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How transient activation of mature neuronal circuits leads to changes 
in gene expression and properties in neurons over the short- and long-
term is a fundamental question in neurobiology and has significant 
implications for understanding neuronal plasticity, learning and mem-
ory, and brain disorders1. Epigenetic mechanisms play a crucial role in 
regulating neuronal gene expression, and neuronal activity is known 
to alter epigenetic landmarks, such as DNA methylation and histone 
modifications2–11. These epigenetic changes not only regulate which 
genes become activated or suppressed but also modify the dynamics of 
gene expression12.

Regulation of chromatin opening is an important regulatory mech-
anism for the precise control of gene expression patterns. Global 
changes in chromatin accessibility occur during cell differentiation 
when cells with the same genome establish their identities through 
distinct gene expression patterns. Previous genome-wide studies 
of different tissues and cell types, including those in the nervous 
system, have revealed tissue- and cell-type-specific landscapes of 
chromatin accessibility13–16. Whether large-scale changes in chro-
matin accessibility occur after cell differentiation and maturation  
in vivo is unclear. Specifically, in the nervous system, whether and 
to what extent neuronal activity may reshape the accessible chro-
matin landscape in neurons and induce transient and sustained 
biological outcomes are largely unknown. Here we examined the 
impact of acute neuronal activation on chromatin accessibility and  
gene expression in dentate granule neurons over time in the adult 
mouse brain in vivo.

RESULTS
Widespread chromatin accessibility changes induced by 
neuronal activation
To investigate whether neuronal activation induces changes in chro-
matin accessibility, we employed an assay for transposase-accessible 
chromatin using sequencing (ATAC-seq) for sensitive and quantitative 
measurement of chromatin accessibility across the gemome17 (Online 
Methods). We performed ATAC-seq of biological replicates (n = 3 or 4 
for each condition) of microdissected dentate gyri before (E0 thereafter)  
and 1 h (E1 thereafter) after synchronous neuronal activation via 
electroconvulsive stimulation18–20, a procedure currently used to 
treat patients with drug-resistant depression21. Our previous stud-
ies have shown that this in vivo preparation is highly enriched for 
dentate granule neurons (over 90%) and such treatment switches 
most neurons from an inactive state that reflects the presumed sparse 
coding in the dentate gyrus22 to an active state18–20. We identified 
89,946 and 114,959 open chromatin regions at E0 and E1, respectively  
(P < 1 × 10−5; Supplementary Table 1). We compared our data set 
to previously published chromatin-accessibility profiles of different 
tissues and cell types (Supplementary Table 2). The signature of open 
chromatin regions at the basal state (E0) is closer to those of different 
neuronal subtypes than to those of astrocytes or other non-neural 
tissues (Supplementary Fig. 1). We identified 16,882 open chroma-
tin regions that occurred in dentate gyrus neurons but not in other 
cell types or tissues examined (Supplementary Table 3). Consistent 
with previous findings13,23,24, open chromatin sites exhibited a broad 
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Neuronal activity-induced gene expression modulates the function and plasticity of the nervous system. It is unknown  
whether and to what extent neuronal activity may trigger changes in chromatin accessibility, a major mode of epigenetic 
regulation of gene expression. Here we compared chromatin accessibility landscapes of adult mouse dentate granule  
neurons in vivo before and after synchronous neuronal activation using an assay for transposase-accessible chromatin using 
sequencing (ATAC-seq). We found genome-wide changes 1 h after activation, with enrichment of gained-open sites at  
active enhancer regions and at binding sites for AP1-complex components, including c-Fos. Some changes remained stable  
for at least 24 h. Functional analysis further implicates a critical role of c-Fos in initiating, but not maintaining, neuronal  
activity-induced chromatin opening. Our results reveal dynamic changes of chromatin accessibility in adult mammalian brains 
and suggest an epigenetic mechanism by which transient neuronal activation leads to dynamic changes in gene expression  
via modifying chromatin accessibility.
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genomic distribution, with the majority of peaks mapped to intergenic 
regions, introns and promoters of annotated genes (Supplementary 
Fig. 2a), and showed a positive correlation with the expression levels 
of associated genes (Supplementary Fig. 2b).

To determine how chromatin accessibility changes upon neuro-
nal stimulation, we assessed quantitative differences in ATAC-seq  
signal intensities between E0 and E1. We observed marked chroma-
tin accessibility changes at many regions in multiple independent 
samples, such as ‘gained-open’ at the Arc locus, which was correlated 
with induced gene expression, and ‘gained-closed’ at the Gabrr1 locus, 
which was correlated with diminished gene expression (Fig. 1a).  
ATAC-seq is based on the activity of Tn5 (ref. 17). To validate chro-
matin accessibility changes at the Arc and Gabrr1 loci using an inde-
pendent approach, we performed formaldehyde-assisted isolation of 
regulatory elements (FAIRE)-quantitative (q) PCR (Fig. 1b). Overall, 
ATAC-seq analysis identified 11,438 gained-open and 1,739 gained-
closed regions at E1 compared to E0 (P < 1 × 10−5; fold changes > 2; 
Fig. 1c and Supplementary Table 4). Gene ontology analysis of 5,265 
genes associated with gained-open regions revealed enrichment of 
pathways related to cell–cell signaling, synapses and synaptic trans-
mission (Fig. 1d). Together, these results indicate that transient neu-
ronal activation modifies the chromatin accessibility landscape in 
neurons in vivo, largely through increased accessibility.

Genomic features and chromatin states of regions with 
chromatin accessibility changes
To characterize the genome-wide distribution of activity-induced 
chromatin accessibility changes, we used the HOMER software25 
for annotation of those gained-open and gained-closed regions. The 
majority of changes resided outside of promoter regions of annotated 
genes (Fig. 2a), consistent with the ability of ATAC-seq to identify dis-
tal regulatory elements in the genome17,26. To determine the chromatin  

state of regions with activity-induced accessibility changes, we 
compared our differential chromatin-accessibility data set with 
published profiles of histone modifications from adult mouse hippo
campus tissue27 and chromatin immunoprecipitation-sequencing  
(CHIP-seq) dataset for CCCTC-binding factor (CTCF) from the 
adult mouse cortex28 (Supplementary Table 2). We observed over-
lap between gained-open regions and previously functionally identi-
fied enhancer regions29–31 at the Arc and Fos (hereinafter referred to 
as c-Fos) loci (Supplementary Fig. 3a). Across the genome, active 
enhancer histone marks32,33, such as H3K4me1 and H3K27ac, were 
more enriched at gained-open and gained-closed regions than tran-
scription repressive markers34,35, such as H3K27me3 and H3K9me3 
(Fig. 2b and Supplementary Fig. 3b). To gain more detailed insight 
into the chromatin state of regions with accessibility changes, we 
used ChromHMM software36 to establish a chromatin state model 
defined by recurrent combinations of histone modifications using the 
ChIP-seq data set from the adult mouse hippocampus27 and CTCF 
ChIP-seq data set from the adult mouse cortex28. Gained-open and 
gained-closed regions were found to be significantly enriched at 
active enhancers, as comarked by H3K4me1 and H3K27Ac (Fig. 2c  
and Supplementary Fig. 3c). Chromatin-accessibility changes also 
occurred near transcriptional start sites (TSS), as comarked by 
H3K4me3 and H3K27ac (Fig. 2c and Supplementary Fig. 3c). We 
next asked whether chromatin accessibility was specifically correlated 
with histone modifications that are also sensitive to neuronal activity.  
We employed the published histone modification ChIP-seq data set32 
from cultured neurons before and after KCl treatment, including 
H3K4me1, H3K4me3, H3K27ac and H3K27me3, and found that nei-
ther gained-open nor gained-closed regions were enriched in changes 
for those four histone marks (Supplementary Fig. 4).

To assess the potential biological significance of activity-induced 
chromatin accessibility changes, we first identified 4,455 and 558 

E0_1

a

b c d

Arc
Gained-open region Gained-closed region

Arc_1

E0

E1

20

P
er

ce
nt

ag
e

to
 in

pu
t (

%
) 15

10

5

0
Arc_1 Arc_2

** * * * *

Arc_3 Arc_4 Arc_5 Gabrr1

E1/E0 log2(fold changes)

Cell adhesion

0 1 2 3 4 5 6 7

–log10(P-value)

Biological adhesion

Cell–cell signaling

Synapse

Potassium channel activity

Synaptic transmission

Transmission
of nerve impulse

E1/E0 gained-open genes
E1/E0 gained-closed genes

–1 1

12

8

4

0

–l
og

10
(P

-v
al

ue
)

–5 5

11,438 peaks
(5,265 genes)

1,739 peaks
(1,368 genes)

0

Arc_2 Arc_3 Arc_4 Arc_5

Chr15: 74,795,364–374,517,923 Chr4: 33,217,531–533,252,563Gabrr1

Gabrr1

RNA_E0

RNA_E1

E0_2

E0_3

E0_4

E0_1

E0_2

E0_3

E0_4

E0_1

RNA_E0

RNA_E1

E0_2

E0_3

E0_4

E0_1

E0_2

E0_3

E0_4

Figure 1  Modification of the chromatin accessibility landscape in the adult mouse dentate gyrus by transient neuronal activation. (a) UCSC genome 
browser (https://genome.ucsc.edu/) visualization of gained-open and gained-closed chromatin profiling coverage at the Arc and Gabrr1 loci before  
(E0; magenta) and 1 h after synchronous neuronal activation (E1; green). Data from each individual sample are shown. Significant gained-open regions 
(red bars) and a gained-closed region (blue bar) are indicated (P < 1 × 10−5; fold changes > 2). (b) Summary of FAIRE-qPCR results for gained-open and 
gained-closed regions at the Arc and Gabbr1 loci. Data from three individual samples for each condition are shown. Each line indicates the mean value. 
(*P < 0.05; permutation test). (c) Comparison of open chromatin profiles of the dentate gyrus of adult mice between E1 and E0. Differential regions are 
shown in a volcano plot. Gained-open sites are shown in red and gained-closed sites are shown in blue (P < 1 × 10−5; fold changes > 2; t-test; n = 4 mice 
in each group). (d) Gene ontology (GO) analysis of genes associated with gained-open (red) and gained-closed (blue) regions at E1 compared with E0.
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Figure 2  Characterization of gained-open and gained-closed regions at E1 compared to E0. (a) Genomic features of gained-open (n = 11,438) and 
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genes that contained only gained-open or gained-closed regions at 
E1 compared to E0, respectively. We next performed RNA-seq anal-
ysis and identified 849 upregulated genes and 409 downregulated 
genes at E1 compared to E0 (P < 0.05; fold changes > 2; Fig. 2d and 
Supplementary Table 5). Comparison of these two data sets showed 
significant overlap of genes associated with gained-open peaks with 
upregulated genes (P = 9.7 × 10−54) but not downregulated genes  
(P = 0.89; Fig. 2d). In addition, we found a significant overlap of 
genes associated with gained-closed peaks with downregulated genes 
(P = 6.8 × 10−4) but not with upregulated genes (P = 0.69; Fig. 2d).  
Together, these results indicate that neuronal activation led to  
chromatin accessibility changes enriched at active enhancer regions, 
which in turn govern gene expression. Further, we observed that genes 
associated with chromatin opening were more likely to be upregu-
lated, whereas genes associated with chromatin closing were more 
likely to be downregulated.

Role of c-Fos in activity-induced chromatin opening
Next we performed de novo motif analyses using MEME-ChIP (ref. 37)  
and HOMER software25 to identify transcription factors associated 
with regions with chromatin accessibility changes. Unbiased motif 
discovery analyses of gained-open regions identified a DNA logo with 
striking resemblance to the binding motif of the AP-1 complex, espe-
cially the c-Fos, fosB and c-Jun subunits, which are encoded by classic 
neuronal activity-induced immediate-early genes38 (P = 1.7 × 10−1,120;  
Fig. 3a and Supplementary Fig. 5a,c). About 78.9% of 11,438 gained-
open regions at E1 contained the logo (Fig. 3b) and there was a signifi-
cant overlap between gained-open regions and c-Fos ChIP-seq peaks32 
(P < 1 × 10−6; Fig. 3c and Supplementary Table 6). Further genome-
wide analysis revealed increased chromatin accessibility at binding 
sites for c-Fos, fosB and jun-B, but not CREB, indicating specificity 
(Fig. 3d). In addition, there was increased ChIP signal for c-Fos, fosB 
and jun-B, but not CREB, at activity-induced gained-open, but not 
gained-closed, regions (Fig. 3e). In contrast, the DNA logo identified 
using MEME-ChIP37 and HOMER25 for gained-closed regions did not 
match any known transcription factor binding motifs (P = 4.5 × 10−51;  
Supplementary Fig. 5b,c).

Given that AP-1 subunits are encoded by well-known activity-
induced immediate-early genes39, the coincidence of AP-1 bind-
ing and neuronal activity-induced chromatin opening raises the 
possibility that AP-1 subunits play a functional role in chromatin 
opening. To test this hypothesis, we focused on c-Fos and first asked 
whether it is required for activity-induced chromatin opening at 
regions with c-Fos binding sites. We confirmed the induction of c-Fos  
expression in our experimental model at both mRNA and protein 
levels (Supplementary Fig. 6a,b). We used a previously established 
adeno-associated virus (AAV2/9) to co-express EYFP and shRNAs 
in the adult mouse dentate gyrus20,40 (Supplementary Fig. 6c). 
Expression of shRNA against mouse c-Fos (shRNA-cFos), but not 
control shRNA (shRNA-Ctrl), effectively reduced neuronal activ-
ity-induced endogenous c-Fos expression as examined by qPCR and 
RNA-seq (Supplementary Figs. 6d and 7a). We performed ATAC-seq 
of dentate gyri expressing shRNA-Ctrl or shRNA-cFos at E0 and E1 
(Fig. 4a,b and Supplementary Fig. 7b). Knockdown of c-Fos attenu-
ated neuronal activity induced-chromatin opening at c-Fos binding 
sites (Fig. 4a,c, Supplementary Fig. 7c and Supplementary Table 7). 
RNA-seq analysis further showed that activity-induced upregulation  
of genes associated with these sites was significantly attenuated  
(Fig. 4d and Supplementary Table 5). Notably, 72.1% of upregulated 
genes (P < 0.05; fold changes > 2) in control neurons at E1 lost respon-
siveness in c-Fos-knockdown neurons (Supplementary Fig. 7d).  

Together, these results suggest that c-Fos expression is required for 
neuronal activity-induced chromatin opening at c-Fos binding sites 
and subsequent upregulation of associated genes.

We next asked whether exogenous c-Fos expression in dentate 
granule neurons in vivo is sufficient to induce chromatin opening at  
c-Fos binding sites. We used AAV to overexpress c-Fos and/or EYFP 
(Supplementary Fig. 6c,e) and performed ATAC-seq on dentate gyri 
in the absence of neuronal stimulation (Fig. 4a,e and Supplementary 
Table 7). Compared to EYFP expression alone, c-Fos overexpression 
partially mimicked neuronal activity-induced chromatin opening at 
regions with c-Fos binding sites (Fig. 4a,f). Among 647 chromatin 
gained-open regions induced by c-Fos overexpression, 56% over-
lapped with those induced by neuronal activity at E1 (Supplementary  
Fig. 7e). RNA-seq analysis further showed that genes associated  
with c-Fos-induced chromatin opening exhibited upregulated 
expression similar to that induced by neuronal activation (Fig. 4g).  
Together, these results support the model asserting that neuro-
nal activity-induced expression of the immediate-early gene c-Fos  
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mediates chromatin opening at its binding sites, resulting in upregu-
lated expression of associated genes.

Temporal characteristics of activity-induced neuronal chromatin 
accessibility changes
To evaluate whether neuronal activity-induced chromatin acces-
sibility changes are sustained over time following a single stimula-
tion, we additional performed ATAC-seq at 4 h (E4) and 24 h (E24) 
after synchronous neuronal activation (Supplementary Table 1). 
Comparison of data sets from different time points revealed many 
gained-open and gained-closed peaks at E4 and E24 compared to 
E0 (Fig. 5a,b; Supplementary Fig. 8a and Supplementary Table 4).  
Notably, 4,175 of 11,438 (36.5%) activity-induced gained-open 
peaks at E1 remained open at E4, and 597 (5%) remained open until 
E24 (Fig. 5b and Supplementary Table 3). Overall, there were 517 
genes associated with sustained gained-open and 22 genes with sus-
tained gained-closed peaks for 24 h (Fig. 5c and Supplementary 
Table 4). Gene ontology analysis of genes associated with sustained 
gained-open peaks over 24 h revealed enrichment of pathways  
related to axon guidance, cell signaling and cell adhesion (Fig. 5d).  

As at E1, the majority of changes at E4 and E24 were distributed  
across the genome, mostly in introns and intergenic regions 
(Supplementary Fig. 8b,c).

We also characterized the chromatin state on those sustained 
gained-open peaks at E4 and E24 using ChromHMM (Fig. 6a). 
Gained-open peaks sustained for 4 h were enriched at active enhancers 
and a subset were located near TSS, whereas gained-open peaks sus-
tained for 24 h were more enriched at sites upstream of TSS (Fig. 6b).  
Comparison of RNA-seq data from E1 and E4 to E0 identified 114 upreg-
ulated genes and 58 downregulated genes at both E1 and E4 (P < 0.05;  
fold changes >2; Fig. 6c). There was a significant overlap of genes 
associated with gained-open peaks sustained for 4 h with upregulated 
genes (P = 8.2 × 10−27) but not with downregulated genes (P = 0.68; 
Fig. 6c). RNA-seq analysis at E24 revealed 15 genes upregulated at 
all three time points (E1, E4 and E24), three of which were associated 
with gained-open sites sustained for 24 h (P = 3.8 × 10−3).

The de novo motif discovery analysis of gained-open peaks  
sustained at E4 and E24 revealed DNA logos that resemble the bind-
ing motif of AP-1 (P = 5.1 × 10−479 for E4; P = 5.4 × 10−397 for E24;  
Fig. 7a). Approximately 44.8% and 60.6% of those gained-open peaks 
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sustained for 4 h and 24 h overlap with c-Fos binding sites, respectively 
(Fig. 7b). One hallmark property of immediate-early genes is their 
transient expression38. Synchronous neuronal activity led to transient 
c-Fos protein expression at 1 h, which became barely detectable at  

4 h (Supplementary Fig. 6b). We selected multiple sustained gained-
open regions associated with different genes for confirmation using 
c-Fos ChIP-qPCR analyses. Indeed, we could detect a significant 
association of c-Fos at these genomic loci at E1 but not at E0 or E4 
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(Fig. 7c and Supplementary Fig. 9). Together, these results suggest 
a model asserting that c-Fos is required for the initiation, but not 
the maintenance, of neuronal activity-induced chromatin opening 
of regions with c-Fos binding sites over time (Fig. 7d).

DISCUSSION
It is now well established that activity-induced reshaping of transcrip-
tomes plays a fundamental role in regulating neuronal properties, 
synaptic plasticity and cognitive function, as well as in various brain 
disorders2–8,41,42. In addition to classic modes of epigenetic regula-
tion via DNA and histone modifications, here we show that neuronal 
activity dynamically regulates the chromatin accessibility landscape 
in mature mammalian neurons in vivo. Genes associated with gained 
chromatin opening are enriched in pathways related to cell–cell sign-
aling, synapses and synaptic transmission. Future studies will address 
how physiological stimuli, such as those encountered during explicit 
learning tasks, impact chromatin accessibility in individual neurons  
in vivo. The large ATAC-seq and RNA-seq data sets from dentate 
granule neurons in vivo, a relatively pure population of a single neu-
ronal subtype in the adult mammalian brain19, at several time points 
after synchronous neuronal activation, can provide a useful resource 
for the neuroscience field and beyond.

Neuronal activity-induced gene expression is known to be very 
dynamic. The most well-known activity-induced genes are a set 
of immediate-early genes that includes c-Fos and Jun (refs. 38,39).  

In the classic model, it is believed that these transcription factors are 
rapidly induced by neuronal activity and then removed to allow tran-
sient regulation of downstream gene expression via binding to their 
genomic binding sites. Our unbiased motif analysis revealed coin-
cident AP-1 binding sites and neuronal activity-induced chromatin 
opening regions. Further gain- and loss-of-function analyses of the 
AP-1 subunit c-Fos suggested an important role of c-Fos in the induc-
tion, but not maintenance, of neuronal activity-induced chromatin 
opening. We propose a model indicating that, in addition to direct and 
acute regulation of their target genes, transcription factors encoded 
by immediate early genes, such as c-Fos, can play additional roles 
as epigenetic regulators to modify chromatin accessibility around a 
subset of their binding sites across the genome.

Our time-course analysis of the neuronal chromatin accessibil-
ity landscape upon acute activation showed that around 36.5% of 
the gained-open regions at 1 h remained open for at least 4 h and 
5.1% remained for at least 24 h, whereas 27.8% of the gained-closed 
regions at 1 h remained closed up to 4 h later and 1.3% remained 
closed up to 24 h (Fig. 5). A previous study of the same preparation 
showed that 31% of activity-induced changes in CpG methylation at 4 
h are maintained at 24 h (ref. 19). Therefore, compared to CpG DNA 
modification, activity-induced chromatin accessibility changes are 
relatively transient and reversible in neurons in vivo. Comparison of 
our chromatin accessibility data sets with previously published ChIP-
seq data sets for various histone modifications revealed the enrich-
ment of neuronal activity-induced chromatin accessibility changes 
on active enhancer regions. Furthermore, RNA-seq analysis showed a 
significant correlation between gained-opened or gain-closed regions 
and upregulation or downregulation, respectively, of associated genes. 
Given a large number of genes associated with gained-open and 
gained-closed regions at different timepoints after acute neuronal 
activation, our study therefore suggests a potential mechanism for 
how transient neuronal activation leads to dynamic changes in the 
expression of different sets of neuronal genes over time.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Animals. Adult male, 8–10-week-old mice on a C57BL/6 background were 
housed in a standard facility. All animal procedures used in this study were 
performed in accordance with protocols approved by the Institutional Animal 
Care and Use Committee of Johns Hopkins University School of Medicine. 
Synchronous neuronal activation of dentate granule neurons in vivo was achieved 
via electroconvulsive stimulation, which was administered with 1.0 s stimuli 
(total duration) consisting of 100-Hz, 16–18-mA, 0.3-ms pulses delivered using 
a Ugo Basile ECT unit (Ugo Basile, Collegeville, model 57800) as previously 
described18,19. Control mice were similarly handled in parallel without the elec-
trical current delivery. Previous studies using Western blots and immunostain-
ing of the activated form of caspase (Caspase-3a) and phosphorylated ataxia 
telangiectasia mutated kinase (ATM) showed that such treatment does not cause 
any detectable damage18. For AAV-based genetic manipulation, the recombinant 
AAV vectors were serotyped with AAV2/9. High titers of engineered AAV2/9 
virus were stereotaxically injected into adult mouse dentate gyrus as previously 
described44,45. One week after viral injection, animals were subject to sham or 
electroconvulsive stimulation. Dentate gyrus region was rapidly fresh dissected 
from adult mouse hippocampus under a dissection microscope. Previous stud-
ies have shown that such preparations are highly enriched with mature dentate 
granule neurons (~90% NeuN+ neurons)18.

DNA constructs. The mouse c-Fos open reading frame was cloned from adult 
mouse dentate gyrus 1 h after neuronal activation. AAV gene delivery vectors 
were constructed by cloning the EF1a-Gene-WPRE and U6-shRNA-EYFP-
WPRE cassettes into an AAV backbone20. The following shRNA sequences 
were used: shRNA-Ctrl: 5′-GTTCAGATGTGCGGCGAGT-3′; shRNA-cFos: 
5′-GCCTTTCCTACTACCATTC-3′. The efficacy of shRNA against mouse c-Fos  
was confirmed by qPCR using adult mouse dentate gyri after AAV-mediated 
expression, followed by electroconvulsive stimulation. The following sequence 
primers for qPCR were used:

Actb (actin)-Forward: 5′-TAGGCACCAGGGTGTGATGG-3′; Actb-Reverse:  
5′-CATGGCTGGGGTGTTGAAGG-3′;

c-Fos-Forward: 5′-GGGAATGGTGAAGACCGTGTCA-3′; c-Fos-Reverse:  
5′-GCAGCCATCTTATTCCGTTCCC-3′.

ATAC-seq library construction, sequencing, mapping and data analysis. The 
transposome assay was performed as previously described17. Around 50,000 
nuclei from each dentate gyrus were used. qPCR was used to estimate of the 
number of additional cycles needed to generate products at 25% saturation. 
Typically, four to seven additional PCR cycles were added to the initial set of 
five cycles. The library was purified on AMPure XP beads (Beckman A63881) 
and analyzed on an Agilent Bioanalyzer, and 50-bp paired-end sequencing was 
performed using an Illumina HiSeq 2500 platform according to standard oper-
ating procedures. Sequencing reads were mapped to a mouse genome assembly 
(mm9) from the UCSC genome browser (http://genome.ucsc.edu/) using Bowtie2  
(ref. 46). Duplicate reads were marked and removed by PICARD Tools (http://
broadinstitute.github.io/picard/). Open chromatin peaks were analyzed using 
MACS (ref. 47) software. Differential peaks between different conditions were 
generated by diffReps (ref. 48). Significant overlap between two sets of genomic 
regions was tested using GAT (ref. 49). HOMER25 was used to annotate those 
peaks for motif discovery analysis. IGV (ref. 50) and ngsplot (ref. 51) were used 
for visualization of raw intensities. Statistical analyses were performed using an 
in-house R script unless otherwise specified.

RNA-seq and data analyses. Total RNA was purified from adult mouse dentate 
gyrus of independent samples using an RNeasy kit (Qiagen), DNase I one-column 
digestion was performed to avoid genomic DNA contamination. Sequencing 
libraries were prepared using NEBNext Ultra RNA Library Prep kit for Illumina 
(E7530L) following the manufacturer’s protocol. Briefly, total RNA was poly-A  
tail-selected and then heat-fragmented. The fragmented RNA was reverse- 
transcribed and the second strand was synthesized to make double stranded 
DNA. After end repair and 3′ adenylation, adapters for multiplexing were ligated 
to the end of double stranded DNA fragments. The ligation products were ampli-
fied and purified to generate Illumina compatible libraries. Sequencing was per-
formed with 100-bp single- or paired-end sequencing by an Illumina Hiseq 2500 
or NextSeq 500. The raw reads were mapped to the mouse genome mm9 build 

using TopHat (ref. 52). Differential gene expression and downstream analyses 
were performed using cuffdiff (ref. 53) and custom R scripts.

ChIP-qPCR analysis. Chromatin immunoprecipitation analysis was performed 
as previously described54. Briefly, dentate gyri from mice (E0, E1, E4) were micro-
dissected on ice and subjected to ChIP using an anti-c-Fos antibody (Santa Cruz 
Biotechnology, sc-7202) following the manufacturer’s instructions. The following 
sequence primers for qPCR were used in PCR to detect the presence of specific 
DNA binding to c-Fos:

Nrxn3-Forward: 5′-GGCCTTTGTGGAGAATGAGA-3′; Nrxn3-Reverse:  
5′-TTGTGGCTGGCTCTGTATTG-3′;

Gria2-Forward: 5′-GGTTTGTCCCAGGCTGACTA-3′; Gria2-Reverse:  
5′-GCAGCCTTCCTTTCTCTGAC-3′;

Kcnj6-Forward: 5′-ATTCAGCGTCTTTGGGTTTG-3′; Kcnj6-Reverse:  
5′-GCCTTAGGCTGTGTCAGAGG-3′;

Kcnv2-Forward: 5′-TTTGAACCATAGCACCGACA-3′; Kcnv2-Reverse:  
5′-GACTGCGAGGGTGTTTTCTC-3′;

Hivep3-Forward: 5′-CCCCCTCTCTTGAGTCAGTG-3′; Kcnv2-Reverse:  
5′-GTCTGGCAGAAAAGGCTGTC-3′;

Nr3c1-Forward: 5′-CTGCACGGGATCTCATTTTTT-3′; Nr3c1-Reverse:  
5′-GGAGTAAATGGGCAGATGGA-3′.

FAIRE-qPCR analysis. FAIRE was performed following the previously pub-
lished protocol55,56. Briefly, microdissected dentate gyri were cross-linked with 
1% formaldehyde for 5 min and stopped with 0.125 M glycine for 5 min. The 
washed pellets were resuspended and incubated for 10 min sequentially in 1 ml of 
buffer L1 (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glyc-
erol, 0.5% NP-40, 0.25% Triton X-100, 1× protease inhibitor) at 4 °C for 10 min,  
1 mL buffer L2 (10mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM  
EGTA, 1× protease inhibitor) at room temperature 22 °C for 10 min and 400 µl 
of buffer L3 for 10 min (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 
0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine, 1× protease 
inhibitor). The lysates were sonicated in order to shear chromatin into DNA 
fragments of average 300–500 bp and then centrifuged at 14,000g for 10 min to 
remove the cellular debris. Input samples were reverse cross-linked overnight at 
65 °C. The FAIRE samples and reverse cross-linked input samples were subjected 
to three sequential phenol/chloroform/isoamyl alcohol (25/24/1) extractions. 
DNA was precipitated with ethanol, air-dried, dissolved in 100 µL of TE and 
treated with 1 µl of RNase A (10 mg/ml) for 1 h at 37 °C. Proteins were then 
digested by proteinase K at 55 °C for 1 h. The DNA was purified with QIAquick 
PCR Purification Kit (Qiagen) and eluted with 30 µL ddH2O. The following 
sequence primers for qPCR were used in PCR to validate the chromatin opening 
and closing at E0 and E1:

Arc_1-Forward: 5′-TTTCTTAGGGAGCAGCTGGA-3′; Arc_1-Reverse:  
5′-CTAACCAAAGGCAGCTGAGG-3′;

Arc_2-Forward: 5′-CAAGAACCCCCTTTCCTCTC-3′; Arc_2-Reverse:  
5′-GAAGGGTGTGAGTGGGCTAA-3′;

Arc_3-Forward: 5′-CCATAGCTCCTCTGGGAACA-3′; Arc_3-Reverse:  
5′- CCATAGCTCCTCTGGGAACA-3′;

Arc_4-Forward: 5′-GATTTGGTGGCTGGTGTTCT-3′; Arc_4-Reverse:  
5′-CCTCCCATGGCTCTTACTCA-3′;

Arc_5-Forward: 5′- CGTTTACGAGGAGAGCCAAG-3′; Arc_5-Reverse:  
5′- CTTGGGCTTCCAAACCATTA-3′;

Gabrr1-Forward: 5′-CCATAGCTCCTCTGGGAACA-3′; Gabrr1-Reverse: 
5′-CCATAGCTCCTCTGGGAACA-3′.

Learning combinatorial chromatin states. ChromHMM was used to learn 
combinatorial chromatin states57. ChromHMM was trained using all seven 
chromatin marks (H3K4me1, H3K4me3, H3K27Ac, H3K27me3, H3K9me3, 
H4K20me1 and H3K36me3) and CTCF in virtual concatenation mode across 
all conditions. Reads from replicate data sets were pooled before learning the 
states. The ChromHMM parameters used are as follows: reads were shifted in 
the 5′ to 3′ direction by 100 bp; for each ChIP-seq data set, read counts were 
computed in non-overlapping 200-bp bins across the entire genome; and each 
bin was discretized into two levels, 1 indicating enrichment and 0 indicating 
no enrichment. The binarization was performed by comparing ChIP-seq read 
counts to the corresponding whole-cell extract-control read-counts within each 
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bin and using a Poisson P-value threshold of 1 × 10−4. We trained several models, 
with the numbers of states ranging from 12 to 25. We decided to use a 15-state 
model for all further analyses as it captured all the key interactions among the 
chromatin marks and larger numbers of states did not capture more interac-
tions. To assign biologically meaningful mnemonics to the states, we used the 
ChromHMM package to compute the overlap and neighborhood enrichments 
of each state relative to coordinates of known gene annotations. The trained 
model was then used to compute the posterior probability of each state for each 
genomic bin in each condition.

Western blot analysis. Cell extracts were obtained from dentate gyri by resus-
pension in RIPA buffer (150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium 
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, with 1 mM freshly added PMSF) 
followed by 30 min incubation on ice. Protein concentration was detected by 
BCA. Equal amounts of protein from different samples were loaded, separated 
by SDS-PAGE gel and transferred to nitrocellulose membranes (GE Healthcare 
Life Science) for immunoblot analysis. Blots were incubated in blocking buffer 
(5% bovine milk and 0.1% Tween 20 in PBS, pH 7.4) for 1 h at room tempera-
ture and then in anti-c-Fos primary antibodies (Santa Cruz Biotechnology,  
sc-7202; 1:200) overnight at 4 °C, washed in blocking buffer three times for  
10 min each and incubated in corresponding secondary antibody (goat anti- 
rabbit IgG-HRP, Santa Cruz Biotechnology, sc-2004; 1:500) at room temperature 
for 2 h. Membranes were stripped and reblotted with mouse anti-actin anti-
bodies (Millipore, MAB1501; 1:3,000) as loading controls. Western blot images 
were analyzed by ImageJ (Supplementary Fig. 10). Statistical significance was 
determined by ANOVA.

Statistics. No statistical methods were used to predetermine sample sizes, but 
our sample sizes are similar to those generally employed in the field18–20,23–28. 
No randomization and blinding were employed. A Supplementary Methods 
Checklist is available.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request. Data have been depos-
ited in the GEO database with accession codes GSE82015 and GSE86367.
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