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Background: Class IIa HDACs shuttle in a signal-regulated manner between the nucleus and cytosol.
Results: Nuclear calcium signaling is required for the nuclear export of a subset of class IIa HDAC.
Conclusion: Transcriptional regulation by nuclear calcium signaling involves changes in the subcellular localization of specific
HDACs.
Significance: Through regulating HDAC nucleo-cytoplasmic shuttling nuclear calcium signaling may cause genome-wide
alterations in chromatin structure in response to synaptic activity.

In neurons, dynamic changes in the subcellular localization of
histone deacetylases (HDACs) are thought to contribute to sig-
nal-regulated gene expression. Here we show that inmouse hip-
pocampal neurons, synaptic activity-dependent nucleo-cyto-
plasmic shuttling is a common feature of allmembers of class IIa
HDACs, which distinguishes them from other classes of
HDACs. Nuclear calcium, a key regulator in neuronal gene
expression, is required for the nuclear export of a subset of class
IIa HDACs.We found that inhibition of nuclear calcium signal-
ing using CaMBP4 or increasing the nuclear calcium buffering
capacity by means of expression of a nuclear targeted version of
parvalbumin (PV.NLS-mC) led to a build-up of HDAC4 and
HDAC5 in the cell nucleus, which in the case of PV.NLS-mC can
be reversed by nuclear calcium transients triggered by bursts of
action potential firing. A similar nuclear accumulation of
HDAC4 and HDAC5 was observed in vivo in the mouse hip-
pocampus following stereotaxic delivery of recombinant adeno-
associated viruses expressing either CaMBP4 or PV.NLS-mC.
Themodulation of HDAC4 activity either by RNA interference-
mediated reduction ofHDAC4protein levels or by expression of
a constitutively nuclear localized mutant of HDAC4 leads to
changes in the mRNA levels of several nuclear calcium-regu-
lated genes with known functions in acquired neuroprotection
(atf3, serpinb2), memory consolidation (homer1, arc), and the
development of chronic pain (ptgs2, c1qc). These results identify
nuclear calcium as a regulator of nuclear export of HDAC4 and
HDAC5. The reduction of nuclear localized HDACs represents
a novel transcription-promoting pathway stimulated by nuclear
calcium.

Neurons rely on a variety of intracellular signal transduction
mechanisms to adjust their functions in response to environ-
mental stimuli. Synaptic activity-induced calcium transients
play a crucial role in this process (1, 2) by activating transcrip-
tion-regulating signaling pathways both in the cytosol and in
the nucleus (3). Nuclear calcium has emerged as a key regulator
of neuronal gene expression and is required for several neuro-
adaptations including neuronal survival, memory consolida-
tion, and the development of chronic inflammatory pain
(4–12). The transcription factor CREB represents the principal
target of nuclear calcium signaling that mediates the induction
of a large pool of genes (3, 6, 7, 13). In addition, via the activation
of CREB3-binding protein (CBP) and MeCP2, as well as
through increasing the expression of the de novoDNAmethyl-
transferase, Dnmt3a2, nuclear calcium evokes more global
genomic responses by altering chromatin structures through
histone acetylation and DNA methylation (11, 14–19). Epige-
netic gene regulatorymechanisms also involve histone deacety-
lases (HDACs) that interact with DNA-binding proteins (20–
24) and confer transcription repressing activity by catalyzing
the removal of acetyl residues from acetylated lysine located in
the N-terminal tails of histones (25, 26). HDACs are divided
into four different classes depending on their domain structure.
Elevenmembers of the classical HDAC family (class I: HDAC1,
2, 3, 8; class IIa: HDAC4, 5, 7, 9; class IIb: HDAC6, 10 and class
IV: HDAC11) and seven sirtuins (class III) have been identified
(27). Class I, III, and IVHDACs are present inmany tissues, and
their expression level and subcellular localization are cell type-
specific (28, 29). In contrast, the expression of class II HDACs is
more restricted and, in case of class IIaHDACs, primarily in the
brain, heart, and skeletal muscle (30, 31). Moreover, class IIa
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HDACs can shuttle in a signal-regulated manner between the
cytosol and the nucleus (32, 33). Here we established a function
for nuclear calcium in the regulation of nuclear export of a
subset of class IIa HDACs inmouse hippocampal neurons. Our
results indicate that, in addition to causing increases in histone
acetylation and DNAmethylation (11, 14–19), the stimulation
ofHDACnuclear export by nuclear calcium represents an addi-
tional pathway that links synaptic activity to genome-wide
changes in chromatin structure facilitating gene transcription.

EXPERIMENTAL PROCEDURES

Expression Constructs—All HDAC constructs were C-termi-
nal epitope-tagged. FLAG-tagged human HDAC4, HDAC4
3SA, and HDAC5 have been described before (33, 34). HA-
tagged mouse YFP-HDAC7 construct has also been described
previously (35). HumanHDAC11 (36), rat HDAC3, and human
HDAC9 were cloned into an expression vector containing an
HA tag. CaMBP4 (7, 37) was FLAG-tagged and fused to the
fluorescent protein mCherry. The FLAG tag has been removed
for the co-expression with FLAG-tagged HDAC constructs.
Parvalbumin-NLS (38) was also expressed as a mCherry fusion
protein.
Short hairpin RNAs (shRNAs) targeting HDAC4 or HDAC5

were cloned into an expression vector containing the U6 pro-
moter driving shRNA expression and the CaMKII promoter
drivingmCherry expression. The sequence used for the shRNA
against HDAC4 was GCGGCAGATACTCATTGCAGA (39).
For the shRNA against HDAC5 two sequences were tested:
shHDAC5A, CGAAAGGATGGCACTGTTATT; shHDAC5B,
CATGGGATTCTGCTTCTTCAA. As a control a nontarget-
ing shRNA (shSCR (10)) was used.
Hippocampal Neuronal Cultures and Treatments—Hip-

pocampal neurons from newborn C57BL/6 mice were isolated
and cultured as described before (8, 40). DNA transfection was
done after a culturing period of 8 days in vitro (DIV) using
Lipofectamine 2000 (Invitrogen) as described (41). Experi-
ments were done on DIV10. Cells were treated with 50 �M

bicuculline (Sigma) or 1 �M tetrodotoxin (TTX; Tocris Biosci-
ence) for 2 h. Control cells were treated with vehicle (0.1%
dimethyl sulfoxide; Merck).
Immunocytochemistry—Following transfection and/or treat-

ments, cells were fixed on DIV10 for 20 min at room tempera-
ture with 4% paraformaldehyde, 4% sucrose in phosphate-buff-
ered saline (PBS), pH7.4. Antibodieswere diluted inGDB (0.1%
gelatin, 0.3% Triton X-100, 15 mM Na2HPO4, 400 mM NaCl),
and cells were incubated for 2 h (4 h for staining of endogenous
HDAC4) in primary antibodies and 45 min in secondary
antibodies. Hoechst staining (1:6000) was used for visualization
of nuclei. Coverslips were mounted with Mowiol 4-88
(Calbiochem).
Immunohistochemistry—Animals were deeply anesthetized

with Nembutal, pre-perfused transcardially with PBS, and per-
fused with neutral phosphate-buffered 10% formalin (Sigma-
Aldrich). Brains were removed and postfixed overnight in the
same fixative solution. For cryoprotection, brains were incu-
bated for 2 days in 30% sucrose in 0.1 M phosphate buffer con-
taining 0.04% thimerosal (Sigma). 40-�m-thick frozen sections,
cut at �20 °C, were collected in PBS containing 0.04% thimer-

osal. Sections were blocked in 1% BSA, 5% normal goat serum,
0.1% Triton X-100 in PBS for 1 h at room temperature, incu-
batedwith primary antibody diluted in 1%BSA, 1%normal goat
serum, 0.1% Triton X-100 at 4 °C overnight. Sections were
rinsed twice with PBS containing 0.1% Triton X-100 and incu-
bated with the secondary antibody in the same solution as the
primary antibody. Sections were incubated in Hoechst 33258
(1:5000) for 5 min, rinsed twice with distilled water, and then
mounted on glass slides.
Antibodies—Mouse monoclonal anti-FLAG-M2 (1:1000;

Sigma), rabbit polyclonal anti-HA (1:200; Santa Cruz Biotech-
nology), rabbit monoclonal anti-HDAC4 (1:100; Cell Signal-
ing), rabbit polyclonal anti-HDAC5 (1:50; Cell Signaling),
Dylight 488 goat anti-mouse and anti-rabbit and Cy3 goat anti-
rabbit (1:400–1:500; Dianova).
Microelectrode Arrays Recordings—MEA recordings were

done as described (42).
Stereotaxic Delivery of Recombinant Adeno-associated

Viruses (rAAVs)—rAAVs were delivered by stereotaxic injec-
tion into the right ventral hippocampus of 2-month-old male
C57BL/6 mice. Mice were randomly grouped and anesthetized
with a mixture of medetomidin, midazolam, and fentanyl. A
total volume of 1.5 �l containing 1–2 �109 genomic virus par-
ticles was injected over a period of 20 min at the following
coordinates relative to Bregma: anteroposterior, �3.4 mm;
mediolateral, �3.25 mm; dorsoventral, �3.3, �3.5, and �3.7
mm from the skull surface. After stereotaxic injection, mice
were allowed to recover from anesthesia by subcutaneous
application of a mixture with antipamezol, flumazenil, and
naloxone.
RNA Extraction and cDNA Synthesis—Total RNA was iso-

lated at DIV10 from hippocampal primary neuron cultures
with RNeasy Mini kit (Qiagen), including an optional DNase I
treatment at room temperature for 15 min according to the
manufacturer’s instructions (Qiagen). 1.2 �g of extracted RNA
was reverse transcribed into first strand cDNA using a High
Capacity cDNA Reverse Transcription kit (Applied
Biosystems).
Real Time Quantitative PCR—Quantitative reverse tran-

scriptase PCR (QRT-PCR) was done on an ABI7300 thermal
cycler using Universal QRT-PCR master mix with TaqMan
Gene Expression Assays for the indicated genes (Applied Bio-
systems). Expression of target geneswas normalized against the
expression of Gusb as endogenous control gene. Data were
derived from at least five independent experiments.
Data Analysis—Stained cells were screened using a Leica

DM IRBE inverted fluorescence microscope. Numbers of cells
with a nuclear or cytoplasmic staining were counted. Cells with
a strong fluorescent signal of the HDAC of interest in the
nucleuswere scored under the category “nuclear” (i.e. see Fig. 1,
HDAC5, TTX). These cells were scored as “N.” Cells were
counted as “cytoplasmic” when there was cytoplasmic HDAC
localization featuring a clear border between a missing nuclear
staining and a high cytoplasmic signal (Fig. 1, HDAC4,
untreated and TTX). These cells were scored as “C.” Cells that
showed an equal distribution of the HDAC signal between the
compartments were scored in both categories (i.e. Fig. 1,
HDAC3, untreated, bic, TTX). These cells were scored as “E.”
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Images of representative cells were taken using a Leica TCS SP2
confocal microscope with the resolution of 1024 � 1024 pixels
and processed in ImageJ and Adobe Photoshop.
The ratio between the number of cells showing a cytoplasmic

localization of a specific HDAC and cells with a nuclear local-
ization was calculated (C:N ratio (C�E)/(N�E)). The resulting
number indicateswhether the protein is located predominantly
in the cytoplasm (�1) or the nucleus (�1) or whether it is

equally distributed (�1). Quantitative fluorescent intensity
analysis has been done by selecting the nuclei in the Hoechst
channel by threshold application and manual identification of
somata. The average fluorescent intensity of both areas was
measured, and the relative intensity of the nucleus compared
with the cytoplasm was calculated. Data are presented as
means � S.E. Statistical analysis has been done using one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test.

FIGURE 1. Nucleo-cytoplasmic shuttling of class IIa HDACs is dependent on neuronal activity. A, representative micrographs of cultured hippocampal
neurons transfected with epitope-tagged HDAC constructs (HDAC3-HA, HDAC4-FLAG, HDAC5-FLAG, HDAC7-HA, HDAC9-HA, and HDAC11-HA) and either left
untreated or treated with TTX or bicuculline as indicated. Scale bar is 20 �m. Graphs show the ratio between cytoplasmic and nuclear localization. 400 –1000
cells were analyzed for each tested HDAC and experimental condition from a minimum of three independent preparations. Statistically significant differences
are indicated with asterisks (***, p � 0.001; **, p � 0.01, one-way ANOVA, Dunnett’s post hoc test). Error bars, S.E. B, typical examples of MEA recordings obtained
from untreated cultured hippocampal neurons (left), and neurons after exposure to bicuculline (50 �M, center), or TTX (1 �M, right). Simultaneous recordings
from four separate electrodes are shown in each panel.
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Unless otherwise stated, a two-sample unpaired Student’s t test
was performed for the comparison of two conditions. Results
were considered to be statistically significantwith a significance
level of p � 0.05 (*), p � 0.01 (**), or p � 0.001 (***).

RESULTS

We first characterized synaptic activity-dependent nucleo-
cytoplasmic shuttling of different HDAC classes and trans-
fected cultured mouse hippocampal neurons with expression
vectors for HDAC3, HDAC4, HDAC5, HDAC7, HDAC9, and
HDAC11 (Fig. 1A). The cultures were subsequently either
silenced using TTX, a sodium channel blocker, or exposed to
bicuculline, a GABAA receptor antagonist that blocks inhibi-
tory inputs and triggers action potential (AP) bursting (13). The
effects of TTX and bicuculline on the hippocampal network
firing patterns were confirmed using MEA (Fig. 1B). MEA
recordings revealed spontaneous firing activity of single spikes
and short trains of activity under basal conditions, which
switched to recurrent synchronous bursting after the addition
of bicuculline to the media. Action potential firing was com-
pletely blocked by the application of TTX (Fig. 1B).
As described in detail under “Experimental Procedures,”

transfected hippocampal neurons were divided into three
groups based on the localization of the exogenously expressed
HDAC (nuclear, cytoplasmic, equal distribution nucleus versus
cytoplasm). We calculated the cytoplasm-to-nucleus-ratio
(C:N ratio) to assess the subcellular localization of HDACs and
detect changes in response to treatments. In untreated con-
trols, HDAC3, a class I HDAC, was located in both the cyto-
plasm and the nucleus (Fig. 1A). The C:N ratio calculated for
HDAC3 was 1.0 � 0.01, as it was equally distributed between
the cytoplasm and nucleus. The C:N ratio for HDAC11, the
class IV HDAC, was 1.25 � 0.1 indicating a moderately higher
expression of this protein in the cytoplasm compared with the
nucleus. The subcellular localization of HDAC3 and HDAC11
was largely invariant with the treatments indicating thatHDAC
class I and IV subcellular distribution is not regulated by neu-
ronal activity (Fig. 1A).
We next analyzed class IIa HDACs (i.e. HDAC4, -5, -7, and

-9), all of whichwere located predominantly in the cytoplasm in
untreated hippocampal neurons (Fig. 1A). Upon TTX treat-
ment, all class IIa HDACs underwent a shift toward a nuclear
localization, whereas stimulating AP bursting with bicuculline
did not lead to observable changes in their subcellular distribu-
tion (Fig. 1A). TheC:N ratio forHDAC4decreased significantly
from 3.02 � 0.29 to 1.37 � 0.06 (p � 0.001, one-way ANOVA,
Dunnett’s post hoc test, F � 17.29) after TTX treatment and
remained virtually unaltered after bicuculline treatment
(3.23 � 0.32, p � 0.79). Similar results were obtained for
HDAC5, -7, and -9. The C:N ratio for HDAC5 in controls was
2.01 � 0.23, indicating a predominantly cytoplasmic localiza-
tion, but decreased after TTX treatment (0.55 � 0.12; p �
0.004, F � 17.5), reflecting redistribution toward the nucleus,
andmoderately increased upon bicuculline stimulation (2.72�
0.38, p � 0.14). Compared with HDAC4 and HDAC5, the syn-
aptic activity-induced subcellular redistributions of HDAC7
and HDAC9 were less dramatic. Nevertheless, we detected a
decrease of the C:N ratio following TTX treatment and a mod-

erate increase following bicuculline treatment for bothHDAC7
(control, 1.58 � 0.2; TTX, 0.8 � 0.06, p � 0.004; bicuculline,
1.91 � 0.07, p � 0.18; F � 19.28) and HDAC9 (control, 1.85 �
0.13; TTX, 0.85 � 0.01, p � 0.001; bicuculline, 2.0 � 0.12, p �
0.49; F � 37.13). These results indicate that neuronal activity is
required for nuclear export of all class IIa HDACs and that
silencing neuronal activity with TTX leads to their accumula-
tion in the nucleus.
Nuclear Calcium Signaling in HDAC Nucleo-cytoplasmic

Shuttling—Nuclear calcium is a signaling end point in synapse-
to-nucleus communication and an important mediator of syn-
aptic activity-driven gene transcription (3, 7, 13). To investigate
a possible role of nuclear calcium in nucleo-cytoplasmic shut-
tling of HDACs, we used the nuclear calcium/calmodulin sig-
naling inhibitor CaMBP4. This protein consists of four copies
of theM13 peptide derived frommyosin light chain kinase; it is
expressed in the cell nucleus where it binds to and inactivates
the nuclear calcium/calmodulin complex thereby preventing
the activation of its downstream targets (37). CaMBP4 has been
characterized in great detail and was used in many studies to
determine the role of nuclear calcium in neuronal gene expres-
sion important for acquired neuroprotection, memory forma-
tion, and chronic inflammatory pain (4–8, 10–12). Because
CaMBP4 is nuclear localized and fused to mCherry for detec-
tion (CaMBP4-mC); we used an expression vector for
mCherry-NLS as a control (mC.NLS). We selected the class I
HDAC3 as control for these experiments because its subcellu-
lar localization is not influenced by neuronal activity (Fig. 1).
Indeed, we found that CaMBP4 expression had no effect on the
subcellular localization of HDAC3 (Fig. 2); the C:N ratio for
HDAC3was close to 1 in bothmC.NLS- andCaMBP4-express-
ing cells (mC.NLS, 0.98 � 0.01; CaMBP4, 1.01 � 0.05).
We next determined the effects of CaMBP4 expression on

the overexpressed forms of class IIa HDACs as well as on their
endogenous counterpart (see below). We found that CaMBP4
did not significantly affect the subcellular localization of the
overexpressed forms of HDAC4 and -9 (Fig. 2: HDAC4
mC.NLS, 2.24 � 0.24; CaMBP4, 1.88 � 0.25; HDAC9mC.NLS,
1.97� 0.11, CaMBP4, 1.76� 0.14). In contrast, the C:N ratio of
the overexpressed versions of HDAC5 and also that of HDAC7
decreased from 2.55� 0.18 to 1.05� 0.07 (p� 0.001, Student’s
t test) and from 1.69 � 0.13 to 0.99 � 0.11 (p � 0.04, Student’s
t test), respectively, upon blockage of nuclear calcium signaling
with CaMBP4 (Fig. 2).
Because neuronal activity drives nuclear export of HDACs

(see Fig. 1), we next investigated whether increasing neuronal
activity via bicuculline treatment would be sufficient to coun-
teract the nuclear accumulation of HDACs observed following
blockade of nuclear calcium signaling. To interferewith nuclear
calcium, we used CaMBP4 and, in addition, the calcium-bind-
ing protein parvalbumin targeted to the cell nucleus by means
of fusion to a nuclear localization signal (38). Overexpression of
parvalbumin.NLS (which is fused to mCherry; PV.NLS-mC)
increases the nuclear calcium buffering capacity, which in non-
neuronal cell types has been reported to prevent the activation
of nuclear calcium-dependent downstream targets (43, 44).
Because HDAC4 and HDAC5 are expressed in the mammalian
brain at far higher levels than HDAC7 and HDAC9 (45) we
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focused our studies on these two class IIaHDACs.We co-trans-
fected cultured mouse hippocampal neurons with expression
vectors forHDAC4 orHDAC5 constructs alongside expression
vectors for either CaMBP4 or PV.NLS-mC; AP bursting was
induced with bicuculline treatment (Fig. 3). Because CaMBP4
andPV.NLS-mCwere fused tomCherry, we used an expression
vector for mCherry as a control. Similar to the results obtained
with CaMBP4 (see Fig. 2), PV.NLS-mC had no effect on the
subcellular localization of overexpressed HDAC4 (Fig. 3, B and
D). The C:N ratio for HDAC4 was between 3 and 4 in all exper-
imental conditions, indicating a predominantly cytoplasmic
localization. In contrast, the localization of overexpressed
HDAC5 was sensitive to nuclear calcium blockade. Similar to
the results shown in Fig. 2, expression of CaMBP4 led to a
nuclear shift of HDAC5 localization in untreated hippocampal

neurons (Fig. 3, A and B; mCherry, 3.41 � 0.55; CaMBP4,
2.18 � 0.21). A similar result was also observed with
PV.NLS-mC expression (Fig. 3, C andD; mC.NLS, 2.66 � 0.41;
PV.NLS-mC, 1.71 � 0.34).

Whereas both CaMBP4 and PV.NLS-mC attenuated the
nuclear export of overexpressed HDAC5 in unstimulated hip-
pocampal neurons, only CaMBP4 expression was sufficient to
maintain the nuclear accumulation of HDAC5 after bicuculline
stimulation (Fig. 3, A and B). Bicuculline caused an increase in
the C:N ratio of HDAC5 from 3.41 � 0.55 to 4.12 � 0.44 in
mCherry-expressing cells whereas virtually no increase in the
C:N ratios (i.e.without bicuculline treatment, 2.18� 0.21; with
bicuculline treatment, 2.26 � 0.11) was observed in CaMBP4-
expressing neurons (Fig. 3, A and B; two-way ANOVA:
mCherry versus CaMBP4, p � 0.001, F � 29.86; untreated ver-
sus bicuculline, p� 0.28, F� 1.21). In contrast, in PV.NLS-mC-
expressing neurons, bicuculline treatment increased the C:N
ratio ofHDAC5 from1.71� 0.34 to 2.81� 0.45 (Fig. 3,C andD;
two-way ANOVA: mCherry versus PV, p � 0.034, F � 5.29;

FIGURE 2. Nuclear calcium differentially regulates the shuttling of class
IIa HDACs. Representative images show hippocampal neurons transfected
with HDAC constructs with expression vector for CaMBP4-mCherry (CaMBP4-
mC) or mCherry-NLS (mC.NLS) as indicated. HDACs subcellular localization
was analyzed only in CaMBP4- or mC.NLS-expressing cells, selected by
mCherry expression. Scale bar is 20 �m. Graphs show the ratio between cyto-
plasmic and nuclear localization. 140 –700 cells were analyzed for each con-
dition from a minimum of three independent experiments. Statistically sig-
nificant differences are indicated with asterisks (**, p � 0.01; *, p � 0.05,
two-sided Student’s t test). Error bars, S.E.

FIGURE 3. Increasing neuronal activity can overcome parvalbumin-de-
pendent but not CaMBP4-dependent block of HDAC5 nuclear export. A,
representative images of hippocampal neurons transfected with HDAC5 and
with mCherry (mC.NLS) or CaMBP4-mCherry (CaMBP4-mC) as indicated. Neu-
rons were either left untreated or treated with bicuculline. Scale bar is 10 �m.
B, quantitative analysis of the subcellular localization of HDAC4 or HDAC5 in
hippocampal neurons. Neurons were transfected with HDAC4 or HDAC5 and
with mCherry or CaMBP4 and treated with bicuculline or not as indicated.
Graphs show the ratio between cytoplasmic and nuclear localization. In total,
140 – 400 cells were analyzed for each condition from a minimum of five inde-
pendent experiments. C, representative images of hippocampal neurons
transfected with HDAC5 and with mCherry (mC.NLS) or parvalbumin-NLS-
mCherry (PV.NLS-mC) as indicated. Neurons were either left untreated or
treated with bicuculline. Scale bar is 10 �m. D, quantitative analysis of the
subcellular localization of HDAC4 or HDAC5 in hippocampal neurons. Neu-
rons were transfected with HDAC4 or HDAC5 and with mCherry or PV.NLS-mC
and treated with bicuculline or not as indicated. Graphs show the ratio
between cytoplasmic and nuclear localization. In total, 140 –200 cells were
analyzed for each condition from a minimum of five independent experi-
ments. Statistically significant differences are indicated with asterisks (***, p �
0.001; *, p � 0.05, two-way ANOVA). Error bars, S.E.
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untreated versus bicuculline, p � 0.023, F � 6.14), indicating
that despite increased nuclear calcium buffering, synaptic
activity can initiate the redistribution of HDAC5 from the
nucleus to the cytosol. This result is expected because bicucul-
line-induced AP bursting gives rise to very robust nuclear cal-
cium transients (13, 46) that will saturate the nuclear calcium
buffers allowing HDAC nuclear export to be induced. The
results obtained with CaMBP4 are different from those using
PV.NLS because CaMBP4 does not buffer free calcium but
instead blocks in a competitive manner the nuclear calcium/
calmodulin complex irrespective of the amplitude and duration
of the nuclear calcium transients.
We next analyzed the shuttling behavior of endogenous

HDACs in cultured hippocampal neurons. We were able to
only investigate endogenousHDAC4due to a lack of antibodies
against HDAC5 that were suitable for immunocytochemistry
(although we did succeed in using HDAC5 antibodies on brain
sections; see Fig. 6). Similar to the results obtained using the
overexpressed HDAC4 (see Fig. 1), the endogenous HDAC4
was located predominantly in the cytoplasmunder control con-
ditions as well as after bicuculline stimulation and accumulated
in the nucleus after TTX treatment (Fig. 4). We next investi-
gated the role of nuclear calcium in the shuttling of endogenous
HDAC4. Although we were unable to detect a significant
change in the subcellular distribution of endogenous HDAC4
in PV.NLS-expressing neurons (data not shown), the expres-

sion of CaMBP4 led to an increase in the nuclear localization of
HDAC4 comparedwith their surrounding nontransfected con-
trol cells, which persisted even after bicuculline stimulation
(Fig. 5, A and B). These results indicate that the localization of
the endogenous HDAC4 is controlled by nuclear calcium sig-
naling, even though we failed to detect an effect of CaMBP4
expression on the subcellular localization of the overexpressed
form of HDAC4 (see Fig. 2). The reason for this apparent dis-
crepancy remains unexplained but is most likely the result of
gross differences in the expression levels of the endogenous
compared with the overexpressed protein.
We next investigated the role of nuclear calcium signaling on

HDAC shuttling in vivo. rAAVs containing the expression cas-
settes for mCherry-NLS, CaMBP4-mCherry, or PV.NLS-mC
were stereotaxically delivered into the ventral mouse hip-
pocampus of 2-month-old C57BL/6 male mice; infected neu-
rons could readily be identified by mCherry fluorescence (Fig.
6). Immunohistochemical analysis of the subcellular localiza-
tion of endogenousHDAC4 andHDAC5 in brain slices derived
from the injected mice revealed that, very similar to the results
obtained with cultured neurons (see Fig. 1), the nuclei of hip-
pocampal neurons of the CA1 region showed a predominant
cytoplasmic localization of HDAC4 and HDAC5 under control
conditions (i.e. expression of mCherry.NLS; Fig. 6, A and B).
These observations are in agreement with previous studies on
the subcellular localization of HDACs in the brain (39, 47).
However, in the presence of either CaMBP4 or PV.NLS both
HDAC4 and HDAC5 showed a clear redistribution from the
cytosol toward the nucleus (Fig. 6,A and B). These results indi-
cate that nucleo-cytoplasmic shuttling of HDAC4 and HDAC5
in vivo is regulated by nuclear calcium and that either blockade
of nuclear calcium signaling or increasing the nuclear calcium
buffering capacity leads to a nuclear accumulation of HDAC4
and HDAC5.
HDAC4 Regulates Expression of Genes Involved in Various

Forms of Neuroadaptations—Given the known role of HDACs
in the modulation of gene transcription, we next analyzed the
effects of HDACs on the expression of genes that are known
targets of nuclear calcium signaling (Fig. 7 (7, 12)). DNA
sequences encoding shRNAs designed to target the mouse
HDAC4 (rAAV-shHDAC4) or HDAC5 (rAAV-shHDAC5)
mRNA were inserted downstream of the U6 promoter of an
rAAV vector. Immunoblot analysis revealed that the rAAVs
reduced protein levels of their respective targets leaving unal-
tered the expression of other HDAC family members (Fig. 7A).
QRT-PCR revealed that compared with uninfected neurons or
neurons infected with an rAAV-shSCR (scrambled control),
infections with rAAV-shHDAC4 altered the mRNA expression
levels of several nuclear-calcium target genes that have func-
tions in different forms of neuroadaptations (7, 8, 12, 48, 49)
including neuronal survival (serpinb2, atf3), chronic pain
(ptgs2, c1qc), and synaptic plasticity and memory (homer1, arc)
(Fig. 7B). Infection of hippocampal neurons with rAAV-shH-
DAC5 had very little effect on the expression levels of the genes
analyzed (Fig. 7B).
Because blocking nuclear calcium causes a shift of HDAC

class IIa localization toward the nucleus (see above), we finally
tested the effects of nuclear localization of HDAC4 on the

FIGURE 4. Nucleo-cytoplasmic shuttling of endogenous HDAC4 is
dependent on neuronal activity. A, representative images of hippocampal
neurons left untreated or treated with tetrodotoxin or bicuculline and immu-
nostained for endogenous HDAC4. Scale bar is 20 �m. B, quantitative meas-
urements of the relative fluorescent intensity of HDAC4 signal in the nucleus
compared with the signal of the cytosol. Each circle represents an independ-
ent experiment. Horizontal bars show mean values (control, 81.5 � 2.3%;
bicuculline, 81.0 � 3.4%, p � 0.99; TTX, 96.6 � 1.4% p � 0.002; one-way
ANOVA, Dunnett’s post hoc test, F � 12.34). Statistically significant difference
is indicated with asterisks (**).
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expression levels of the selected group of nuclear-calcium tar-
get genes (see above). Hippocampal neuronswere infectedwith
rAAVs containing an expression cassette for either HDAC4
(rAAV-HDAC4) or for the triple mutant (S246A/S467A/
S632A) HDAC4 3SA (rAAV-HDAC4 3SA; Fig. 7C), which is
constitutively nuclear as it cannot be phosphorylated and trans-
ported to the cytoplasm (34); uninfected neurons or neurons
infected with an rAAV-LacZ served as controls. QRT-PCR
revealed that indeed expression ofHDAC4 3SA caused changes
in the expression level of the nuclear-calcium target genes (Fig.
7D) in a direction opposite to the one obtained after lowering
HDAC4 levels through RNAi (Fig. 7B).

DISCUSSION

In this study, we establish a link among neuronal activity,
nuclear calcium signaling, and HDAC nucleo-cytoplasmic
shuttling. Interfering with either neuronal activity or nuclear
calcium in vitro and in vivo causes the nuclear accumulation of
members of class IIa HDACs.
HDAC Nucleo-cytoplasmic Shuttling and Synaptic Activity-

dependent Transcription—Neurons respond and adapt to syn-
aptic stimuli by initiating structural and functional changes,
ranging from remodeling of fine anatomical structures to alter-
ations in gene expression (1, 50), which at the behavioral level
may ultimately lead to various forms of neuroadaptations

including the formation ofmemories. In recent years, attention
has been paid not only to the characterization of signal-regu-
lated sequence-specific DNA-binding proteins and how they
control transcription of their target genes but also to epigenetic
modifications. Epigenetic changes of chromatin are generally
thought to be a heritable mark in most cell types (51, 52), but
they are also subject to regulation by environmental signals
particularly, although not exclusively, in the nervous system
(53). HDACs are part of the cellular machinery that bridges
external stimuli to epigenetic control of gene expression. Class
IIaHDACs, all ofwhich as shown in this study undergo synaptic
activity-driven nucleo-cytoplamic shuttling, may be particu-
larly important for the coupling of synaptic activity to genomic
responses. In contrast, the subcellular localization of members
of class I and class IV HDACs is largely invariant to changes in
neuronal activity, indicating that these forms of HDACs may
represent a continuously present (i.e. signal-independent) tran-
scription repressing activity in the nucleus.
Our HDAC4 loss-of-function and gain-of-function experi-

ments support that concept that class IIa HDACs take part in
the regulation of transcription following synaptic activity and
the generation of nuclear calcium signals. They are also in line
with the recently proposed role of HDAC4 in the control of
genes involved in synaptic plasticity and the formation ofmem-

FIGURE 5. Shuttling of endogenous HDAC4 is responsive to nuclear calcium signaling. A, representative images showing the subcellular localization of
endogenous HDAC4 in hippocampal neuron transfected with CaMBP4-mCherry (arrow) and nontransfected surrounding control cells. Scale bar is 20 �m. B,
quantitative measurements of the relative fluorescent intensity of HDAC4 signal in the nucleus compared with the signal of the cytosol in untransfected
(control) and CaMBP4-expressing cells. Each circle represents an independent experiment. Horizontal bars show mean values (control, 59.6 � 3.6%; CaMBP4,
78.9 � 5.9% p � 0.007 paired Student’s t test). Statistically significant difference is indicated with asterisks (**). C, quantitative measurements of the relative
fluorescent intensity of HDAC4 signal in the nucleus compared with the signal of the cytosol in mC.NLS- and CaMBP4-mC-expressing cells. Neurons were left
untreated or treated with bicuculline and immunostained for endogenous HDAC4. The averaged results of three independent experiments are shown. Error
bars, S.E.
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ories (54, 55). However, given that HDAC4 activity can modu-
late the expression levels of many functionally diverse nuclear
calcium-regulated genes (see Fig. 7,B andD), the importance of
nucleo-cytoplasmic shuttling of class IIa HDACs in the brain
may not be restricted to learning andmemory but also relevant

for many other neuroadaptations including, besides changes in
cognitive abilities, acquired neuroprotection, and the develop-
ment of chronic pain.
Stimulus-induced changes in the subcellular distribution of

class IIa HDACs have also been observed in other cell types. In
skeletal muscle, reduced neural activity following denervation
causes nuclear accumulation of HDAC4 (56). A similar redis-
tribution of HDAC4 and HDAC7 from the cytosol to the
nucleus has been observed in cerebellar granule neurons
exposed to toxic stimuli (39, 57); this change in localization
precedes cell death consistent with a pro-death activity of
nuclear of HDAC4 and a pro-survival activity of cytosolic
HDAC4 (58). Conversely, the nuclear export of class IIa
HDACs following induction of AP bursting may represent a
neuroprotective measure that could be part of the known sur-
vival-enhancing effects afforded by synaptic activity and
nuclear calcium signaling (5–7, 46, 59, 60).
Nuclear Calcium Regulation of HDAC Nucleo-cytoplasmic

Shuttling—Our study revealed that the synaptic activity-depen-
dent nucleo-cytoplasmic shuttling is a common feature of all

FIGURE 6. Nuclear calcium controls HDAC4 and -5 nucleo-cytoplasmic
shuttling in vivo. A, immunohistochemistry of HDAC4 in the CA1 region
of the hippocampus of adult mice stereotaxically injected with rAAV-
mCherry-NLS (mC.NLS), rAAV-CAMBP4-mCherry (CaMBP4-mC) or with
rAAV-parvalbumin.NLS-mCherry (PV.NLS-mC) using an anti-HDAC4 anti-
body, Hoechst to visualize the nuclei, and mCherry fluorescence to detect
virus expression. B, immunohistochemistry of HDAC5 in the CA1 region of
the hippocampus of adult mice stereotaxically injected with rAAV-
mCherry-NLS (mC.NLS), rAAV-CAMBP4-mCherry (CaMBP4-mC), or with
rAAV-parvalbumin.NLS-mCherry (PV.NLS-mC) using an anti-HDAC5 anti-
body, Hoechst to visualize the nuclei, and mCherry fluorescence to detect
virus expression. C, immunohistochemistry of the CA1 region of the hip-
pocampus of adult mice stereotaxically injected with rAAV-mCherry.NLS
(mC.NLS), using a normal rabbit IgG antibody to test the specificity of the
immunostainings shown in A and B, Hoechst to visualize the nuclei, and
mCherry fluorescence to detect virus expression. Scale bar is 20 �m.

FIGURE 7. HDAC4 regulates expression of genes involved in neuroadap-
tations. A, immunoblot analysis of uninfected hippocampal neurons and of
hippocampal neurons infected with the indicated rAAVs. Tubulin immuno-
blot is shown as control for protein loading. B, QRT-PCR analysis of expression
of ptgs2, serpinb2, arc, atf3, c1qc, and homer1 in uninfected hippocampal neu-
rons and in hippocampal neurons infected with rAAV-shSCR, rAAV-shHDAC4,
or with rAAV-shHDAC5 (n � 5). ptgs2, arc, and serpinb2 values refer to the axis
on the left. C, immunoblot analysis of uninfected hippocampal neurons and of
hippocampal neurons infected with the indicated rAAVs. rAAV-HDAC4 and
rAAV-HDAC4 3SA all carry a FLAG cassette which was used for detection via an
anti-FLAG antibody. Tubulin immunoblot is shown as control for protein
loading. D, QRT-PCR analysis of ptgs2, serpinb2, arc, atf3, c1qc, and homer1
expression in uninfected hippocampal neurons and in hippocampal neurons
infected with rAAVs giving rise to the indicated proteins (n � 5). Statistically
significant differences are indicated with asterisks (***, p � 0.0005; **, p �
0.05; *, p � 0.05 one-way ANOVA, Dunnett’s post hoc test). Error bars, S.E.
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members of class IIa HDACs, which distinguishes them from
other HDAC classes that do not undergo changes in their sub-
cellular localization upon stimulation of neuronal activity.
However, the effect of inhibiting nuclear calcium signaling or
increasing nuclear calcium buffering capacity on the shuttling
process varied considerably among the four different class IIa
HDACs.We found that nuclear calcium is required for nuclear
export of the endogenously expressed and/or overexpressed
forms ofHDAC4,HDAC5, and, to a lesser extent, ofHDAC7; in
contrast, inhibition of nuclear calcium signaling had virtually
no effect on the localization of the overexpressed form of
HDAC9. This indicates that nuclear calcium-dependent but
also nuclear calcium-independent signaling pathways are
responsible for regulating the subcellular distribution of class
IIa HDACs in hippocampal neurons. This is in line with several
reports in literature implicating a variety of signalingmolecules
in HDAC shuttling (61–63). The nuclear import and export of
HDACs, which is best characterized for HDAC4, is primarily
regulated by protein kinases and phosphatases (64–66). A tri-
partite nuclear localization signal (NLS) within the N-terminal
regulatory unit of HDAC4 allows for an importin �-dependent
nuclear import (34, 67), whereas a C-terminal nuclear export
signal (NES) mediates the transport HDAC4 from the nucleus
to the cytoplasm via CRM1-dependent mechanism (67, 68).
The NES is only active after phosphorylation of HDAC4 at
three serine residues (34) leading to interaction with 14-3-3
protein (68), which itself contains anNES (69). The dephospho-
rylation of HDAC4 in the cytoplasm, which can be catalyzed by
protein phosphatase PP2A (65, 70, 71), unmasks the intrinsic
nuclear localization signal (NLS) and initiate nuclear import of
HDAC4. NLS, NES, and the critical regulatory serine residues
are highly conserved in HDAC5, and HDAC7 and HDAC9,
which can also interact with 14-3-3 proteins (34, 72, 73). Pre-
cisely how synaptic activity drives nuclear export of class IIa
HDACs in hippocampal neurons remains to be investigated. In
nonneuronal cells, in particular in cardiac and skeletal muscle
but also in COS cells and chondrocytes, the calcium/calmodu-
lin-dependent protein kinases (CaMK) I, II, and IV have been
shown to be functionally relevant for HDAC shuttling (32, 61,
64, 70, 74–77). Pharmacological studies using hippocampal
neurons also indicate an involvement of CaMKs in regulating
the subcellular localization of HDAC5 and, although to a lesser
extent, of HDAC4 (33). This suggests that CaMKII and CaM-
KIV, which are present in the cell nucleus of hippocampal neu-
ron (19, 78), are key signaling intermediates in the nuclear cal-
cium-dependent export of HDAC4 and HDAC5 from the
nucleus. Given the presence of CaMKII in the cytosol, CaMKII
may also be part of the nuclear calcium-independent HDAC
nucleo-cytoplasmic shuttling. Alternatively, or in addition, the
ERK-MAP kinase pathway may be involved in this process.
ERK-MAP kinase signaling is activated by synaptic activity-in-
duced, cytosolic (near-plasma membrane) calcium transients
(40, 79). Once activated, ERK-MAP kinases can enter the
nucleus and phosphorylate transcriptional regulators (41,
80–82). In C2C12 myoblasts, ERK-MAP kinases can associate
with HDAC4 but seem to promote HDAC4 nuclear accumula-
tion rather than stimulating its export (83).

In conclusion, class IIa HDACs are intracellular signal trans-
ducers and part of the process through which synaptic activity
and the nuclear calcium transients associated with it are cou-
pled to the regulation of transcription.
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