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Abstract Transcriptional regulation of the gene encoding

brain-derived neurotrophic factor (BDNF) has been widely

studied. However, an understanding of mechanisms mod-

ifying chromatin, events that are essential for controlling

transcription, is rudimentary. We focused on two activa-

tion-dependent regions of the Bdnf gene physically linked

to known transcription sites for exons 1 and 4. Using

chromatin immunoprecipitation assays, we determined that

N-methyl-D-aspartate (NMDA) receptor activation dere-

pressed promoters 1 and 4-mediated transcription. This

derepression correlated with reduced occupancy by histone

deacetylase 1 and methyl cytosine-binding protein 2 of

each promoter region near known transcription start sites in

cultured hippocampal neurons. These changes did not

occur at all sites upstream of transcription initiation. Taken

together, these findings suggest that histone and other

DNA-binding proteins are involved in remodeling of

chromatin at some, but not all sites, within Bdnf promoters

1 and 4 and are associated with NMDA receptor-dependent

increases in transcription.

Keywords Brain-derived neurotrophic factor �
BDNF � Chromatin remodeling � Epigenetic modification �
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Introduction

Activity-dependent transcription is thought to be the

mechanism by which neurons convert brief cellular chan-

ges into stable alterations in brain function. These tran-

scriptional changes constitute a form of ‘‘molecular

memory’’ (Hardingham et al. 2001). Changes in intracel-

lular calcium (Ca2?) brought about through L-type voltage-

gated Ca2?channels and N-methyl-D-aspartate (NMDA)

glutamate receptors play an essential role in neuronal

plasticity (Grover and Teyler 1990; Bliss and Collingridge

1993). NMDA receptor activation is critical for synaptic

plasticity in the hippocampus (Bashir et al. 1991; Nagerl

et al. 2004; Slutsky et al. 2004). One protein that is crucial

to these processes is brain-derived neurotrophic factor

(BDNF). Among its primary functions, BDNF modulates

the strength of existing synaptic connections and acts in the

formation of new synaptic contacts (Thoenen 1995; Katz

and Shatz 1996; Lu and Figurov 1997; Chao 2003).

The Bdnf gene has unique structural features. By the

most recent report (Pruunsild et al. 2007), the human gene

spans more than 70 kb and is composed of ten 50 exons that

are differentially spliced to a single 30 terminal exon. These

ten 50 terminal exons are transcribed from unique pro-

moters with alternative splicing occurring in at least five of

these uniquely initiated transcripts. This complex tran-

scriptional regulation leads to the creation of at least three

pre-pro-BDNF isoforms with longer N-termini, whose

function is not completely understood (Marini et al. 2004;

Liu et al. 2005; Pruunsild et al. 2007). This overall gene
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architecture is highly conserved in mammals. In rat and

mouse, there are eight Bdnf exons with separate promoters

that have been characterized (Aid et al. 2007).

Activation of Bdnf transcription has been shown to

involve changes in chromatin structure through changes in

DNA methylation and posttranslational histone modifica-

tion (Huang et al. 2002; Chen et al. 2003; Martinowich

et al. 2003; Tsankova et al. 2006). Epigenetic modifications

include DNA methylation and posttranslational modifica-

tions (including acetylation, methylation, phosphorylation,

and ubiquitination) at the amino terminal ‘‘tails’’ of core

histones, which comprise the nucleosome. Generally, his-

tone acetylation, regulated by histone deacetylases

(HDACS) and histone acetyltransferases (HATS), is asso-

ciated with open chromatin and allows for increased tran-

scription, while histone methylations (regulated by histone

methyltransferases (HMTS) and histone demethylases

(HDMS)) are more stable and specific modifications of

core histones (H2A, H2B, H3, H4), such as H3 methylation

at lysines 9 and 27, are associated with a tighter chromatin

structure and have been thought to be associated with

transcriptional repression. In contrast, specific modifica-

tions on H3, for example methylation at lysine 4, means

more open chromatin and is associated with transcriptional

activation. We sought to characterize changes in chromatin

associated with NMDA receptor-dependent Bdnf gene

expression for two major activation promoters that respond

to NMDA receptor activation: promoters 1 and 4 by rat

hippocampal neurons maintained in culture.

Materials and methods

Preparation of hippocampal neurons

Hippocampal cultures were prepared from embryonic day

19 (E19) Sprague-Dawley embryos essentially as described

previously (Cheng et al. 1995 and references therein;

Jiang et al. 2005). The hippocampi were dissected and

placed into ice-cold Hank’s solution with 1 mM HEPES

and 1 lL/mL penicillin–streptomycin (10,000 units peni-

cillin and 10,000 lg/mL streptomycin).The tissue was then

incubated with 1.25% trypsin (Invitrogen, Carlsbad, CA,

USA) in 10 mL Hank’s solution and incubated at 37� C for

15 min and then rinsed with 10 mL Hank’s solution.

Soybean trypsin inhibitor (2 mg/mL) in 10 mL Hank’s

solution was then added and the mixture incubated at 37�C

for 5 min. The cell preparation was then washed with

10 mL of minimum essential medium (MEM, Invitrogen)

containing: 10 mM sodium bicarbonate, 1 mM pyruvate

(pyruvic acid, sodium salt), 20 mM potassium chloride,

1 mM HEPES plus 10% fetal bovine serum, and 2 mM

L-glutamine, pH 7.2. The cell suspension was then diluted

with MEM to achieve a seeding density of 2.5 9 105–

5.0 9 105 cells/mL and distributed into 10 cm dishes or

six well plates that were pre-coated with poly D-lysine

(50 lg/mL). The cells were incubated for 5 h at 37�C in a

humidified incubator containing 95% air/5% CO2. The cell

media was then aspirated and replaced with the identical

volume of neurobasal media containing 2% B27 supple-

ment, 1 M HEPES, 2 mM L-glutamine, and 50 mg/mL

gentamicin, which is preheated to 37�C. On day in vitro

(DIV) 3, and every other day thereafter, one-fifth of the

culture medium was removed and replaced with fresh

media to replenish vital nutrients. Cultures were used

between DIV 8-11. Procedures using animals were con-

ducted according to the principles set forth in the National

Institutes of Health (NIH) Publication no. 85–23, Guide for

the Care and Use of Laboratory Animals and AMP; the

Animal Welfare Act of 1986, as amended. Every effort was

made to minimize the number of animals.

Drug treatments

Trichostatin A (TSA) (Sigma, St Louis, MO, USA) was

prepared in dimethyl sulfoxide (DMSO) (Sigma). Hippo-

campal neurons were plated into six well plates grown in

Neurobasal medium with B27 supplement. Neurons were

treated with a final concentration of 25, 100, 250, or

500 nM TSA for 8–48 h or with DMSO (vehicle control).

Hippocampal neurons were maintained in six well plates

for real-time reverse-transcribed PCR (RT-PCR) or 10 cm

dishes for histone extraction, or chromatin immunopre-

cipitation (ChIP) assays. Subsequently, neurons were

treated with NMDA (50 lM) for various times (0–24 h).

Reverse-transcribed PCR

Total RNA was extracted from hippocampal neurons using

RNA STAT-60 [Tel-Test, RNeasy mini kit (Qiagen,

Valencia, CA, USA) and DNA-free kit (Applied Biosys-

tems/Ambion, Austin, TX, USA)]. The final RNA prepa-

ration was free of DNA contamination, as determined by a

reverse transcriptase-less control, was reverse transcribed

using a cloned AMV first-strand cDNA synthesis kit

(Invitrogen). Real-time PCR was performed on an ABI

PRISM� 7700 sequence detector with the sequence-spe-

cific PCR primers and a detection probe designed using

Primer Express� software (ABI) and synthesized by the

manufacturer.

Real-time PCR primers and probes

The rat Bdnf exon 1 primers and probe sequences were:

Forward primer: 50-GCGTTGAGAAAGCTGCTTCAG-30;
Reverse primer: 50-GAATGAGCGAGGTTACCAATGA
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C-30. The Bdnf exon 1-specific probe sequence was: 50-CG

CCCGCTATATAGCAGGGCAGT-30. The amplification

primers for rat Bdnf exon 4: 50-TTCCACTATCAATA

ATTTAACTTCTTTGC-30 (forward primer) and 50-CTC

TTACTATATATTTCCCCTTCTCTTCAGT-30 (reverse

primer).

The exon 4-specific detection probe sequence: 50-TAC

ATATCGGCCACCAAAGACTCGC-30 Rat Gapdh was

used as an internal reference and was purchased from ABI.

Chromatin immunoprecipitation detection primers

within Bdnf promoters 1 and 4

Bdnf exons 1 and 4 are separated by approximately 17 kb

(Fig. 1). To determine sites within the promoter regions

that respond to chromatin remodeling following NMDA

receptor activation, we designed three sets of PCR primers

(two within promoter 1, one within promoter 4) based on

sequences for the Bdnf gene. Promoter 1 primers: the site

proximal to the transcription start site of exon 1 (pm51):

forward, 50-AACTTTTCTAAGAAGTTTCC TTTTTAC

CA-30; reverse, 50-TGAGCC AGTTACGTGACCAACT

-30; a distal site, approximately 4 kb 50 of the transcription

start site (pm9): forward, 50-AGCTCTTGCAGACTAAA

TCGTGAGTTT-30; reverse, 50-CAAGAACCTGGTGTT

GAGCTCATATTT-30. The PCR primers for the -65 to

-152 region from promoter 4 (pmS4): forward; 50-CT

AGGACTGGAAGTGGAAA-30 and reverse; 50-ATTTCA

TGCTAGCTCGCCG-30 were described by Chen et al.

(2003).

ChIP

The ChIP assay was modified from the EZ-ChIP kit pro-

tocol (Upstate Biotechnology, Lake Placid, NY, USA). Rat

hippocampal neurons in 10 cm dishes (E19, 9 DIV,

0.5 9 107 cells per dish) were treated with 50 lM NMDA

or 250 nM TSA for 45 min to 12 h or treated with vehicle.

Crosslinking was performed at room temperature by adding

37% formaldehyde to the cell culture medium at 1% final

concentration and incubated for 10 min. The reaction was

stopped by the addition of 2.5 M glycine to a final con-

centration of 125 mM, followed by 5 min incubation at

room temperature. Cells were washed twice with 8 mL

cold phosphate-buffered saline (PBS) containing a protease

inhibitor cocktail (Roche, Nutley, NJ, USA), then removed

to 15 mL tube in 1 mL PBS with protease inhibitor.

Samples were centrifuged at 7009g for 10 min 4�C. The

cell pellet from four dishes was pooled and suspended in

1 mL SDS lysis buffer with protease inhibitor cocktail. The

lysate was snap frozen in the ethanol-dry ice bath and then

thawed in a 37�C water bath. This process was repeated

four times. The final lysate was sonicated on ice using a

Misonix sonicator 3000, MicrotipTM 419 (Farmingdale,

NY, USA) at a power setting of 6, 12 pulses (12 s on,

2.5 min off). Samples were centrifuged at 12,0009g, 4�C

for 10 min to remove insoluble material, and the super-

natant containing DNA–protein complexes was collected.

To test for reproducibility, 5 lL of the sonicated chromatin

was retained and 90 lL ddH2O were added, followed by

4 lL 5 M NaCl. The solution was then incubated 4–5 h at

65�C to reverse the DNA- protein crosslinks. RNase A

(1 lL from 1 U stock) was added and the mixture incu-

bated for 30 min at 37�C, followed by incubation with

2 lL 0.5 M EDTA, 4 lL 1 M Tris–HCl and 1 lL Pro-

teinase K at 45�C for 1–2 h. A sample of 5–20 lL was

fractionated on a 1.5% native agarose gel with a 100 bp

DNA marker. The sonicated DNA produced fragments

from 150 to 1,000 bp. The cell supernatant from three

different cultures was pooled. The pooled cell supernatant

was precleared with salmon sperm DNA/protein A or G

agarose 50% slurry for 1 h at 4�C with agitation, and

centrifuged at 1,500 rpm for 2 min to recover the beads.

The beads were then resuspended in dilution buffer for

subsequent immunoprecipitation. An aliquot (20 lL) of the

precleared DNA preparation served as an input control and

was reserved for later use. Antibodies for ChIP assays were

anti-histone deacetylase 1 (HDAC1) and anti-methyl

cytosine-binding protein 2 (MeCP2). The antibodies were

added to the precleared chromatin preparation, incubated

on a rocking platform 16 h at 4�C. As a negative control,

nonimmune rabbit or mouse IgG (Upstate Inc.) were used

in place of specific antibodies. Immune complexes were

precipitated by the addition of salmon sperm DNA/protein

Fig. 1 Schematic of genomic region of Bdnf promoters 1 and 4. The

DNA sequences from approximately -4,000 to -200 relative to exon

1 and approximately -150 relative to exon 4. Location of ChIP PCR

amplicons within the promoter regions are pm 9 the distal site of

promoter 1, pm 51 the proximal site in promoter 1, pmS4 the proximal

promoter 4 region. CRE, E-box, and NF-jB elements within each

promoter are labeled. The CpG dinucleotides within promoter 1 are

underlined, separated by nucleotide sequence, indicated in subscript.
The promoter 4 elements have been described previously in Jiang

et al. (2008). Exons 1 and 4 are separated by approximately 17 kb of

genomic DNA. For simplicity, exons 2, 3, 5, and 6 were not included

in the map
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A or G agarose slurry for 1–2 h at 4�C and pelleted at

7009g for 1 min. The pellets were washed five times (1 ml

each) in a low-salt wash buffer, high-salt wash buffer, and

LiCl wash buffer, and twice with TE buffer. Immune

complexes were treated twice in 100 lL of 1% SDS and

100 mM NaHCO3 at room temperature for 15 min. Pro-

tein–DNA cross-links were reversed by adding 8 lL 5 M

NaCl and incubating the mixture at 65�C for 5 h, followed

by treatment with 1 U of RNase A and 20 lg proteinase K

at 37�C for 1 h. The DNA was then processed using PCR

purification columns (Qiagen, Valencia, CA, USA). Levels

of specific proteins occupying Bdnf promoter 1 were

determined by a semi-quantitative PCR assay. Conditions

for PCR were 1 cycle 94�C, 10 min; 24–40 cycles 94�C,

15 s, 50–65�C, 20 s, 72�C, 30 s, followed by an extension

at 72�C, 7 min. PCR products were resolved on TBE

polyacrylamide gels and the amplicon band visualized by

ethidium bromide staining. Molecular size was determined

using appropriate size standards (O’GeneRuler, Fermentas

Inc., Hanover, MD, USA). Input and immunoprecipitated

DNA reactions were performed in triplicate. Representa-

tive ChIP results are presented in the Results section.

Buffer-only ‘‘no antibody’’ conditions were used as nega-

tive ChIP controls and did not produce a band following

PCR. In addition, immunoprecipitated chromatin with

nonimmune rabbit IgG produced similar results as ‘‘no

antibody’’ controls.

Statistical analysis

Data are presented as mean ± SD or fold change relative

to control (no addition). ANOVA with post hoc Tukey

were used for analysis. P value of \0.05 considered as

significant.

Results

Expression of alternative rat Bdnf transcripts containing

exon 1 or exon 4 are differentially regulated by NMDA

receptor activation

In rat, mouse, and human brain, Bdnf transcripts containing

exon 1 or exon 4 are prominently expressed (Liu et al.

2005; Aid et al. 2007; Pruunsild et al. 2007). The promoters

initiating transcription of exons 1 and 4 are highly regu-

lated and respond a number of different activators,

including the neurotransmitters dopamine (Fang et al.

2003) and glutamate (Timmusk et al. 1993; Marini et al.

1998). Neuronal activity elicits an immediate early gene

response in a subset of Bdnf promoters in hippocampus

(Lauterborn et al. 1996). Previously, it was known that

activity-dependent regulation of BDNF by kainic acid

(Timmusk et al. 1994). Tabuchi et al. (2000) showed in

cortical neurons that Bdnf gene promoters respond differ-

ently to calcium signals; NMDA receptor activation pre-

dominantly increased exon 4-specific mRNA levels while

calcium influx through L-type voltage-dependent calcium

channels mostly induced exon 1-specific Bdnf mRNA

levels.

In cultured hippocampal neurons, NMDA receptor

activation elicited a time-dependent increase in exon 1 and

exon 4-specific Bdnf mRNA levels. Beginning at 3 h, exon

1-containing transcripts increased 25-fold, increasing to

65-fold, at least up to 12 h (Fig. 2). In contrast, exon

4-specific transcripts peaked at 6 h, producing a 19-fold

increase relative to the baseline control (Fig. 2).

HDAC inhibitor, TSA, enhances Bdnf exon 1-specific

mRNA levels but not exon 4-containing transcripts

Histone modification by acetylation is generally regarded

as a feature of transcriptionally active genes. An inhibitor

of HDAC activity, TSA, has differential effects on Bdnf

promoters 1 and 4 in Neuro2A cells treated with TSA

(300 nM) for 48 h (Aid et al. 2007). We wanted to deter-

mine if TSA caused a dose-dependent difference in Bdnf

exon 1 and exon 4-specific mRNA levels in cultured hip-

pocampal neurons. As determined by real-time RT-PCR,

levels of exon 1-specific transcripts increased in a dose-

dependent manner, producing up to a 20-fold increase at

250 nM over untreated neurons (Fig. 3). Levels of Bdnf

exon 4 increased only twofold at the same concentration.

These results showed that the regulatory regions for exons

1 and 4 respond differently to an HDAC inhibitor, sug-

gesting that different mechanisms are in responsible for

altering chromatin structure for each of these promoters in

response to NMDA.

Fig. 2 Time course for induction of Bdnf exon 1 and exon 4-specific

mRNA levels in NMDA-treated hippocampal neurons. Cultured

hippocampal neurons were incubated with a 50 lM for the indicated

times on day in vitro eight. Mean expression values for each Bdnf
transcript were determined after normalization to the average

expression values of the Gapdh gene from each template. Data are

presented as fold change relative to the baseline (0 h) control

(mean ± SD)
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HDAC1 is released from Bdnf promoters 1 and 4

following NMDA receptor activation

Histone deacetylase 1 is a part of a protein complex

involved in transcriptional repression via deacetylation of

core histones (Hassig et al. 1998). Bdnf promoters 1 and 4

are activated when histone deacetylation is inhibited in

vivo (Tsankova et al. 2006) or conversely, when acetylated

histones are enhanced at promoters 1 and 4 in vivo (Bredy

et al. 2007). Other investigators have noted differential

histone changes associated with promoter 1, being consis-

tently hyperacetylated, while the downstream promoter 4

had a different response in the hippocampus following

pilocarpine treatment in vivo (Huang et al. 2002). As a first

approach to characterizing histone changes taking place at

Bdnf promoter 1 following NMDA receptor activation, we

analyzed two sites from the 50 flanking sequence of exon 1,

which also contains multiple potential transcription factor-

binding sites and CpGs, for presence of modified HDAC1

in primary hippocampal neurons treated with NMDA

(50 lM) or vehicle-treated neurons by ChIP assays. One

site analyzed is located 200 bp 50 from a know transcrip-

tion start site mapped previously by Nakayama et al.

(1994) and is contained within a ChIP PCR probe that

responds in vivo (Bredy et al. 2007), while the second site

is located approximately 4 kb 50 from this transcription

start site. We compared HDAC1 occupancy of the pro-

moter 1 sites with one critical region from promoter 4

known to respond to NMDA receptor activation (Jiang

et al. 2008) at 45 min or 3 h after NMDA treatment. The

transcription start site proximal region, pm51, showed a

rapid time-dependent decrease in HDAC1 binding fol-

lowing NMDA receptor activation (Fig. 4a). In addition,

there was an increase in NMDA-induced histone modifi-

cations (acetylated H3, data not shown). HDAC1 was not

associated with the distal promoter 1 region (pm9)

(Fig. 4a). There were no changes in levels of acetylated H3

for this region (data not shown). For the same neuronal

cultures, HDAC1 occupancy of the promoter 4 region,

defined by the pmS4 amplicon, also decreased following

NMDA receptor activation (Fig. 4b), although this was

associated with reduced levels of acetylated H3 (data not

shown). Take together, these results support the idea that

region-specific alterations in histone acetylation at pro-

moter 1 are associated with transcriptional derepression

and may explain, at least in part, the differential respon-

siveness of Bdnf promoters 1 and 4.

NMDA receptor activation reduces MeCP2 occupancy

of promoters 1 and 4

Methyl cytosine-binding protein 2 has been shown to

function as a transcriptional repressor at promoter 4 of the

Bdnf gene (Chen et al. 2003; Martinowich et al. 2003). To

determine if endogenous MeCP2 also acts at promoter 1

and is subject to regulation by NMDA receptors, we per-

formed ChIP assays as in the previous section. Cross-

linked chromatin from hippocampal neuron cultures treated

with NMDA (50 lM) or vehicle-treated neurons were

sheared by sonication and subsequently incubated with

Fig. 3 Hippocampal neurons treated with Trichostatin A (TSA)

increase levels of Bdnf exon 1 mRNA in a dose-dependent manner.

Neuronal cultures were treated with increasing concentrations of TSA

(25, 100, 250, or 500 nM) for 24 h on day in vitro eight. Total RNA

was extracted from cells, first-strand cDNA synthesized, and real-time

PCR performed to amplify exons 1 or 4 using intron spanning

detection probes. Gapdh mRNA levels were used as the internal

reference. Data are presented relative to the vehicle control

(mean ± SD)

Fig. 4 HDAC1 is released from sequences near transcription start

sites of Bdnf promoters 1 and 4. Chromatin immunoprecipitation

(ChIP) assays showing release of histone deacetylase 1 (HDAC1)

from Bdnf promoters 1 and 4 within 45 min of NMDA receptor

activation. a Changes in promoter 1 occupancy are shown using a

semi-quantitative PCR assay (‘‘Materials and methods’’). Note that

sequences defining the proximal site of promoter 1 (pm51 amplicon),

nearest the transcription start site, but not a distal site of promoter 1

(pm9), are associated with HDAC1. b Promoter 4 occupancy by

HCAC1 is seen under basal conditions that was lost within 45 min

treatment of hippocampal neuron cultures with 50 lM NMDA. The

representative semi-quantitative PCR assay also shows preimmuno-

precipitated ‘‘inputs’’ from NMDA-treated and untreated neurons

(0 h). Buffer-only ‘‘no antibody’’ conditions were used as negative

controls and did not produce a band following PCR. In addition,

immunoprecipitated chromatin with nonimmune rabbit IgG produced

similar results as ‘‘no antibody’’ controls (data not shown)
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antibodies specific to MeCP2 to immunoprecipitate pro-

teins bound to the native promoter region. Immunopre-

cipitated DNA was released from cross-linked proteins

followed by semi-quantitative PCR, using primers that

amplified the Bdnf promoter 1 regions located approxi-

mately 200 or 4,000 bp 50 of the exon 1 transcription start

site. Immunoprecipitation of chromatin with anti-MeCP2

antibodies resulted in decreased amplification of the -200

Bdnf promoter 1 sequence. Kinetically, this reduction in

MeCP2 binding following NMDA receptor activation was

slower than the decrease in HDAC1 occupancy of the same

site, in vivo. A temporally slower change in MeCP2

occupancy was also seen at the more distal promoter 1 site,

mp9, in the same neurons treated with NMDA (Fig. 5a)

while a more rapid release of MeCP2 occurred at the

promoter 4 site, pmS4 (Fig. 5b).

Discussion

In this study, we observed differential effects of NMDA

receptor activation on transcription from Bdnf promoters 1

and 4 by rat hippocampal neurons in culture. Following

NMDA receptor activation, Bdnf exon 1 mRNA levels

showed a rapid, yet more sustained increase compared to

exon 4 mRNA levels. To approach this differential

response mechanistically, we incubated neurons with dif-

ferent concentrations of TSA, an inhibitor of HDAC

activity, and quantified exon 1 and exon 4 Bdnf mRNA

levels. Treating the neurons with TSA produced a signif-

icant dose-dependent increase in Bdnf exon 1 mRNA

levels, while the level of exon 4 transcripts in the same

cells was changed only slightly. These results clearly show

that promoters 1 and 4 respond differentially to signals

affecting chromatin structure. This differential response is

bolstered by structural features of the two promoter regions

in that each promoter is part a small cluster of genomic

sequence of approximately three kb, made up of three

exons and their 50 flanking regions. The first cluster

contains exons 1–3, while the second cluster contains

exons 4–6. The clusters are separated by about 17 kb of

genomic DNA. We hypothesized that changes in chro-

matin structure may account for the transcriptional dif-

ferences seen in responsiveness to NMDA. As an initial

approach, we examined these two Bdnf promoters for

endogenous differences in occupancy by HDACs, specifi-

cally HDAC1. Promoter occupancy by HDACs has been

associated with transcriptional silencing, while enhanced

histone acetylation, with loss of HDAC from chromatin, is

correlated with transcriptional activation. We noted that in

vivo HDAC1 binding of promoter 1 near a know tran-

scription start site was reduced, at least up to 3 h following

NMDA receptor activation, consistent with enhanced exon

1-containing transcripts, which were first detected at 3 h,

increasing at 12 h to levels greater than 60-fold over basal

conditions. In contrast, NMDA receptor activation, pro-

duced greater than a tenfold increase in exon 4-specific

transcripts relative to control levels (Fig. 2) and showed

similar temporal changes in HDAC1 binding to a region of

promoter 4 physically close to known transcription start

sites in human and rodent brain (Timmusk et al. 1993;

Nakayama et al. 1994; Liu et al. 2005; Pruunsild et al.

2007). The reduction in promoter 1 occupancy by HDAC1

and increased modification of core histone H3 near the

start of transcription in the presence of NMDA is consis-

tent with histone modifications covering the same tran-

scription initiation region from promoter 1 in mice

undergoing an extinction of conditioned fear paradigm

(Bredy et al. 2007). Interestingly, the learning-induced

histone modification (increased histone H3 acetylation) did

not produce an increase in Bdnf exon 1 mRNA expression

in the mouse model. Although the ChIP experiments per-

formed by us and those of Bredy et al. (2007) differed

greatly by choice of animal model, brain region selected,

and the fact that whole tissue was used compared to dis-

associated neurons maintained in culture, the combined

findings show that a common region near a known tran-

scription initiation site within promoter 1 is also a common

target for particular activation-dependent histone modifi-

cations. Thus, at least some signaling pathways are shared

in an early step of chromatin remodeling necessary for

recruiting transcription factors to promoters 1 and 4. In

addition, our findings and those of Bredy et al. suggest that

early remodeling of chromatin is not necessarily sufficient

for transcriptional activation.

Fig. 5 Decreased MeCP2 binding to different sites of Bdnf promoter

1 after NMDA treatment. a A representative chromatin immunopre-

cipitation (ChIP) assay showing the time-dependent release of

MeCP2 from sequences defining the proximal and distal sites in

promoter 1 (pm51 and pm9 amplicons, respectively). b ChIP assay

showing the release of MeCP2 from Bdnf promoter 4 (pmS4

amplicon) following NMDA receptor activation. Results shown are

from the same chromatin preparation used in Fig. 4
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Because the Bdnf gene is critically involved in CNS

development, neuronal survival, and learning and memory,

its disrupted expression is thought to contribute to the

pathophysiology of Rett syndrome, an X-linked disorder

caused by mutations in the gene encoding MeCP2 (reviewed

by Francke 2006). Previously, it was shown that Bdnf pro-

moter 4 had multiple sites for MeCP2 binding and that this

was a major site of MeCP2 protein-DNA interactions in

cortical neurons (Chen et al. 2003). In particular, a well-

described-binding site for the transcription factor cAMP

response element-binding protein (CREB), known to play an

important role in neuronal and synaptic plasticity (Frank

and Greenberg 1994), contains a CpG site within the

CREB-binding site (CRE) that is methylated in vivo (Chen

et al. 2003; Martinowich et al. 2003). In addition to binding

MeCP2, this region of promoter 4 and flanking sequences

are known to play critical roles in activation-dependent

transcription with binding sites for regulatory transcription

factors including upstream stimulatory factor (USF), nuclear

factor kappa B (NF-jB), and the basic helix-loop-helix

protein BHLHB2 (Tabuchi et al. 2002; Lipsky et al. 2001;

Jiang et al. 2008). Computational analysis of Bdnf promoter

1 predicts-binding sites for these transcription factors,

although in different sequence contexts. In particular, a CRE

site in promoter 1, which was previously shown to play a

major role in activation-dependent Bdnf exon 1 mRNA

expression (Tabuchi et al. 2002), is also a potential target for

MeCP2 binding. Because the CpG sequence found at this

site is the only potential methylation target present in the

pm51 PCR amplicon used in the ChIP assay, this result

strongly suggests that MeCP2 also has a role in regulating

Bdnf promoter 1 activity. Although the CRE site in promoter

1 is known to bind CREB in vitro and to activate Bdnf exon1

transcription in transfected cortical neurons (Tabuchi et al.

2002), it is not know if activated CREB occupies this site in

vivo. To address this question, we performed preliminary

ChIP experiments using NMDA-treated and unstimulated

hippocampal neurons. These experiments detected CREB

occupying promoter 1 in the region defined by the pm51

PCR amplicon only after 3 h NMDA receptor activation (F.

Tian and R. H. Lipsky, unpublished data). This finding

suggests that activated CREB may not be rapidly recruited to

promoter 1 in hippocampal neurons and is in keeping with

our observation that NMDA receptor activation is associated

with a slow release of MeCP2 from the pm51 site of pro-

moter 1, relative to promoter 4 (Fig. 5a, b).

What factors could be responsible for the rapid tran-

scriptional responsiveness of Bdnf promoter 1? Another

transcription factor, USF, also activates Bdnf promoter 1

transcription (Tabuchi et al. 2002). Thus, it is plausible that

USF proteins may occupy the region defined by the pm51

amplicon following NMDA receptor activation. Future

experiments will focus on differences in chromatin

remodeling and recruitment of specific transcription factors

in different brain regions and also address changes in

methylation status of promoter 1 CpGs under basal and

activation-dependent conditions.

The signal transduction pathways mediating promoter-

specific changes in chromatin architecture have yet to be

elucidated. However, as additional activation-dependent

chromatin-associated targets are characterized for each of

these Bdnf regulatory regions, it is anticipated that the

pathways activated via Ca2? signaling, such as the Ca2?-

calmodulin kinases, extracellular signal-regulated kinase/

mitogen-activated protein kinase, adenylyl cyclase, and IjB

kinase, just to name a few, will be defined and integrated into

the transcription networks regulating the molecular

responses for neuronal survival and synaptic plasticity.
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