
Chromatin Remodeling Inactivates Activity Genes and Regulates 
Neural Coding

Yue Yang#1, Tomoko Yamada#1,‡, Kelly K. Hill1,2, Martin Hemberg3, Naveen C. Reddy1, Ha Y. 
Cho1, Arden N. Guthrie1, Anna Oldenborg1, Shane A. Heiney4, Shogo Ohmae4, Javier F. 
Medina4, Timothy E. Holy1, and Azad Bonni1,*

1Department of Neuroscience, Washington University School of Medicine, St. Louis, MO 63110, 

USA

2MD-PhD Program, Washington University School of Medicine, St. Louis, Missouri, 63110, USA

3Wellcome Trust Sanger Institute, Hinxton CB10 1SA, UK

4Department of Neuroscience, Baylor College of Medicine, Houston, TX 77030, USA

# These authors contributed equally to this work.

Abstract

Activity-dependent transcription influences neuronal connectivity, but the roles and mechanisms 

of inactivation of activity-dependent genes have remained poorly understood. Genome-wide 

analyses in the mouse cerebellum revealed that the nucleosome remodeling and deacetylase 

(NuRD) complex deposits the histone variant H2A.z at promoters of activity-dependent genes, 

thereby triggering their inactivation. Purification of translating mRNAs from synchronously 

developing granule neurons (Sync-TRAP) showed that conditional knockout of the core NuRD 

subunit Chd4 impairs inactivation of activity-dependent genes when neurons undergo dendrite 

pruning. Chd4 knockout or expression of NuRD-regulated activity genes impairs dendrite pruning. 

Imaging of behaving mice revealed hyperresponsivity of granule neurons to sensorimotor stimuli 

upon Chd4 knockout. Our findings define an epigenetic mechanism that inactivates activity-

dependent transcription and regulates dendrite patterning and sensorimotor encoding in the brain.

Neuronal activity influences transcription in neurons, and hence regulates neural circuits 

(1-2). Activity-dependent genes are often rapidly transcribed and then rapidly inactivated 

(3-4). However, attention has focused on the induction of transcription (1, 5-7) rather than 

the biological roles and mechanisms of inactivation of activity-dependent transcription.
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Epigenetic regulators, including ATP-dependent chromatin remodeling enzymes (8-9), are 

ideally suited to orchestrate the effects of neuronal activity on transcription globally. The 

ATP-dependent nucleosome remodeling and deacetylase (NuRD) complex triggers 

alterations of histone modifications, resulting in promoter or enhancer decommissioning and 

prolonged silencing of transcription (10-15).

To probe the role of the NuRD complex in dynamic regulation of transcription in the brain, 

we characterized the genome-wide occupancy of the core NuRD ATPase-encoding subunit, 

Chd4, in the mouse cerebellum. A substantial number of regions (9842) occupied by Chd4 

in the cerebellum overlapped with transcriptional start sites (TSS) (fig. S1A). Nearly all 

Chd4-bound TSS (96%) harbored the histone modification H3K4 trimethylation 

(H3K4me3), which marks active and poised promoters (16-17), but not H3K27 

trimethylation (H3K27me3), which marks inactive promoters (18) (Fig. 1A and fig. S1, B 

and C). Chd4 binding at H3K4me3-enriched TSS was diminished in the cerebellum in mice 

in which Chd4 was conditionally deleted in granule neurons (Fig. 1, A and B, and fig. S1, D 

to H). Chd4 binding at H3K4me3-enriched TSS in the cerebellum correlated tightly with 

acetylation of H3K9 and H3K14 (H3K9/14ac), which marks actively transcribed loci (19), 

and with gene expression (Fig. 1C and fig. S1I). Thus Chd4 occupies the promoters of most 

actively transcribed genes in the mouse brain.

The NuRD complex triggers the sustained repression of only a small set of <200 genes in 

the cerebellum through diminution of H3K9/14ac and H3K4me3 at these promoters (13). 

We, therefore, reasoned that the NuRD complex might operate through another epigenetic 

mechanism to regulate the much larger set of Chd4-bound active genes. Exchange of the 

histone variant H2A.z is associated with regulation of transcription (20-23). H2A.z was 

enriched at 97% of Chd4-bound promoters in the mouse cerebellum (fig. S1J). Chd4 

knockout decreased H2A.z and acetylated H2A.z enrichment at promoters with high Chd4 

occupancy (Fig. 1, D and E), but not at most enhancers in the cerebellum (fig. S2).

We next intersected RNA-Seq (13) and H2A.z ChIP-Seq analyses in the mouse cerebellum 

of conditional Chd4 knockout and control littermate mice. Although a small group of 121 

upregulated genes in conditional Chd4 knockout mice harbored increased H2A.z enrichment 

at their promoters, a much larger group of 1233 upregulated genes displayed reduced H2A.z 

enrichment at TSS (Fig. 1F and fig. S3, A and B). Gene ontology analyses revealed that 

genes with reduced H2A.z enrichment encoded proteins that function in intracellular 

signaling cascades, cell cycle control, and phosphorylation (fig. S3C). Notably, there was 

little or no change in H3K9/14ac, H3K4me3, and H3K27me3 or the density of histone H3 at 

the promoters of these genes upon Chd4 knockout (Fig. 1G and fig. S3, D to G). Together, 

these data indicate that the NuRD complex triggers the deposition of H2A.z at the promoters 

of a large group of actively transcribed signaling genes and inactivates their expression in 

the brain in vivo.

The identification of an epigenetic link from the NuRD complex to H2A.z at the promoters 

of signaling genes led us to determine whether the NuRD complex regulates transcription 

dynamically in response to neuronal activity. Expression of the activity-dependent genes c-

fos, nr4a1, dusp1, and nfil3 was increased in granule neurons of the rodent cerebellum upon 
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membrane depolarization and rapidly inactivated 1 hour after cessation of membrane 

depolarization (Fig. 2A). Depletion of Chd4 or Mbd3, another subunit of the NuRD complex 

(24), impaired inactivation, but not reactivation, of activity genes in neurons after membrane 

depolarization (Fig. 2A; fig. S4; and fig. S5, A and B). Thus, the NuRD complex appears to 

be required for inactivation of activity-dependent genes in neurons.

In chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) analyses, 

H2A.z increased at the promoters of the c-fos, nr4a1, and dusp1 genes in granule neurons 

during the inactivation phase after membrane depolarization (fig. S5C). Depletion of Chd4 

reduced H2A.z enrichment, but not histone H3, at the promoters of the c-fos, nr4a1, and 

dusp1 genes in neurons during the inactivation phase (Fig. 2B) but not the activation phase 

(fig. S5D). Thus, the NuRD complex appears to specifically stimulate the loading of H2A.z 

at the promoters of activity-dependent genes during the inactivation phase of transcription.

Depletion of H2A.z by RNAi in neurons increased expression of the c-fos, nr4a1, dusp1, and 

nfil3 genes during the inactivation phase of activity-dependent transcription, with little or no 

effect during activation or reactivation (Fig. 2C and fig. S6). Thus, the NuRD complex and 

H2A.z are required for inactivation of activity gene expression in neurons.

We next used a rotarod procedure to induce neuronal activity in the mouse cerebellum (Fig. 

2D). RNA-Seq analyses from the cerebellum of mice running on a rotarod for 1 hour 

compared to mice housed in a cage revealed increased transcription of activity genes (Fig. 

2E), and these genes were inactivated within 1 hour after rotarod activity stopped. Chd4 

knockout increased the expression of c-fos, fosl2, and dusp1 in the cerebellum after 

cessation of rotarod activity but not during the activation phase of rotarod-induced 

transcription (Fig. 2F). Thus, the NuRD complex affects specifically the inactivation of 

activity genes in the brain.

We next tested whether NuRD-dependent inactivation of activity genes might regulate 

granule neuron connectivity in the cerebellum. We determined the stage of granule neuron 

maturation in vivo during which the NuRD complex regulates activity-dependent 

transcription. We used in vivo electroporation and translating ribosomal affinity purification 

(25) to characterize gene expression in developmentally synchronized granule neurons in 

vivo (Sync-TRAP) (Fig. 3A and figs. S7, A and B). Sync-TRAP followed by qPCR or by 

RNA-Seq analyses of the cerebellum in mice 6 days after electroporation revealed that 

expression of granule neuron-specific genes was enriched (fig. S7C), and led to the 

identification of chromatin regulators and ubiquitin ligases enriched in developing granule 

neurons (Fig. 3B and fig. S7D). Sync-TRAP-Seq analyses in Chd4loxP/loxP mice 

electroporated with the recombinase Cre revealed that 86% of significantly differentially 

expressed genes were upregulated upon conditional Chd4 knockout (Fig. 3C and fig. S7E). 

Sync-TRAP-Seq and Sync-TRAP-qPCR analyses revealed transcription of the activity-

dependent npas4, nfil3, c-fos, and nr4a1 genes, but not of granule neuron-specific genes, was 

increased in granule neurons depleted ofChd4 in vivo (Fig. 3, D and E). 

Immunohistochemical analyses confirmed that c-Fos protein was upregulated in Chd4-

depleted granule neurons in vivo (fig. S8, A and B). Sync-TRAP-qPCR analyses also 

revealed that depletion of H2A.z increased c-fos gene expression in granule neurons in vivo 
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(fig. S8C). The NuRD complex and H2A.z thus appear to trigger the inactivation of activity-

dependent genes in synchronously developing granule neurons in the mouse cerebellum.

Because the NuRD/H2A.z epigenetic link regulates activity-dependent transcription in a 

temporal window of dendrite morphogenesis in the cerebellum, we asked whether NuRD-

dependent inactivation of genes might influence dendrite patterning and connectivity. 

Granule neurons labeled by in vivo electroporation undergo distinct stages of dendrite 

morphogenesis in a synchronized manner in vivo (Fig. 4A and fig. S9, A to C). Depletion of 

Chd4 increased the total length of granule neuron dendrites and the number of primary 

dendrites during the period of pruning, with little or no effect on the development of granule 

neuron dendrites during earlier stages (Fig. 4B and fig. S9, A to C). Expression of NuRD-

regulated activity genes also impaired dendrite pruning in vivo (Fig. 4, C and D). In contrast, 

upon expression of NuRD-repressed target genes not known to be regulated by activity or 

other cerebellum-enriched transcriptional regulators, only one increased dendrite length but 

not dendrite number (Fig. 4, C and D, and fig. S9D). These results indicate that NuRD-

dependent inactivation of activity genes may drive granule neuron dendrite pruning in the 

cerebellum.

We next characterized the consequences of NuRD actions on responses of granule neurons 

in behaving mice. Mature granule neurons receive on average four mossy fiber inputs, which 

is optimal for sparse, lossless encoding of sensorimotor information (26). We electroporated 

mouse pups with a plasmid encoding the calcium indicator GCaMP6s together with an 

mCherry expression plasmid, and subjected mice to a motorized treadmill task (Fig. 5A, 

movie S1). After habituation, two-photon imaging of lobule VI in the mouse cerebellum 

revealed a set of GCaMP6s-labeled granule neurons was active during locomotion (Fig. 5, B 

and C). Conditional Chd4 knockout triggered a robust increase in the fraction of high-

fidelity treadmill-responsive granule neurons, and concomitantly reduced the fraction of 

unresponsive granule neurons (Fig. 5, C and D). Thus, inhibition of the NuRD complex 

leads to hyperresponsivity of granule neurons to sensorimotor stimuli.

In behavior analyses, depletion of Chd4 in granule neurons impaired procedural learning 

including in the accelerating rotarod and delay eyeblink conditioning assays, but had little or 

no effect on motor coordination as assessed in the DigiGait and open field assays (fig. S10).

Our study defines chromatin remodeling events that inactivate activity-dependent 

transcription and control dendrite architecture and sensorimotor encoding in the brain (see 

model in Fig. 5E). Our findings suggest that inactivation of activity genes is essential for the 

maturation of granule neuron dendrite arbors and in the control of neural circuit activity in 

response to sensorimotor signals. We have uncovered the NuRD complex and H2A.z as 

epigenetic regulators that mediate the inactivation of activity genes in the brain. Thus, 

epigenetic mechanisms may have an active role in the inactivation of gene expression in the 

brain following neuronal activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The core NuRD subunit Chd4 occupies promoters of actively transcribed genes in the 
cerebellum in vivo
(A) University of California, Santa Cruz (UCSC) genome browser tracks at the bdnf locus in 

the cerebellum of conditional Chd4 knockout and control mice. (B) Location of Chd4 

binding near the TSS of H3K4me3-enriched genes in the cerebellum. In all ChIP-Seq 

analyses, shading denotes standard error. (C) Comparison of Chd4 and H3K9/14ac read 

densities at H3K4me3-enriched genes. (D and E) Comparison of Chd4 and H2A.z (D, 

p<0.01, Hotelling T2 test for small sample size) or acetylated H2A.z (E) read density at 

H3K4me3-enriched TSS in conditional Chd4 knockout and control mice. (F) Comparison of 

the fold change in H2A.z read density and fold change in gene expression at H3K4me3-

enriched TSS in P22 conditional Chd4 knockout and control mice. Genes with reduced 

H2A.z (fold change (log2) < −0.585) upon conditional Chd4 knockout are highlighted in 

blue, and genes with increased H2A.z (fold change (log2) > 0.585) are highlighted in green. 

(G) The profile of H2A.z, H3K9/14ac, H3K4me3, and H3K27me3 surrounding the TSS of 

the group of genes indicated in (F) highlighted in blue.
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Figure 2. The NuRD/H2A.z chromatin remodeling pathway inactivates activity-dependent genes 
in neurons
(A) Granule neurons from P5 rat pups transfected with the U6/chd4, U6/mbd3, or the 

control U6 RNAi plasmid were depolarized (dep on) with 50mM KCl for 1 hour and then 

switched back to hyperpolarizing media (dep off) for 1 hour and subjected to qRT-PCR 

analyses. Expression of c-fos, nr4a1, dusp1, and nfil3 genes upon cessation of membrane 

depolarization in neurons after knockdown of the NuRD subunits Chd4 and Mbd3 (* 

p<0.05, ANOVA followed by Fisher’s PLSD post hoc test, n=3). (B) Lysates of granule 

neurons transfected with the U6/chd4 or control U6 RNAi plasmid and treated as in (A) 

were subjected to ChIP-qPCR analyses using the H2A.z (top) or histone H3 (bottom) 

antibody and primers specific to the c-fos, nr4a1, and dusp1 gene promoters, or a c-fos 

control region (* p<0.05, t-test, n=3). (C) Expression of c-fos, nr4a1, fosl2, dusp1, and nfil3 
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genes upon cessation of membrane depolarization in granule neurons after knockdown of 

H2A.z (* p<0.05, t-test, n=3). (D and E) The cerebellum of P27-P28 mice trained on the 

rotarod task (D) was subjected to RNA-Seq analyses. A heatmap of the expression levels of 

significantly differentially expressed genes (E) (FDR<0.05, fold change>2 rotarod compared 

to control homecage, n=4, base2 log-transformed mean centered). (F) The cerebellum of 

conditional Chd4 knockout or control mice trained on the rotarod task were subjected to 

qRT-PCR analyses (* p<0.05, t-test, n=6-8 mice).
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Figure 3. In vivo Sync-TRAP analyses reveal that the NuRD complex inactivates activity-
dependent genes in synchronously developing granule neurons in the cerebellum
(A) A schematic depicting the Sync-TRAP protocol. In vivo electroporation of mouse pups 

with the GFP-Rpl10a expression vector labels granule neuron precursors localized in the 

EGL. Labeled granule neurons migrate to the IGL and undergo differentiation in a 

synchronized manner (see fig. S9A). mRNAs bound to GFP-labeled ribosomes were profiled 

to characterize the in vivo gene expression program in synchronously developing granule 

neurons. (B to E) Sync-TRAP followed by RNA-Seq or qPCR analyses using Chd4loxP/hxP 
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mice electroporated with the pCAG-Cre or control vector. Scatterplot of input RNA RPKM 

and immunoprecipitated mRNA RPKM subjected to RNA-Seq analyses (B). Scatterplot of 

immunoprecipitated mRNA RPKM from Cre-expressing or control granule neurons 

subjected to RNA-Seq analyses (C). Genes that are less abundant in control electroporated 

granule neurons compared to input (B) and increased upon knockout of Chd4 compared to 

control (C) are denoted in light blue. Diagonal lines represent 0.5, 1, and 2-fold changes in 

the geometric mean of gene expression between conditions (B and C, red circles denote 

FDR<0.05). Fold changes in gene expression of NuRD targets identified by Sync-TRAP 

followed by RNA-Seq (D). Validation of NuRD regulated activity-dependent genes using 

Sync-TRAP followed by qPCR analyses (E).
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Figure 4. NuRD-dependent inactivation of activity genes drives granule neuron dendrite pruning 
in the cerebellum in vivo
(A) Granule neuron precursors were transfected by in vivo electroporation (left), and 

postmitotic granule neuron morphology was visualized (camera lucida drawings on right). 

The migration (stage 1), dendrite growth (stage 2), and dendrite pruning (stage 3) of granule 

neurons are depicted. (B) P6 Chd4loxP/loxP mice were electroporated with the Cre expression 

plasmid or control vector together with the GFP expression plasmid and subjected to 

immunohistochemistry using the GFP antibody. Representative images (left) and 

quantification (right, * p<0.01, t-test, n=3). (C and D) P7 rat pups were electroporated with a 

panel of 6 activity-dependent genes or 12 other NuRD targets and analyzed as in (B). 

Representative images (C) and quantification (D, * p<0.05, ANOVA followed by Fisher’s 

PLSD post hoc test, n=3-4). Scale bars: 10μm.
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Figure 5. The NuRD complex promotes sparse sensorimotor encoding in behaving mice
(A) Schematic of the paradigm for in vivo two-photon calcium imaging during treadmill 

walking. Granule neurons of lobule VI of the cerebellum electroporated with the GCaMP6s 

and mCherry expression plasmids (inset). Scale bar: 50 μm. (B) Ca2+ transients of three 

representative cells in response to ten second treadmill-on stimulus (Gray: individual trials, 

black: trial mean, green panel: treadmill-on period). (C and D) P10-P11 Chd4loxP/loxP mice 

were electroporated with the Cre expression plasmid or control vector together with the 

GCaMP6s and mCherry expression plasmids. Heat map of maximum ΔF/F (C) and neuronal 

responsivity distributions (D) during treadmill-on stimulus compared to preceding treadmill-

off period for five trials per neuron in conditional Chd4 knockout and control mice (Chi-

Square test of independence p<0.00001, n=5 mice, 199-520 somas). Error bars represent 

standard error from bootstrap test. (E) Model of the NuRD complex and H2A.z chromatin 

remodeling link in the regulation of activity-dependent transcription and neural circuit 

assembly and function.
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