-
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rogenesis occurs in the ventricular zone and new postmitotic
neurons migrate outwardly along radial glial fibers to populate
the preplate region around E10.5. Newly generated and migrat-
ing neurons split the preplate into the superficial marginal zone
and the subplate. As the cortex develops, all newly generated
neurons migrate past the older neurons to populate the cortical
plate just below the marginal zone in a classical inside-out
pattern (16). Given the known roles of HDAC1 and HDAC2 in
regulating cell cycle and migration (17–19), it is interesting to see
loss of HDAC1 and HDAC2 not overtly affecting migration.
Mutant migrating neurons along radial glial fibers showed a
moderate displacement compared with wild-type controls, how-
ever, the most pronounced phenotype was the overall lack of
mature neurons after deletion of HDAC1 and HDAC2, espe-

Fig. 3. Neuronal birth date and proliferation analysis of HDAC1loxP/loxP;
HDAC2loxP/loxP; GFAP-Cre mice. (A) Immunohistochemistry of BrdU (green) and
Hoechst (blue) of wild-type and mutant cerebral cortex injected with BrdU at
E12.5 or E14.5. Deletion of HDAC1 and HDAC2 results in normal neuronal
migration but results in fewer differentiated neurons. (B) Quantification of

A B

C D

E F

G

Fig. 4. E14.5 neuronal precursors lacking HDAC1 and HDAC2 cannot differ-
entiate into neurons in vitro. Neuronal precursors expressing control, GFP (A,
C, and E) or Cre-GFP (B, D, and F), in growth (FGF) (A and B), neuronal
(Isoxazole-9) (C and D), and astrocyte (LIF�BMP) (E and F) conditions in
4-day cultures. Control GFP cells colabeled with Tuj1 (white arrows),
whereas Cre-GFP cells are notably absent for Tuj1 (white arrowheads) in
growth (A and B) and neuronal conditions (C and D). Both control GFP and
Cre-GFP colabeled with GFAP in astrocyte conditions (E and F). (G) Quan-
tification of Tuj1� cells from total GFP or Cre-GFP cells to assess neuronal
differentiation. (Scale bar: 15 �m.) Each experiment represents replicates
from 2 independent experiments.

BrdU� cells from (A) showing a statistically significant reduction in neurons
from double mutant (cko) mice. Scale bar � 40 �m. (C) Immunohistochemistry
at E14.5 detecting Hoechst (blue), S-phase neuronal precursors labeled by
BrdU (green), and Tuj1 (red) on wild-type and mutant cerebral cortex (Top)
and developing hippocampus (Bottom). Scale bar � 40 microns. (D) Quanti-
fication of BrdU� cells at E14.5 to assess proliferation. Deletion of HDAC1 and
HDAC2 results in increased proliferation of neuronal precursors at the ven-
tricular zone and reduced number of Tuj1-expressing neurons at E14.5. MZ,
marginal zone; CP, cortical plate; SP, subplate; IZ, intermediate zone; VZ,
ventricular zone; cKO, double conditional knockout.
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cially those born at E14.5. The lack of a pronounced migratory
phenotype in the cerebral cortex contrasts greatly with that seen
in the cerebellum. Especially intriguing is the fact that hGFAP-
Cre is not expressed in Purkinje cells of the cerebellum during
development (12), suggesting a non-cell-autonomous role for
HDAC1 and HDAC2 in regulating cerebellar Purkinje cell
migration.

The mechanistic redundancy between HDAC1 and HDAC2 in
the control of neuronal differentiation leads to the question of
whether these 2 enzymes control some specified program of
differentiation that extends beyond cell-type, or whether the
deletion of these 2 master regulators of transcriptional repres-
sion is so deleterious that cell death is rampant and ultimate
organ failure occurs. It is well known that HDAC1 and HDAC2
regulate certain modulators of cellular proliferation and/or
differentiation such as the cyclin-dependent kinase inhibitor p21,
however, it remains to be determined whether these targets
directly regulate processes across cell-types in an HDAC-
dependent manner. To investigate whether there is a common
program regulated by HDAC1 and HDAC2 across cell-types, we
examined microarray data from brain and cardiac tissue where
both HDAC1 and HDAC2 had been deleted. Surprisingly, when
the dysregulated transcripts were plotted against one another,
there was essentially no distinct overlap between up-regulated
transcripts, suggesting the alterations in transcript levels after
deletion of HDAC1 and HDAC2 occur in a tissue- and cellular
process-specific manner. This is additionally supported by the
fact that astrocytic differentiation was not affected by loss of
HDAC1 and HDAC2 in progenitor cells. Cells lacking HDAC1
and HDAC2 together were able to differentiate into astrocytes
at similar levels as wild-type controls, suggesting the robust
phenotype from loss of HDAC1 and HDAC2 is specific to
cellular function and not to an overall cellular catastrophe from
loss of 2 master regulators of transcriptional repression.

Contrasting Phenotypes Between Inhibitors and Genetic Deletion.
The robust phenotype from deletion of HDAC1 and HDAC2 in
the progression of neuronal precursors to neurons is surprising
given prior studies on HDAC inhibitors and neurogenesis.
HDAC inhibitor treatment of adult or embryonic neuronal

precursors specifically induces the differentiation of neurons
(7–9), whereas we show deletion of HDAC1 and HDAC2
induces cell death during differentiation to neurons specifically.
Whereas it is obvious pharmacological inhibition does not
equate with genetic deletion, it is interesting given current
thought on how HDAC inhibitor treatment preferentially targets
class I HDACs (20, 21). It is likely the transient and incomplete
nature of pharmacological inhibition allows for the survival of
neuronal precursors; and the derepression of proneurogenic
genes allows for the specific induction of neurogenesis, whereas
the genetic loss of HDAC1 and HDAC2 is so robust, differen-
tiation is blocked and cellular death ensues. A similar phenotype
is seen in lower organisms such as zebrafish, where loss-of-
function mutants for hdac1 show a blockade of neuronal differ-
entiation in vivo through the activation of the neurogenic
repressor, Hes, and show significant apoptosis in hindbrain
neural progenitor cells (22–24). Additionally, neuronal precur-
sors transduced with a mutant HDAC1 that lacks catalytic
activity show a fifty percent reduction in neuronal specification
(25). It is also interesting that HDAC inhibitors do not induce
differentiation of astrocytes or oligodendrocytes, but are specific
to the neuronal lineage (7).

Taken together, these data show HDAC1 and HDAC2 are
specific and critical components of the neuronal differentiation
program and are dramatically sensitive to alterations in gene
dosage, whereby transient inhibition induces neuronal differen-
tiation whereas complete loss of function yields robust cellular
death. A further difference between pharmacological inhibition
and genetic deletion of HDACs that might account for differ-
ences in phenotypic outcomes of these 2 approaches is that
HDAC proteins remain integrated within transcriptional com-
plexes in the presence of HDAC inhibitors, whereas the proteins
are absent in cells in which the HDAC genes have been deleted.
Given the myriad protein–protein interactions in which HDACs
participate, the complete absence of HDAC proteins may per-
turb protein–protein interactions required for modulation of
transcriptional programs that are otherwise insensitive to
HDAC inhibitors.

Therapeutic Implications. The specific role of HDACs in neuronal
differentiation is of particular interest given recent reports that

Fig. 5. Deletion of HDAC1 and HDAC2 during neuronal differentiation induces cell death. (A) Live-staining of neuronal precursors after 24 h in neuronal
differentiation media. Scale bar � 5 microns. Control-GFP are propidium iodide (PI)-negative, whereas Cre-GFP cells are PI-positive and show fragmented nuclei
indicative of cell death. (B) TUNEL analysis of E15.5 wild-type and mutant mice shows significant lethality in the ventricular zone of mutant mice, whereas no
cell death is observed in wild-type littermates. Scale bar: 100 microns.
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HDAC inhibitors enhance learning and memory and show
promising therapeutic applications (26). Further dissection of
the specificity of HDAC inhibitors for each HDAC isoform, and
understanding the molecular mechanisms by which HDACs
control neurogenesis, will be crucial to the development of highly
specific therapeutics for the many disease states of the CNS, and
other tissues in which HDAC inhibitors are being tested.

Materials and Methods
Animal Studies. Generation of HDAC1 and HDAC2 conditional alleles has
been described (5). GFAP-Cre has been described (12). For BrdU studies,
pregnant females were injected with a single i.p. injection of BrdU (Roche)
(100 �g/g BW) at E12.5 or E14.5. For neuronal birth date analysis, females
were killed at E18.5. For proliferation studies, pregnant females were killed
1 h after injection, embryos fixed in 4% paraformaldehyde, and sectioned
for immunostaining. All animal experimental procedures were reviewed
and approved by the Institutional Animal Care and Use Committees at the
University of Texas Southwestern Medical Center.

Histology and Immunohistochemistry. Tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned at 5-�m intervals. Sections were
stained with hematoxylin and eosin by using standard procedures (27). TUNEL
assays were performed according to a standard protocol (Roche). Immuno-
histochemistry was performed with the following primary antibodies: rabbit

anti-HDAC1 (1:100, Abcam), rabbit anti-HDAC2 (1:100, Abcam), mouse anti-
MAP2 (1:200; Sigma), mouse anti-calbindin (1:200; Sigma), mouse anti-CSPG
(Sigma), and rabbit anti-Tuj1 (1:5,000, Covance), according to a protocol
described (28). Immunohistochemistry using mouse anti-BrdU (Roche) was
performed according to manufacturer’s instructions.

In Vitro Differentiation Analysis. Neuronal cortices were isolated from
HDAC1loxP/loxP and HDAC2loxP/loxP mice at E14.5 as described in ref. 29 and
neuronal differentiation was induced as described in ref. 30. Briefly, neuronal
precursors were isolated and placed in insulin-containing N2-supplemented
(Invitrogen) DME:Ham’s F-12 (Omega Scientific) medium containing 20 ng/mL
FGF-2 (PeproTech, Inc.) and 20 ng/ml EGF (Peprotech, Inc.). Retrovirus con-
taining Cre-GFP or GFP alone was infected for 2 days. After 2 days of infection,
FGF-2 was withdrawn and neuronal differentiation media (N2 medium plus 5
�M Isoxazole-9 (31) or astrocyte differentiation media (N2 medium plus 50
ng/mL LIF and 50 ng/mL BMP-2) was added. After 4 days, cells were fixed in 4%
paraformaldehyde and immunostained for Tuj1 as described in ref. 30. In
some cultures, 1 �g/mL propidium iodide (Molecular Probes) or 1 �g/mL
Hoechst 22242 (Sigma) were added to label dead cells or all cells, respectively.
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