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Histone Deacetylases 1 and 2 Form a Developmental Switch
That Controls Excitatory Synapse Maturation and Function

Mohd W. Akhtar,' Jesica Raingo,? Erika D. Nelson,! Rusty L. Montgomery,’ Eric N. Olson,’ Ege T. Kavalali,>*
and Lisa M. Monteggia'
Departments of 'Psychiatry, 2Neuroscience, >Molecular Biology, and “Physiology, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9111

The structural assembly of synapses can be accomplished in a rapid time frame, although most nascent synapses formed during early
development are not fully functional and respond poorly to presynaptic action potentials. The mechanisms that are responsible for this
delay in synapse maturation are unknown. Histone deacetylases (HDACs) regulate the activity state of chromatin and repress gene
expression through the removal of acetyl groups from histones. Class  HDACs, which include HDAC1 and HDAC2, are expressed in the
CNS, although their specific role in neuronal function has not been studied. To delineate the contribution of HDAC1 and HDAC2 in the
brain, we have used pharmacological inhibitors of HDACs and mice with conditional alleles to HDAC1 and HDAC2. We found that a
decrease in the activities of both HDAC1 and HDAC2 during early synaptic development causes a robust facilitation of excitatory synapse
maturation and a modest increase in synapse numbers. In contrast, in mature neurons a decrease in HDAC2 levels alone was sufficient to
attenuate basal excitatory neurotransmission without a significant change in the numbers of detectable nerve terminals. Therefore, we
propose that HDACI and HDAC2 form a developmental switch that controls synapse maturation and function acting in a manner

dependent on the maturational states of neuronal networks.

Introduction

In the mammalian CNS, synaptogenesis is an extremely rapid
process (Aghajanian and Bloom, 1967). The structural assembly
of synapses is accomplished within hours (Ahmari et al., 2000,
Friedman et al., 2000). However, most nascent synapses formed
during early development are not fully functional and respond
poorly to presynaptic stimulation and typically undergo a matu-
ration process that increases their efficacy (Vaughn, 1989;
Fletcher et al., 1994; Matteoli et al., 1995; Hanse and Gustafsson,
2001; Mozhayeva et al., 2002; Mohrmann et al., 2003; Polo-
Parada et al., 2004; Shen et al., 2006). These newly formed syn-
apses lack a fully primed, readily releasable pool of vesicles
(Mozhayeva et al., 2002; Shen et al., 2006) which underlies their
characteristically unreliable responses to presynaptic action po-
tentials (Basarsky et al., 1994). Recent studies have identified
mechanisms that switch these presynaptically “silent” synapses
into functional ones as this switch may form a robust substrate
for synaptic plasticity (Atasoy and Kavalali, 2006). This work has
shown that neuronal activity as well as neurotrophin signaling
can render immature synapses functional and potentiate synaptic
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transmission in developing synaptic circuits (Luikart et al., 2005;
Shen et al., 2006; Yao et al., 2006).

Despite our increasing understanding of the characteristics of
these nascent terminals and the stimuli that can augment their
activity, the mechanisms that delay their maturation are un-
known. Processes that control synapse maturation play a critical
role in establishing excitation/inhibition balance in synaptic net-
works and impairments in this balance may lead to neurodevel-
opmental disorders, such as Rett syndrome (Zoghbi, 2003; Dani
et al., 2005; Nelson et al., 2006) and other autism-spectrum dis-
orders (Rubenstein and Merzenich, 2003; Morrow et al., 2008).

Histone deacetylases (HDACs) are nuclear enzymes that trig-
ger long-term changes in gene expression by removing acetyl
groups from key histone residues, thus promoting an inactive
chromatin state (Saha and Pahan, 2006; Hildmann et al., 2007).
HDAG:s also regulate several developmental processes as well as
plasticities in mature tissue (Zhang et al., 2002; Fischer et al.,
2007; Vecsey et al., 2007; Abel and Zukin, 2008; Nott et al., 2008).
HDAGC:s are widely expressed in the brain (Broide et al., 2007),
with HDACI and HDAC?2 expressed in the hippocampus (Mac-
Donald and Roskams, 2008), although the role of individual
HDAC: in the CNS is largely unknown.

To address whether HDACs impact synapse development and
neuronal function, we used pharmacological and genetic ap-
proaches. Treatment of immature hippocampal neurons with
HDAC inhibitors resulted in increased synapse numbers and a
robust augmentation of synaptic function. Deletion of both
HDACI and HDAC2 in floxed mouse neurons during early syn-
aptic development resulted in a similar facilitation of excitatory
synapse maturation and a modest increase in synapse numbers.
In contrast, in mature neurons a decrease in HDAC2 alone was
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sufficient to decrease basal excitatory neu-
rotransmission without a significant
change in synapse numbers. Based on
these findings, we propose that HDACI
and HDAC2 form a developmental switch
that controls synapse maturation and
function, which is dependent on the mat-
urational state of the neuron.

Materials and Methods

Cell culture. Primary dissociated hippocampal
cultures were prepared according to previously
published protocols (Kavalali et al., 1999).
Briefly, whole hippocampi were dissected from
C57BL/6 mice on postnatal days 0-3, or floxed
HDACI, floxed HDAC2, or floxed HDAC1&2
mice on postnatal day 0. Tissue was trypsinized
for 10 min at room temperature, mechanically
dissociated using siliconized glass pipettes, and
then plated onto Matrigel-coated coverslips. At
day 1 in vitro (1 DIV), 4 uM cytosine arabino-
side (Sigma) was added.

Lentiviral infection. HEK 293 cells were trans-
fected with the Fugene 6 transfection system
(Roche Molecular Biochemicals) with the ex-
pression plasmid, pFUGW or pFUGW-Cre,
and two helper plasmids, A8.9 and vesicular
stomatitis virus G-protein, at 3 pug of each DNA
per 75 cm? flask (Dittgen et al., 2004). After 48 h
transfection, lentivirus-containing culture me-
dium was harvested, filtered at a 0.45 wm pore
size, and immediately used for infection. Hip-
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Figure 1. Increased spontaneous excitatory neurotrans-
mission and synapse formation in immature hippocampal
neurons (5 DIV) following 18 —24 h of treatment with the hi-
stone deacetylase inhibitor TSA. A, Schematic timeline of the
experiment. B-D, Spontaneous excitatory synaptic currents
upon 250 nm TSA treatments for 18 —24 h. B, Representative
recording of miniature excitatory events in DMSO and TSA-
treated neurons recorded in 1 wum tetrodotoxin and 50 um
picrotoxin. C, Bar graph depicts the significant increase in
mEPSC frequency following TSA treatment. The numbers in
the bars denote the number of neurons recorded for each con-
dition. D, Bar graph of mEPSC amplitude reveals no change
following TSA treatment. E-G, Representative images of im-
munostaining of young hippocampal culture (5 DIV). Immu-
nostaining was performed using synapsin (red) and PSD-95
(green) antibodies. White arrows indicate the colocalized
puncta. H-J, Bar graphs depict the number of synapsin puncta
(H), PSD-95 puncta (1), and colocalized synapsin and PSD-95
puncta (J) calculated from confocal images using ImageJ soft-
ware. The immunocytochemistry was performed in triplicate
in cultures from three independent experiments. K, Represen-
tative recordings of sucrose response. L, Bar graph depicting
the charge/30 s calculated using mEPSC recordings upon ap-
plication of 500 mu sucrose revealed a significant increase in
sucrose response following TSA treatment (*p << 0.05 in this
and all subsequent figures). M, Representative recordings de-
picting EPSCs evoked in response to action potential stimula-
tion in cultures treated with either DMSO or 250 nm TSA. After
TSA treatment an increased fraction of neurons exhibited re-
sponse to stimulation compared with DMSO treatment. N, Cu-
mulative histogram shows that a higher percentage of cells
respond to evoked stimulation upon 250 nm TSA treatment
compared with control DMSO treatment.



8290 - J. Neurosci., June 24, 2009 - 29(25):8288 — 8297

pocampal cultures were infected either at 2 DIV

or 7 DIV by adding 300 wl of viral suspension to

each well containing 700 ul of media, and re-

cordings were done either at 7-8 DIV or 1618

DIV. Titer was determined by counting the B
number of infected neurons per coverslip
(high: >80%; low: <20%).

Electrophysiology. Synaptic activity was re-
corded from hippocampal pyramidal neurons
(in at least three independent cultures) using a
whole-cell voltage clamp technique. Data were
acquired using an Axopatch 200B amplifier and
Clampex 9.2 software (Molecular Devices). Re-
cordings were filtered at 2 kHz and sampled at
200 us. A modified Tyrode’s solution contain-
ing the following (in mm): 150 NaCl, 4 KCl, 2
MgCl,, 2 CaCl,, 10 glucose, and 10 HEPES, pH
7.4, was used as external bath solution, with 50
M picrotoxin and 1 um TTX to isolate minia- E
ture EPSCs (mEPSCs) or 10 um CNQX, 50 um
APV, and 1 um TTX to isolate miniature IPSCs
(mIPSCs). The pipette internal solution for
some of the voltage-clamp experiments con-
tained the following (in mm): 115 Cs-MeSOs,
10 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 20 TEA-
Cl, 4 Mg-ATP, 0.3 Na,GTP, pH 7.35, and 10
QX-314 (300 mOsm). For some of the mIPSC
experiments (supplemental Figs. S2, S5, avail-
able at www.jneurosci.org as supplemental ma-
terial), a different internal solution was used.
This internal solution contained the following
(in mMm): 117.5 CsCl, 8 NaCl, 10 HEPES, 0.2
EGTA, 0.2 MgCl,, 2 Mg-ATP, 0.3 Na,GTP, pH H
7.2, and 5 QX-314 (285 mOsm). All electro-
physiology experiments were performed in cul-
tures from at least three independent
experiments.

Fluorescence imaging. Synaptic boutons were
loaded with FM2-10 (400 uMm) in the presence
of a 47 mm K *-containing modified Tyrode’s
solution for 90 s to ensure maximal uptake of
the dye into individual synapses. After perfu-
sion with a dye-free Tyrode’s solution for 10
min, the degree of loading was determined with
three rounds of 60-s-long application of the 90
mM K */2mm Ca** solution (each separated by
60 s intervals) to reach baseline levels of fluores-
cence. All experiments were conducted in the
presence of 10 umM CNQX and 50 pum AP5 to
prevent recurrent activity. Images were ob-
tained by a cooled-intensified digital CCD cam-
era (Roper Scientific) during illumination at
480 * 20 nm (505 DCLP, 535 = 25 BP) via an
optical switch (Sutter Instruments). Images
were acquired and analyzed using Metafluor
Software (Universal Imaging).

Immunocytochemistry. Dissociated hippocampal neurons were fixed
for 30 min with methanol, rinsed twice with 1X PBS/glycine, and then
blocked in 2% goat serum for 1 h. The cells were then incubated with
primary antibodies, anti-postsynaptic density protein 95 (PSD-95)
mouse monoclonal (1:200) (Affinity Bioreagents), and anti-synapsin
rabbit polyclonal (1:1000) (Synaptic Systems) overnight at 4°C. The next
day the cells were washed with 1X PBS, then incubated with fluorescent
secondary antibodies, goat-anti-rabbit (1:200) (Invitrogen), and goat-
anti-mouse (1:200) (Invitrogen). Coverslips were mounted with Vecta-
shield (Vector Laboratories) and neurons were visualized on a Zeiss con-
focal microscope. Minimums of four coverslips were used in each con-
dition, and three to five images were taken from each coverslip using the
program LSM510 Meta (Carl Zeiss). These pictures were analyzed for the
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Deletion of HDACT&2 increases spontaneous excitatory neurotransmission in immature hippocampal neurons. 4, A
schematic of the experimental timeline showing that young neurons at 2 DIV were infected with lentivirus (GFP or CRE) and
recordings were performed on 7—8 DIV. B, E, H, Representative recordings of miniature excitatory events recorded in 1 pm
tetrodotoxin and 50 um picrotoxin in GFP- and CRE-infected HDACT, HDAC2, or HDACT&2 neurons, respectively. C, F, I, Bar graph
depicting the mEPSC frequency following the loss of HDACT, HDAC2, or HDACT&2. The loss of HDACT or HDAC2 had no significant
effect on mEPSC frequency, while the loss of HDAC1&2 produced a significant increase in mEPSC frequency. D, G, J, Bar graphs of
mEPSC amplitudes showing no change following the loss of HDAC1, HDAC2, or HDAC1&2 in young neurons.

synapsin and PSD-95 puncta as well as colocalization of PSD-95 and
synapsin puncta using the program Image]J (NIH) by an observer blind to
the treatment conditions. All immunocytochemistry was performed in
triplicate in cultures from three independent experiments.

Western blotting. Hippocampal neurons were washed with 1X PBS
and cell lysates were prepared using Laemmli sample buffer. Cell lysates
were run on a 12% SDS-PAGE and proteins were transferred onto a
nitrocellulose membrane (Biorad). Blocking of the membrane was per-
formed with either 5% or 3% nonfat dry milk solution in 1X PBS con-
taining 0.05% Tween 20 and then immunoblotted with anti-acetyl H3
(Millipore), anti-acetyl H4 (Millipore), HDACI (Sigma), or HDAC2
(Abcam). Secondary antibodies used were either goat anti-mouse or goat
anti-rabbit (Vector Laboratories). All the incubations for Western blots
were done at room temperature. Membranes were incubated with pri-
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15 s, 60°C for 1 min, and dissociation protocol
included 95°C for 15 s, 60°C for 1 min 95°C for
15 s. Detection of fluorescent products was taken
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Figure 3.

change following TSA treatment on HDAC1&2 knockdown neurons.

mary [actin (1:1000; Santa Cruz Biotechnology), acetyl histone H3 (1:
2000; Millipore), acetyl histone H4 (1:2000; Millipore), HDACI (1:1000;
Sigma), and HDAC2 (1:1000; Abcam)] and secondary antibodies for 2
and 1 h, respectively, on a shaker with mild shaking. Enhanced chemilu-
minescent detection kit (GE Healthcare) was used to visualize the bands.
All Western blots experiments were done on three independent cultures.

mRNA isolation and RT-QPCR. RNA was isolated from hippocampal
neurons plated onto a six-well plate using STAT-60 reagents according to
the manufacturer’s instructions. Isolated RNA was treated with DNase I
before cDNA construction. DNase I was inactivated by incubating the
sample at 85°C for 15 min. Five hundred nanograms of RNA was used to
construct cDNA using Superscript III first-strand synthesis system of
RT-PCR (Invitrogen) according to the manufacturer’s protocol. Real-
time PCR was performed using 1 ul (20 ng/ul) of cDNA added to 10.5 ul
of Power SYBR Green PCR Master mix (Applied Biosystems), 7.5 ul of
H,O, and 1 ul of each primer. Quantitative real-time PCR of HDAC 1
was performed using Tagman probes (Applied Biosystems) according to
the manufacturer’s instructions. The following primers were used at a 10
M concentration: HDACI1 forward, 5'-TCTACCGCCCTCACAAGGC-
3'; reverse, 5'-ACAGAACTCAAA-CAAGCCATC-3'; HDAC2 forward,
5'-GCGTACAGTCAAGGAGGCGG-3'; and reverse, 5'-GCTTCATGGG-
ATGACCCTGGC-3'. GAPDH primers were used as controls: forward, 5'-
AGGTCGGTGTGAACGGATTTG-3'; and reverse, 5'-TGTAGACCATG-
TAGTTGAGGTCA-3'. Each sample was run in triplicate. Reactions were
run on an 7500 real-time PCR system (Applied Biosystems) with the follow-
ing cycling program: 50°C for 10 min 95°C for 2 min, 40 cycles of 95°C for

or TSA treatment

B GFP (DMSO) MWW

Occlusion of TSA-mediated increase in mEPSC in immature neurons lacking HDAC1&2. 4, Schematic timeline of the
experiment. Floxed HDAC1&2 neurons were plated, infected with lentivirus expressing either GFP or CRE at 2 DIV, treated with
DMSOor TSA (250 nm) at 6 —7 DIV, and recorded 18 —24 h later. B, Representative recordings of miniature excitatory events in GFP-
and CRE-infected neurons treated with either DMSO or TSA. Recordings were made in Tyrode’s solution containing 1 pum tetro-
dotoxin and 50 wum picrotoxin. €, Bar graph showing that the loss of HDAC1&2 results in a significant increase in mEPSC frequency
and that TSA treatment did not result in a further increase in mEPSC frequency. D, Bar graph of mEPSC amplitudes revealing no

»7-8 DIV

at the end of the second step. Dissociation proto-
col was not used with Tagman probes.

Data and statistical —analyses. mEPSCs
(AMPA-type) and mIPSCs were typically re-
corded for at least 3-5 min and analyzed using
Mini Analysis Program version 6.0.3 (Synap-
tosoft). All data were analyzed using a two-
tailed Student’s ¢ test, and all error bars repre-
sent the SEM with significance set at p < 0.05.
The FM2-10 dye unloading experiment was an-
alyzed using the Kolmogorov—Smirnov test.

Results
HDAC inhibitors facilitate activity of
nascent synapses
To examine the role of transcriptional re-
pression in the regulation of nascent syn-
aptic transmission onto developing neu-
rons, we treated dissociated hippocampal
cultures from C57BL/6 mice with low con-
centrations (50 nM; 250 nM) of the HDAC
inhibitor Trichostatin A (TSA) at 4 DIV,
a time point when synaptic contacts are
first detectable (Basarsky et al., 1994;
S Mozhayeva et al., 2002; Shen et al., 2006)

Q«@V (Fig. 1A). Eighteen to twenty-four hours

after TSA treatment, we found a signifi-
cant increase in the frequency but not am-
plitudes of mEPSCs in 5 DIV cultures (Fig.
1B-D), suggesting an increase in excita-
tory neurotransmission. TSA treatment
also increased acetylation of histone H3
and H4 residues in immature cultures sug-
gesting alterations in gene expression
(supplemental Fig. S1A-D, available at
www.jneurosci.org as supplemental mate-
rial). In contrast, mIPSCs were not altered
in their frequency or amplitudes by TSA
treatment (supplemental Fig. S2, available at www.jneurosci.org
as supplemental material). In parallel experiments, treatment
with valproic acid (20 um; 400 uMm), another HDAC inhibitor,
also significantly increased the frequency of mEPSCs with no
change in amplitude or in mIPSC properties (supplemental Fig.
S3, available at www.jneurosci.org as supplemental material, and
data not shown).

This specific augmentation in miniature excitatory synaptic
transmission could originate from an increase in the number of
excitatory synapses formed onto a neuron or an increase in their
efficacy, presumably by facilitating the maturation of these nas-
cent synaptic contacts. To better understand how HDAC inhib-
itors may contribute to the increase in mEPSC frequency, we
examined the number of presynaptic terminals formed on pyra-
midal neuron dendrites in culture. Neurons were immuno-
stained for synapsin, a presynaptic vesicle protein, and PSD-95, a
marker for mature excitatory postsynaptic sites, in 5 DIV cul-
tures. The incorporation of PSD-95 into nascent synapses has
been shown to be a critical factor for their functional maturation
(El-Husseini et al., 2000). We found an abundance of presynaptic
and postsynaptic markers in vehicle treated cultures indicating
the availability of structural markers for initial synaptic contacts
(Fig. 1E,H,I). Treatment with TSA produced a modest increase
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Figure 4.  Knockdown of HDAC1&2 accelerates synaptic vesicle mobilization in immature
hippocampal neurons. A, Schematic timeline of the experiment. B, C, Monitoring the activity-
dependent uptake and release of the fast-departitioning styryl dye FM2-10 (400 wum). To probe
the release kinetics, synaptic boutons were loaded with FM2-10 in the presence of a 47 mm
K /2 mmCa®* solution for 90 s to ensure maximal uptake of the dye into individual synapses.
The degree of loading was determined after multiple applications of the 90 muK */2mm Ca®*
solution to establish baseline levels of fluorescence. B, At 7 DIV, when challenged with 90 mm
K* solution, GFP-infected cultures maximally labeled with FM2-10 showed slow dye release
typical of the immature synapses. C, In contrast, synapses formed in the floxed HDAC1&2 cul-
tures after CRE infection showed robust FM dye loss similar to synaptic boutons seen at later
stages of synaptic maturation. The superimposed gray lines correspond to the first-order expo-
nential decay fitted onto raw traces to extract destaining kinetics. D, Normalized cumulative
histograms of time constant values for the CRE-infected neurons and the GFP-infected neurons.
The difference between the two distributions is statistically significant [Kolmogorov—Smirnov
test, p << 0.001,n = 1695 (GFP) and 1015 (CRE) boutons]. E, Total pool sizes measured as the
maximum value of fluorescence after loading with FM 2—10, for CRE-infected neurons (n = 9)
and GFP-infected neurons (n = 6).

(~40%) in the number of presynaptic terminals as identified
with synapsin immunoreactivity whereas the numbers of
postsynaptic sites identified as PSD-95 puncta showed a robust
increase (~300%) (Fig. 1 F-I). Analysis of the colocalization of
the synapsin and PSD-95 puncta demonstrated the largest in-
crease (~450%) following TSA treatment, consistent with the
notion that HDAC inhibition in immature cultures facilitates
maturation of synaptic contacts rather than simply an increase in
the number of excitatory synapses per se (Fig. 1]).

To determine whether HDAC inhibition in young cultures
facilitated maturation of synaptic responses, we examined the
response of TSA-treated nascent synapses to hypertonic stimula-
tion, an indicator for functional maturity in nerve terminals as
well as the assembly of the readily releasable pool of vesicles
(Mozhayeva et al., 2002). We found that TSA treatment pro-
duced a significant increase in synaptic response to hypertonic
stimulation suggesting that these new synapses were indeed func-
tional (Fig. 1K,L). Furthermore, we have performed additional
experiments to determine whether HDAC inhibition altered
evoked transmission. Only a small fraction of cells responded to
stimulation at this early time point (Mozhayeva et al., 2002) and
the proportion of responding cells was higher in 250 nm TSA
treatment (44%) compared with DMSO treatment (28%). More-
over, we found the average response amplitude upon stimulation
was higher in TSA-treated cells, although these changes did not
reach significance (Fig. 1 M, N). This finding suggests that despite
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the increase in the number of recycling vesicles and spontaneous
release, the HDAC inhibition does not facilitate stimulation-
secretion coupling significantly presumably due to an additional de-
ficiency in full vesicle priming. Collectively, these findings suggest
that inhibition of HDAC activity during early synaptic development
produces a pronounced increase in the maturation of synaptic func-
tion as well as a modest increase in the number of synapses.

Knockdown of HDAC1&2 in immature hippocampal neurons
augments synaptic activity

The pharmacological HDAC inhibitor, TSA, targets both class I
and class I HDACs, whereas valproic acid selectively inhibits
classTHDACs (Kriamer et al., 2003; Gottlicher, 2004; Drummond
et al., 2005). HDAC1 and HDAC2 are two prominent class I
HDAC: that are present in hippocampal neurons and are part of
the corepressor complex that interacts with MeCP2, an impor-
tant regulator of hippocampal synaptic function (Asaka et al.,
2006; Nelson et al., 2006, 2008). To examine whether HDAC1
and/or HDAC2 are involved in mediating the enhanced matura-
tion of excitatory synaptic contacts, we used a genetic experimen-
tal approach using mice with conditional null alleles for HDACI,
HDAC2, or for both HDAC1 and HDAC2 (HDAC1&2) (Mont-
gomery et al., 2007). We made primary dissociated hippocampal
cultures from newborn floxed HDAC1, HDAC2, or HDACI&2
mice and infected them at 2 DIV with high-titer lentivirus ex-
pressing the Cre recombinase gene tagged with green fluorescent
protein (GFP) (referred to as CRE) or GFP alone (GFP) and then
recorded at 7-8 DIV, which allows sufficient time for Cre-
mediated recombination (Fig. 2A). In this paradigm, we found
that CRE expression in floxed HDACI1&2 cultures produced a
significant knockdown of HDAC1 mRNA (80%), and HDAC2
mRNA (90%) as well as significantly decreased HDACI1 and
HDAC?2 protein levels (supplemental Fig. S4 B-G, available at
www.jneurosci.org as supplemental material).

In floxed HDAC1 neurons infected with either GFP or CRE,
we did not detect any difference in mEPSC frequency or ampli-
tudes (Fig. 2 B-D). In floxed HDAC2 neurons infected with either
GFP or CRE, we also did not detect a difference in mEPSC fre-
quency or amplitude (Fig. 2 E-G). These data suggest that either
HDACI or HDAC2 by themselves are not sufficient to mediate
the suppression in synapse maturation. In contrast, when we
recorded from hippocampal neurons with HDAC1&2 double
knockdown, we observed a dramatic increase in mEPSC fre-
quency (Fig. 2H,I) without a significant change in the ampli-
tudes of mEPSCs (Fig. 2H,J) compared with floxed cultures in-
fected with GFP. The knockdown of both HDACI1&2 did not
alter mIPSC properties (supplemental Fig. S5, available at www.
jneurosci.org as supplemental material), similar to our findings
with the pharmacological HDAC inhibitors (supplemental Fig.
S2, available at www.jneurosci.org as supplemental material).
These results strongly suggest that HDAC1&2 act in concert to
delay maturation of excitatory synapses.

We next examined whether the TSA effect on synapse matu-
ration was mediated through HDAC1&2. We made primary dis-
sociated hippocampal cultures from newborn floxed HDAC1&2
mice, infected them with CRE or GFP at 2 DIV, and then applied
TSA for 18—24hat6-7 DIV (Fig. 3A). We applied the TSA at 67
DIV, instead of 5 DIV, to allow sufficient time for Cre-mediated
recombination to occur (data not shown). We found a significant
increase in mEPSC frequency following the deletion of
HDACI1&2 (Fig. 3B,C), with no change in amplitude (Fig.
3B, D), in agreement with our pharmacological data (Fig. 2 H-J).
This increase, however, was not significantly enhanced with the
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addition of the HDAC inhibitor TSA (Fig. 3 B, C), supporting the
premise that inhibition of HDAC1&2 activity permits synapse
maturation during early synaptogenesis.

Knockdown of HDAC1&2 increases the rate of synaptic
vesicle mobilization in nascent nerve terminals

Following initial synapse formation, individual presynaptic nerve
terminals typically possess a small number of actively recycling
vesicles, most of which are not readily releasable (Mozhayeva et
al., 2002; Mohrmann et al., 2003). These immature synaptic bou-
tons can be distinguished by their slow synaptic vesicle mobiliza-
tion kinetics under high-potassium-mediated stimulation. Ma-
ture synapses, on the other hand, show rapid synaptic vesicle
mobilization demonstrating the formation of the readily releas-
able pool. To investigate which characteristics of synaptic vesicle
mobilization are apparent following the loss of HDAC1&2 in
young neurons, we monitored the activity-dependent uptake and
release of the fast-departitioning styryl dye FM2-10 (400 um)
(Fig. 4A). We first loaded synaptic boutons with FM2-10 in the
presence of a 47 mM K*/2 mm Ca** solution for 90 s to ensure
maximal uptake of the dye into individual synapses. We deter-
mined the degree of loading after multiple applications of the 90
mm K*/2 mm Ca** solution to establish baseline levels of fluo-
rescence. At 7 DIV, when challenged with 90 mm K solution,
GFP-infected synapses maximally labeled with FM2-10 showed
slow dye release typical of immature synapses (Fig. 4B,D). In
contrast, the majority of synapses formed in the floxed
HDACI1&2 cultures after CRE infection showed robust FM dye
loss similar to synaptic boutons seen at later stages of synaptic
maturation (Fig. 4C,D). Interestingly, this swift vesicle mobiliza-
tion, a hallmark of presynaptic maturity, was accompanied by
only a small decrease in the size of the total actively recycling
vesicle pool (Fig. 4E), quantified by multiple 90 mm K */2 mm
Ca** solution applications (Mozhayeva et al., 2002). Collec-
tively, these results suggest that the maturational delay induced
by the activities of HDAC1&2 targets presynaptic vesicle dynam-
ics without markedly changing the number of recycling vesicles.

SE

D fect of HDAC1&2 at the presynaptic neu-

A)

mEPSC Amplitude (p.

HDAC1&2 deletion using low-titer lentiviral infection does not affect spontaneous excitatory neurotransmission. 4,
Schematic timeline of the experiment showing that 2 DIV after floxed HDAC1&2 neurons were plated and infected with low titer
lentivirus expressing either GFP or CRE. B, Representative recordings of miniature excitatory events in GFP- and CRE-infected
neurons (low-titer) in 1 wm tetrodotoxin and 50 wum picrotoxin. €, Bar graph showing that mEPSC frequency was not significantly
different when recorded from an infected neuron in which the majority of presynaptic cells were uninfected. D, Bar graph of
mEPSC amplitudes, also showing no change following the low-titer lentiviral infection of floxed HDAC1&2 neurons.
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Knockdown of HDAC1&2 in isolated
postsynaptic neurons alone is not
sufficient to recapitulate the effect of
global knockdown

Our data strongly implicate a primary ef-

ron; however, to examine a possible role
for postsynaptic neuron in synapse matu-
20 ,7| ration, we used a viral-mediated knock-
down approach (Fig. 5A). If the activity of
15 HDAC1&2 in a particular neuron was suf-
10 ficient to delay maturation of synapses
formed onto the same neuron in a cell-
5 autonomous manner, then knockdown of
0 HDACI1&2 in a single neuron should reca-

GFP CRE pitulate the effects of a global knockdown
and pharmacological HDAC inhibitor
treatment. To address this question, we in-
fected floxed HDACI1&2 hippocampal
cultures with low titers of lentivirus ex-
pressing CRE allowing the deletion of
HDACI1 and HDAC2 in only a small num-
ber (~20%) of cells (data not shown). Un-
der these conditions, when we recorded
from CRE-infected neurons (neurons
with HDAC1 and HDAC?2 deleted), we did not detect a signifi-
cant increase in the frequency or amplitudes of mEPSCs com-
pared with neurons infected with GFP-expressing virus (Fig. 5B—
D). These results demonstrate that knockdown of HDACI&2 in
isolated postsynaptic neurons alone is not sufficient to recapitulate
the effect of the global knockdown. This finding is consistent with
the premise that accelerated maturation of synapses seen after the
knockdown of HDAC1&2 is attributable to the presynaptic inputs
onto a neuron.

25

Knockdown of HDAC2 but not HDACI decreases synaptic
activity in mature hippocampal neurons

Given that epigenetic mechanisms are known to regulate devel-
opmental processes, we wondered if the observed function of
HDACI! and HDAC?2 to inhibit excitatory synaptic function is
specific to early stages of neuronal development. To address this
question, we plated dissociated hippocampal neurons from
floxed HDAC1 or HDAC2 mice, infected at 7 DIV, treated the
mature cultures at 15 DIV with DMSO or TSA, and recorded at
16 DIV. At 16 DIV, hippocampal synapses share all the structural
and functional characteristics of mature synapses formed in vivo,
including a sizable recycling vesicle pool and robust responses to
action potential stimulation (Mozhayeva et al., 2002). We found
that CRE expression in floxed HDACI cultures produced a ro-
bust knockdown of HDAC1 mRNA and HDACI protein without
altering HDAC2 mRNA (supplemental Fig. S6 B, D, available at
www.jneurosci.org as supplemental material). Floxed HDAC2
cultures infected with CRE had a significant decrease in HDAC2
mRNA and HDAC?2 protein without any change in HDAC1 mRNA
levels (supplemental Fig. S6C,E, available at www.jneurosci.org as
supplemental material). In agreement with a previous study (Nelson
etal., 2006), we found that treatment with TSA resulted in a signifi-
cant decrease in mEPSC frequency in control mature hippocampal
neurons (Fig. 6 A—C). The knockdown of HDACI1 in mature neu-
rons did not induce an alteration in mEPSC frequency or amplitudes
(Fig. 6 B-D). Moreover, TSA treatment of HDAC1 deleted neurons
produced a significant decrease in mEPSC frequency, suggesting
that in mature neurons, inhibition of HDACI does not mediate the
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Figure6. Inmature neurons, HDAC2 but not HDAC1 deletion affects spontaneous excitatory neurotransmission. A, Schematic
of the experimental timeline showing that floxed HDACT or HDAC2 neurons were infected with lentivirus expressing either GFP or
CRE on 7 DIV then at 15 DIV cultures were treated with either DMSO vehicle or TSA (1 wm) and then recorded at 16 DIV. B,
Representative recordings of miniature excitatory events in GFP- and CRE-infected neurons treated with either DMSO or TSA.
Recordings were made in Tyrode’s solution containing 1 uu tetrodotoxin and 50 wm picrotoxin. €, Bar graph depicting the
significant decrease in mEPSC frequency observed by TSA treatment. In HDACT knockdown mature neurons, there was no change
in mEPSC treatment, however treatment with TSA did significantly decrease mEPSC frequency. In mature neurons, knockdown of
HDAC2 resulted in a significant decrease in mEPSC frequency revealing its importance in mediating synaptic transmission in
mature neurons. TSA treatment of neurons with HDAC2 knockdown did not produce a further significant decrease in mEPSC
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deficit in synaptic transmission (Fig. 6 B,C).
In contrast, knockdown of HDAC2 in ma-
ture neurons significantly reduced mEPSC
frequency similar to that seen with TSA
treatment of GFP-infected neurons with no
effect on mEPSC amplitudes (Fig. 6 B-D). In
addition, TSA treatment of mature neurons
lacking HDAC?2 resulted in a trend, but no
significant further decrease in the frequency
of mEPSCs, suggesting that HDAC2 func-
tion is critical for maintenance of unitary
synaptic transmission in mature neurons
(Fig. 6B,C). Interestingly, knockdown of
HDACI or HDAC2 in mature hippocampal
neurons did not alter mIPSC properties,
suggesting that the HDAC-mediated inhibi-
tion is specific to excitatory neurotransmis-
sion (supplemental Fig. S7, available at www.
jneurosci.org as supplemental material).

To test whether this specific decrease in
excitatory neurotransmission in mature
neurons originates from a decrease in the
number of excitatory synapses, we exam-
ined immunocytochemical colocalization
of synapsin and PSD-95 (Fig. 6E-]).
Treatment of mature cultures with TSA
did not result in a significant decrease in
the number of synapsin/PSD-95 coclusters
(Fig. 6E-G). Similarly, knockdown of
HDAC2 in mature neurons did not alter
the distribution of synapsin/PSD-95 co-
clusters detected per dendritic length (Fig.
6H-]). Together, these findings indicate that
maintenance of miniature excitatory trans-
mission in mature neurons requires the ac-
tivity of HDAC2, which targets the presyn-
aptic release machinery but not the number
or maturation state of synapses.

To further investigate the role of
HDAC2-mediated effects on synaptic
transmission in mature neurons, we in-
fected C57BL/6 hippocampal neurons at 7
DIV with lentivirus expressing HDAC2
(Fig. 7A). We found that overexpression of
HDAC2 in mature neurons produced a
significant increase in mEPSC frequency
with no change in their amplitudes (Fig.
7B-D). The significant increase in mEPSC
frequency with HDAC2 overexpression,
coupled with the significant decrease in
mEPSC in HDAC2 null neurons, suggests
that HDAC2 plays a critical role in medi-
ating synaptic transmission in mature

<«

frequency. D, A bar graph of mEPSCamplitude did not reveal a
significant change in amplitude in any of the conditions exam-
ined in mature neurons. E, F, H, I, Representative images of
immunostaining of mature hippocampal culture (15 DIV). Im-
munostaining was performed using PSD-95 and synapsin an-
tibodies. G, J, Bar graphs depicting the number of PSD-95 and
synapsin colocalized puncta/20 wm length of the dendrite.
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neurons and changes in its expression can profoundly impact
synaptic function.

HDAC inhibition by TSA treatment decreases MeCP2
expression in young but not mature hippocampal cultures

To examine the molecular mechanisms that may underlie the
synaptic effects caused by HDAC inhibition, we treated 4 DIV
and 19 DIV hippocampal culture with 250 nm TSA for 18-24 h
(supplemental Fig. S8 A, F, available at www.jneurosci.org as sup-
plemental material). Brain-derived neurotrophic factor (BDNF)
has been implicated in multiple roles in synaptogenesis and syn-
aptic transmission (Huang and Reichardt, 2001). We therefore
examined BDNF expression in the TSA-treated cultures. Using
quantitative real-time PCR, we did not detect a change in BDNF
mRNA following 250 nM TSA treatment in either young or ma-
ture hippocampal cultures (supplemental Fig. S8 B, G, available at
www.jneurosci.org as supplemental material).

Previous work has demonstrated that MeCP2, an important
regulator of synaptic transmission, interacts with a corepressor
complex that contains HDAC1&2 (Nan et al., 1998). Therefore,
we examined the expression of MeCP2 upon HDAC inhibition in
young and mature hippocampal culture. Rather surprisingly, we
found a significant decrease in MeCP2 mRNA, as well as protein
levels, from young but not mature hippocampal culture treated
with 250 nM TSA (supplemental Fig. SSC-E,H-]). These data
suggest that in young neurons gene repression may be further
relieved by the loss of MeCP2, which in turn allows cells to in-
crease transcription of necessary genes required for the matura-
tion of nascent synapses.

Discussion
In this study, using electrophysiological, immunocytochemical
and optical methods, we have examined the role of HDAC inhi-

mEPSC Amplitude (pA)

Overexpression of HDAC2 increases spontaneous excitatory neurotransmission in mature hippocampal neurons 4,
Schematic of the experimental timeline showing that hippocampal neurons were infected with lentivirus expressing either GFP or
GFP-HDAC2 on 7 DIV and then recorded at 16—18 DIV. B, Representative recordings of miniature excitatory events in GFP and
GFP-HDAC2-infected neurons. Recordings were made in Tyrode’s solution containing 1 wum tetrodotoxin and 50 pum picrotoxin. €,
Bar graph depicting the significant increase in mEPSC frequency observed by HDAC2 overexpression. D, A bar graph of mEPSC
amplitude did not reveal a significant change in amplitudes between GFP- and GFP-HDAC2-infected mature neurons.

D ment, HDAC1- and HDAC2-mediated

chromatin silencing restricts the progres-
sion of excitatory synapse maturation. In
ns contrast, in mature neurons, HDAC2
| alone is required to maintain excitatory
drive without altering synapse numbers.
Our findings suggest that when synapse
formation is sparse and neurons are im-
mature, the chromatin state maintained by
HDAC:s suppresses excitatory neurotrans-
mission, and once neuronal networks ma-
ture and synapses are in abundance, it aug-
ments excitation. Under the same
conditions, however, HDAC activity does
y not impact inhibitory transmission, which
<<<2 showed an ~50-fold increase over devel-
opment (0.02—-0.03 Hzat 5 DIV to 1.0-1.5
Hz at 16 DIV), suggesting network speci-
ficity in the epigenetic control of synaptic
circuits. Together, these results indicate
that HDAC1 and HDAC?2 are critical reg-
ulators of excitation—inhibition balance in
developing synaptic networks through
their control of excitatory drive.

From the results presented, we propose
that histone deacetylation acts as a devel-
opmentally regulated feedback mecha-
nism for the maturation of excitatory synapses. This hypothesis
rests on several key observations. First, treatment with pharma-
cological inhibitors of HDACs, such as TSA, significantly aug-
mented miniature excitatory neurotransmission ~ 10-fold. How-
ever, TSA treatment produced only a modest increase (~40%) in
the number of presynaptic terminals as identified by synapsin
immunoreactivity, whereas under the same conditions the num-
bers of postsynaptic PSD-95 puncta and their colocalization with
synapsin puncta showed a robust increase (~300%), indicating a
significant increase in excitatory synapses. Second, knockdown of
HDACI1&2 in immature hippocampal neurons mimicked the ef-
fect of TSA and specifically augmented excitatory synaptic activ-
ity. Third, knockdown of HDAC1&2 in immature hippocampal
neurons increased the rate of synaptic vesicle mobilization in
nerve terminals, consistent with facilitation of synapse matura-
tion. Fourth, knockdown of HDACI&2 in isolated postsynaptic
neurons alone was not sufficient to recapitulate the effect of
global knockdown, indicating that HDAC activity had a non-cell-
autonomous impact on synaptic maturation presumably origi-
nating from presynaptic neurons.

In contrast to our findings in immature neurons, knockdown
of HDAC2 but not HDACI in mature hippocampal cultures spe-
cifically decreased excitatory synaptic activity in a manner that
occluded the similar effect of TSA on excitatory neurotransmis-
sion. This result is in agreement with the recent finding that
HDACI is predominantly expressed in neural progenitor cells
and glia, whereas HDAC2 expression is initiated in neural pro-
genitors and is upregulated in postmitotic neurons but not in
fully differentiated glia (MacDonald and Roskams, 2008).

During early development, the stability of synaptic networks
faces significant challenges due to ongoing synaptogenesis (Davis
and Bezprozvanny, 2001; Turrigiano and Nelson, 2004). Imma-
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ture neurons typically possess high membrane resistance due to
the scarcity of channels and the modest extent of their dendritic
arborization (Overstreet-Wadiche and Westbrook, 2006). These
characteristics of immature neurons render them prone to insta-
bility and highlight the importance of potential negative feedback
mechanisms that can control synaptic inputs onto these neurons.
Our data suggest that histone deacetylases, important regulators
of transcriptional repression, are critical for repressing the mat-
uration of excitatory synapses during early development, thereby
promoting stable synaptic networks. Moreover, our findings in-
dicate that transcriptional repression mediated via HDAC2 con-
trols excitatory drive in mature synapses, suggesting a develop-
mental specificity of the role of HDACs on synaptic function.
HDAC inhibitor drugs, currently under development for the
treatment of various diseases, including cancer, have not yet been
examined for their potential roles in the brain. Our data suggest
that inhibition of HDAC1&2 during development, and HDAC2
in mature brain, may have potential unexpected neurological side
effects.

The HDAC-mediated effect on synapse development was spe-
cific for controlling the maturation of excitatory synapses, which
may contribute to a dysregulation of excitation—inhibition bal-
ance. Interestingly, imbalances in excitation—inhibition have
been purported to underlie autism-spectrum disorders (Ruben-
stein and Merzenich, 2003), including Rett syndrome (Dani et al.,
2005; Nelson et al., 2006). Our data implicating the involvement
of HDACI1 and HDAC2 in this balancing act are particularly
intriguing in regards to Rett syndrome, since MeCP2, the gene
whose loss of function causes the disorder, is part of a protein
complex that includes HDAC1 and HDAC?2 that mediates effects
on gene expression. The findings we present here are consistent
with a previous study from our group that reported a significant
selective decrease in mEPSC frequency in recordings from cul-
tured hippocampal neurons from either constitutive MeCP2 null
mice or floxed MeCP2 neurons that were transfected with Cre
recombinase at 7 DIV and recorded at 14 DIV (Nelson et al.,
2006). In the present study, we found that in mature neurons the
loss of HDAC2 produced a similar specific change in mEPSC
frequency. We also found that the loss of HDACI did not alter
synaptic properties in mature neurons, suggesting that HDAC2 is
the important contributor to excitatory synaptic function. The
loss of MeCP2 may impact the ability of HDAC1 and HDAC2 to
exert effects on excitatory synapse maturation, resulting in alter-
ations in the development of synaptic networks that contribute to
the imbalance in synaptic transmission that ultimately may un-
derlie the neurological deficits associated with this disorder. In-
deed, a recent study has reported a direct correlation between the
number of glutamatergic synapses in hippocampal autaptic cul-
tures and the levels of MeCP2, suggesting that MeCP2 may play a
critical role in regulating glutamatergic synapse formation during
early development (Chao et al., 2007). We therefore hypothesize
that the link between synaptogenesis and imbalances in synaptic
transmission observed following alterations in MeCP2 levels
might be the result of impairments in transcriptional repression
mediated by HDACI and HDAC2. Furthermore, BDNF, a bona
fide target of MeCP2-dependent transcription, may play a critical
role in regulation of this pathway, as it has recently been demon-
strated that in cortical neurons BDNF signaling can lead to
S-nitrosylation of HDAC2, which causes its dissociation from
chromatin-bound complex, thereby allowing the transcription of
various genes responsible for neural development (Nott et al.,
2008).

Recent studies have demonstrated that transcriptional regula-
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tors, such as the MEF2 (myocyte enhancer factor 2) family and
NPAS4 (Flavell et al., 2006; Barbosa et al., 2008; Lin et al., 2008),
tightly regulate synaptic drive and influence the balance of exci-
tation—inhibition in developing neuronal networks. Our findings
provide direct evidence that class I HDACs regulate these synap-
tic processes, suggesting that not only transcription factors but
also epigenetic mechanisms play crucial roles in the development
of synaptic networks. A major effort of future research is to iden-
tify the genes that HDAC1 and HDAC2 control to restrict the
progression of excitatory synapse maturation (Kalinovsky and
Scheiffele, 2004; Akins and Biederer, 2006).

In summary, we provide direct evidence that HDAC:s, specif-
ically HDAC1 and HDAC2, are critical in the development of
synaptic networks by their control of excitatory drive. Our data
also demonstrate an important role for HDAC2 in synaptic trans-
mission in mature neurons, suggesting that HDAC1 and HDAC2
are not functionally redundant in mature neurons but instead
have unique roles in the brain. Collectively, our findings identify
a crucial role for epigenetic mechanisms as key regulators of syn-
apse maturation and transmission.
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