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            Abstract
In mice and humans, sleep quantity is governed by genetic factors and exhibits age-dependent variation1,2,3. However, the core molecular pathways and effector mechanisms that regulate sleep duration in mammals remain unclear. Here, we characterize a major signalling pathway for the transcriptional regulation of sleep in mice using adeno-associated virus-mediated somatic genetics analysis4. Chimeric knockout of LKB1 kinaseâ€”an activator of AMPK-related protein kinase SIK35,6,7â€”in adult mouse brain markedly reduces the amountÂ and delta powerâ€”a measure of sleep depthâ€”of non-rapid eye movement sleep (NREMS). Downstream of the LKB1â€“SIK3 pathway, gain or loss-of-function of the histone deacetylases HDAC4 and HDAC5 in adult brain neurons causes bidirectional changes of NREMS amount and delta power. Moreover, phosphorylation of HDAC4 and HDAC5 is associated with increasedÂ sleep need, and HDAC4 specifically regulates NREMS amount in posterior hypothalamus. Genetic and transcriptomic studies reveal that HDAC4 cooperates with CREB in both transcriptional and sleep regulation. These findings introduce the concept of signalling pathways targeting transcription modulators to regulate daily sleep amount and demonstrate the power of somatic genetics in mouse sleep research.
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                    Fig. 1: LKB1â€“SIK3 signalling inhibits HDAC4/5 to regulate NREMS.[image: ]


Fig. 2: ABC knockout of HDAC4Â and/orÂ HDAC5 increases NREMS amount and delta power.[image: ]


Fig. 3: ABC expression HDAC4/5(CN) reduces NREMS amount and delta power.[image: ]


Fig. 4: HDAC4 regulates NREMS amount in posterior hypothalamus.[image: ]


Fig. 5: HDAC4 and CREB coordinate to regulate sleep downstream of SIK3 kinase.[image: ]


Fig. 6: HDAC4 and CREB function cooperatively in transcriptional regulation.[image: ]
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                Data availability

              
              All reagents and raw data generated in this study are available from the corresponding author upon reasonable request. The raw and processed RNA-seq data have been deposited at NCBI Gene Expression Omnibus under accession GSE182907. The raw and processed ChIPâ€“seq data have been deposited at NCBI Gene Expression Omnibus under accession GSE182805. Because of their large size, the source data for mouse sleep phenotype analysis will be provided upon reasonable request.Â Source data are provided with this paper.

            

Code availability

              
              The automated SleepV software for video-based analysis of sleepâ€“wake behaviours4 has been deposited at GitHub (https://github.com/wochiguodong/SleepV.git.)4. The custom-designed C++ language-based automated sleep staging software for EEG/EMG data has been deposited at Zenodo (https://doi.org/10.5281/zenodo.7102778).
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Extended data figures and tables

Extended Data Fig. 1 LKB1-SIK3 signallingÂ regulates NREMS by suppressing HDAC4/5.
a, Representative images showing co-immunostaining of LKB1 (green) and mCherry or Cre (HA, red) neurons in the cortex, hippocampus, thalamus, midbrain and medulla of AAV-hSyn-mCherry or AAV-hSyn-cre injected Lkb1flox/flox mice. Scale bars, 50 Î¼m. b and c, REMS (b) or Wake (c) amount of AAV-hSyn-mCherry (control (Ctrl), nâ€‰=â€‰11) or AAV-hSyn-cre (Lkb1KO, nâ€‰=â€‰12) injected Lkb1flox/flox mice. d-g, Hourly NREMS time (d), EEG power spectra analysis (e), and REMS (f) or Wake (g) amount of Lkb1flox/flox mice co-injected with AAV-hSyn-cre and AAV-hSyn-mCherry (Lkb1KO/mCherry, nâ€‰=â€‰7), AAV-hSyn-SIK3-ST221E (Lkb1KO/SIK3-S(T221E), nâ€‰=â€‰7), or AAV-hSyn-SLP-ST221E (Lkb1KO/SLP-S(T221E), nâ€‰=â€‰8). h, Schematic of H4N/H5N-VP16 interfering with transcriptional activities of endogenous HDAC4/5 proteins. i, Representative images (two independent experiments with similar results) showing the effects of H4N-VP16 and H5N-VP16 on expression of co-transfected 3x MEF2 response element (MRE)-copGFP reporter gene in AAVpro 293T cells. Scale bars, 200 Î¼m. j-m, Hourly NREMS time (j), EEG power spectra analysis (k), and REMS (l) or Wake (m) amountÂ of Lkb1flox/flox mice injected with AAV-hSyn-cre and AAV-hSyn-mCherry (Lkb1KO/mCherry, nâ€‰=â€‰7) or AAV-hSyn-H4N/H5N-VP16 (Lkb1KO/H4N/H5N-VP16, nâ€‰=â€‰6). Data are mean Â± s.e.m. Two-way ANOVA with Sidakâ€™s test (b, c, l and m); mixed-effects model (d and j); one-way ANOVA with Dunnettâ€™s test (e); two-way ANOVA with Dunnettâ€™s test (f and g); and two-tailedÂ unpaired t-test (k). n refers to the number of biological replicates.
Source data


Extended Data Fig. 2 ABC knockoutÂ of HDAC4/5 increases NREMS amount and delta power.
a-d, Hourly NREMS time (a), EEG power spectra analysis (b), and REMS (c) or Wake (d) amount of C57BL/6J mice injected with AAV-hSyn-mCherry (nâ€‰=â€‰15), AAV-hSyn-H4N-VP16 (nâ€‰=â€‰7) or AAV-hSyn-H4N/H5N-VP16 (nâ€‰=â€‰7). e, Schematic of ABC-KO of Hdac4 or Hdac5 by triple-target CRISPR. f and g, Immunoblotting (f) and quantification (g) of HDAC4 and HDAC5 proteins in whole brain lysates of Cas9 mice (nâ€‰=â€‰3 per group) injected with AAV-sgRNANT (ABC-NT), AAV-sgRNAHD4 (ABC-Hdac4KO), AAV-sgRNAHD5 (ABC-Hdac5KO), or AAV-sgRNAHD4 and AAV-sgRNAHD5 (ABC-Hdac4/5DKO). h-m, NREMS (h), REMS (i) or Wake (j) amount, hourly NREMS time (k), delta power density (l) and EEG power spectra analysis (m) of ABC-NT, ABC-Hdac4KO, ABC-Hdac5KO, or ABC- Hdac4/5DKO mice (nâ€‰=â€‰8 per group). n-q, Hourly NREMS time (n), EEG power spectra analysis (o), and REMS (p) or Wake (q) amount of AAV-hSyn-mCherry (ABC-Hdac4WT, nâ€‰=â€‰10) or AAV-hSyn-cre (ABC-Hdac4KO, nâ€‰=â€‰9) injected Hdac4flox/flox mice and AAV-hSyn-mCherry (ABC-Hdac5WT, nâ€‰=â€‰11) or AAV-hSyn-cre (ABC-Hdac5KO, nâ€‰=â€‰8) injected Hdac5flox/flox mice. Data are mean Â± s.e.m. Mixed-effects model (a, k, l and n); one-way ANOVA with Dunnettâ€™s test (b, g and m); two-way ANOVA with Sidakâ€™s test (c-d, hâ€”j and p-q); andÂ two-tailedÂ unpaired t-test (o). See Supplementary Fig. 1 for gel source data. n refers to the number of biological replicates.
Source data


Extended Data Fig. 3 ABC-Hdac4KO mice display normal vision and behaviors.
a-d, Hourly NREMS time (a), EEG power spectra analysis (b), and REMS (c) or Wake (d) amount of AAV-hSyn-rTTA and AAV-TRE-cre co-injected Hdac4flox/flox (iHdac4KO) mice without (-Dox, nâ€‰=â€‰6) or with (+Dox, nâ€‰=â€‰8) doxycycline treatment. e, Representative images (two independent experiments with similar results) showing co-immunostaining of S-Opsin (green) and Rhodopsin (red) in the retina of AAV-hSyn-mCherry (ABC-Ctrl) or AAV-hSyn-cre (ABC-Hdac4KO) injected Hdac4flox/flox mice. Scale bars, 20 Î¼m. f, Representative images showing immunostaining of c-Fos (green) in the SCN of ABC-Ctrl or ABC-Hdac4KO mice after 15 min of light exposure during the dark phase. Scale bars, 50 Î¼m. g, Quantification of light-induced c-Fos expression in (f) (nâ€‰=â€‰3). h-l, Fear conditioning (h), open field (i, j), sucrose preference (k), and rotarod (l) behavioral tests of ABC-Ctrl (nâ€‰=â€‰7) and ABC-Hdac4KO (nâ€‰=â€‰8) mice. Data are mean Â± s.e.m. Mixed-effects model (a); two-way ANOVA with Sidakâ€™s test (c-d, i, and k-l); and two-tailed unpaired t-test, two tailed (b, g-h and j). n refers to the number of biological replicates.
Source data


Extended Data Fig. 4 ABCÂ expression HDAC4(CN)Â orÂ HDAC5(CN) reduces NREMS amount and delta power.
a-d, Hourly NREMS time (a), EEG power spectra analysis (b), and REMS (c) or Wake (d) amount of AAV-hSyn-mCherry (nâ€‰=â€‰9), AAV-hSyn-HDAC4WT (nâ€‰=â€‰10) or AAV-hSyn-HDAC4CN (nâ€‰=â€‰8) injected C57BL/6J mice. e-h, Hourly NREMS time (e), EEG power spectra analysis (f), and REMS (g) or Wake (h) amount of AAV-hSyn-mCherry (nâ€‰=â€‰18), AAV-hSyn-HDAC5WT (nâ€‰=â€‰10) or AAV-hSyn-HDAC5CN (nâ€‰=â€‰9) injected C57BL/6J mice. i-l, Hourly NREMS time (i), EEG power spectra analysis (j), and REMS (k) or Wake (l) amount of AAV-hSyn-mCherry (nâ€‰=â€‰8), AAV-hSyn-HDAC7WT (nâ€‰=â€‰8) or AAV-hSyn-HDAC7CN (nâ€‰=â€‰9) injected C57BL/6J mice. m-p, Hourly NREMS time (m), EEG power spectra analysis (n), and REMS (o) or Wake (p) amount of AAV-hSyn-mCherry (nâ€‰=â€‰8), AAV-hSyn-HDAC4CN (nâ€‰=â€‰9), AAV-hSyn-HDAC4CN/D934N (nâ€‰=â€‰9) or AAV-hSyn-HDAC4CN/D840N (nâ€‰=â€‰6) injected C57BL/6J mice. Data are mean Â± s.e.m. Mixed-effects model (a, e and m); one-way ANOVA with Dunnettâ€™s test (b, f, j and n); and two-way ANOVA with Dunnettâ€™s test (c-d, g-h, k-l and o-p). n refers to the number of biological replicates.
Source data


Extended Data Fig. 5 Regulation of HDAC4/5 by sleep-wake cycle and homeostatic sleep response of ABC-Hdac4KO and ABC-Hdac4CN mice.
a and b, Immunoblotting (a) and quantification (b) of S245 phosphorylation of HDAC4/5 in total lysates of cortex from C57BL/6J mice at ZT2 and ZT14 (nâ€‰=â€‰3). c and d, Immunoblotting (c) and quantification (d) of nuclear:cytoplasmic ratio of HDAC4/5 in cytoplasmic and nuclear extracts of cortex from C57BL/6J mice at ZT2 and ZT14 (nâ€‰=â€‰3). e and i, Immunoblotting of total lysates of cortex (e) or hypothalamus (i) from 6-h slept (S6) and sleep-deprived (SD6) C57BL/6J mice. f and j, Quantification of S245 phosphorylation of HDAC4/5 in (e) and (i) (nâ€‰=â€‰3). g and k, Immunoblotting of cytoplasmic and nuclear extracts of cortex (g) or hypothalamus (k) from S6 and SD6 mice. h and l, Quantification of nuclear:cytoplasmic ratio of HDAC4/5 in (g) and (k) (nâ€‰=â€‰3). m-p, Hourly NREMS time (m) or delta power density (o) and accumulated NREMS time (n) or delta power (p) change of AAV-hSyn-GFP (Ctrl, nâ€‰=â€‰8) or AAV-hSyn-cre (Hdac4KO, nâ€‰=â€‰7) injected Hdac4flox/flox mice before (BS) and after sleep deprivation (SD). q-t, Hourly NREMS time (q) or delta power density (s) and accumulated NREMS time (r) or delta power change (t) of AAV-hSyn-mCherry (nâ€‰=â€‰9), AAV-hSyn-HDAC4WT (nâ€‰=â€‰10) or AAV-hSyn-HDAC4CN (nâ€‰=â€‰7) injected C57BL/6J mice before (BS) and after sleep deprivation (SD). Data are mean Â± s.e.m. Two-tailedÂ unpaired t-test (b, f, j and p); two-way ANOVA with Sidakâ€™s test (d, h and l); mixed-effects model (m and q); and one-way ANOVA with Dunnettâ€™s test (t). See Supplementary Fig. 1 for gel source data.Â n refers to the number of biological replicates.
Source data


Extended Data Fig. 6 HDAC4/5 regulates NREMS amount in posterior hypothalamus without altering circadian clock.
aâ€”d, Hourly NREMS time (a), EEG power spectra analysis (b), and REMS (c) or Wake (d) amount of C57BL/6J mice injected with AAV-hSyn-mCherry (nâ€‰=â€‰6), AAV-hSyn-HDAC4CN (nâ€‰=â€‰7) or AAV-hSyn-H4N/H5N-VP16 (nâ€‰=â€‰7) in posterior hypothalamus. e and f, Schematic and representative images showing HDAC4(CN) expression in SCN following stereotactic injection of AAV-hSyn-HDAC4CN in POA (nâ€‰=â€‰6) or posterior hypothalamus (nâ€‰=â€‰7). Scale bars, 1 mm. g, Representative ex vivo SCN slice bioluminescence recording of AAV-hSyn-mCherry, AAV-hSyn-HDAC4CN, or AAV-hSyn-H4N/H5N-VP16VP16 injected Per2::Luc mice (nâ€‰=â€‰3), and the short period control Cry1âˆ’/âˆ’;Per2::Luc mice (nâ€‰=â€‰1). Circadian time 0 was set as 24 h post medium change. h, Quantitative analysis of circadian periods in (g). Solid line represents the mean of SCN bioluminescence recording of AAV-hSyn-mCherry injected Per2::Luc mice, whereas dashed lines represent cut-offs of abnormality (â‰¥ three standard deviations). i, RNAi knockdown of all four genes caused no clock phenotype in Bmal1:dLuc U2OS cells. Data were re-analyzed from a previous study30. siGL2 serves as the negative and siCRY2 as the positive controls for period changes. Circadian time 0 was set as 24 h post-medium change. j, Quantitative analyses of each knockdown result in (i) using Multicycle software. The solid line represents the mean of negative control, and dash lines indicate the cut-offs of abnormality (â‰¥ three standard deviations). Each dot represents one experiment and duplicate experiments are applied for each gene. Data are mean Â± s.e.m. Mixed-effects model (a); two-way ANOVA with Dunnettâ€™s test (c and d); and one-way ANOVA with Dunnettâ€™s test (h and j). n refers to the number of biological replicates.
Source data


Extended Data Fig. 7 HDAC4(CN) regulates NREMS amount in a CREB-dependent manner.
a, Schematics of wild-type and mutant MEF2A,Â MEF2C,MEF2D, FOXO1Â andÂ FOXO3. b-e, Hourly NREMS time (b), EEG power spectra analysis (c), and REMS (d) or Wake (e) amount of AAV-hSyn-eGFP (nâ€‰=â€‰21), AAV-hSyn-CREB (nâ€‰=â€‰14), or AAV-hSyn-A-CREB (nâ€‰=â€‰21) injected C57BL/6J mice. f, Representative images showing co-immunostaining of A-CREB-T7 (purple), HDAC4(CN)-HA (red) and NeuN (green) of cortical and thalamic sections from C57BL/6J mice co-injected with AAV-hSyn-HDAC4CN and AAV-hSyn-A-CREB. Scale bars, 20 Î¼m. g, Quantification of the percentage of HDAC4(CN)+ neurons that co-express A-CREB and vice versa in the cortex and thalamus in (f) (nâ€‰=â€‰6). h-k, Hourly NREMS time (h), EEG power spectra analysis (i), and REMS (j) or Wake (k) amount of C57BL/6J mice injected with AAV-hSyn-mCherry (nâ€‰=â€‰6), AAV-hSyn-HDAC4CN and AAV-hSyn-mCherry (HD4(CN)+mCherry, nâ€‰=â€‰7), or AAV-hSyn-HDAC4CN and AAV-hSyn-A-CREB (HD4(CN)+A-CREB, nâ€‰=â€‰6). Data are mean Â± s.e.m. Mixed-effects model (b and h); and two-way ANOVA with Dunnettâ€™s test (d-e and j-k). n refers to the number of biological replicates.
Source data


Extended Data Fig. 8 HDAC4 and CREB coordinately regulate sleep downstream of SIK3 kinase.
a, Immunoblotting of brain lysates from AAV-hSyn-eGFP injected wild-type (WT+eGFP) mice and AAV-hSyn-eGFP (SLP+eGFP), AAV-hSyn-CREB (SLP+CREB), or AAV-hSyn-HDAC4CN (SLP+HD4(CN)) injected Sik3E13âˆ†/+ mice. b, Daily sleep time in WT+eGFP (nâ€‰=â€‰10), SLP+eGFP (nâ€‰=â€‰9), SLP+CREB (nâ€‰=â€‰9), or SLP+HD4(CN) (nâ€‰=â€‰8) mice. c-f, Hourly NREMS time (c), EEG power spectra analysis (d), andÂ REMS (e) or Wake (f) amount of WT+eGFP (nâ€‰=â€‰10), SLP+eGFP (nâ€‰=â€‰9), SLP+CREB (nâ€‰=â€‰6), or SLP+HD4(CN) (nâ€‰=â€‰8) mice. g, Immunoblotting of brain lysates from AAV-hSyn-eGFP (SLP+eGFP), AAV-hSyn-HDAC4WT (SLP+HD4(WT)), or AAV-hSyn-HDAC4S245A (SLP+HD4(S245A)) injected Sik3E13âˆ†/+ mice (two independent experiments with similar results). h-m, Hourly NREMS time (h) and delta power density (i), EEG power spectra analysis (j), and NREMS (k), REMS (l), or Wake (m) amount of SLP+eGFP (nâ€‰=â€‰12), SLP+HD4(WT) (nâ€‰=â€‰8), or SLP+HD4(S245A) (nâ€‰=â€‰8) mice. n, Immunoblotting of brain lysates from AAV-hSyn-eGFP (SLP+eGFP), AAV-hSyn-HDAC5WT (SLP+HD5(WT)), or AAV-hSyn-HDAC5CN (SLP+HD5(CN)) injected Sik3E13âˆ†/+ mice (two independent experiments with similar results). o-t, Hourly NREMS time (o) and delta power density (p), EEG power spectra analysis (q), and NREMS (r), REMS (s) or Wake (t) amount of SLP+eGFP (nâ€‰=â€‰8), SLP+HD5(WT) (nâ€‰=â€‰8), or SLP+HD5(CN) (nâ€‰=â€‰9) mice. Data are mean Â± s.e.m. One-way ANOVA with Dunnettâ€™s test (b, d and j); mixed-effects model (c, h, i and o); and two-way ANOVA with Dunnettâ€™s test (e-f, k-m and r-t). See Supplementary Fig. 1 for gel source data. n refers to the number of biological replicates.
Source data


Extended Data Fig. 9 HDAC4 and CREB specifically rescue transcriptomic changes in the cortex and hypothalamus of Sik3E13âˆ†/+ mice.
a, Venn diagram showing the common and unique sets of DEGs among the cortex (CTX), thalamus (THA) and hypothalamus (HPT) of SLP+eGFP mice. b, Venn diagrams showing the numbers of unique and overlapped DEGs among the SLP+eGFP, SLP+CREB and SLP+HDAC4(CN) mouse cortex, thalamus and hypothalamus, respectively. To identify DEGs, we compare the transcriptomes of WT+eGFP vs SLP+eGFP samples as well as the transcriptomes of SLP+eGFP vs SLP+CREB or SLP+HDAC4(CN) samples (nâ€‰=â€‰4 per group). c, A table listing overlapped DEGs in the cortex, thalamus and hypothalamus, respectively, among the SLP+eGFP (normalized to WT+eGFP) and SLP+CREB and SLP+HDAC4(CN) (normalized to SLP+eGFP) brain samples.


Extended Data Fig. 10 HDAC4 and CREB function cooperatively in transcriptional regulation.
a, Volcano plots of RNA-seq data from ABC-HDAC4(CN) or ABC-CREB mouse brain tissues (nâ€‰=â€‰4 for thalamus or hypothalamus, nâ€‰=â€‰3 for cortex) by binomial test via edgeR. The horizontal dashed line shows the two-sided unadjusted Pâ€‰=â€‰0.05 as cutoff. The vertical dashed lines show +/-0.38-log2 fold changes as cutoff. Orange and blue dots indicate up- or down-regulated DEGs. b, RNA-seq heatmaps showing DEGs in HDAC4(CN) brain samples that are documented as target genes of MEF2, RUNX2, FOXO, or SRF, respectively. c, Percentage of CREB and/or HDAC4(CN)-bound genes (by ChIP-seq) in the DEGs of ABC-HDAC4(CN), ABC-CREB or both brain samples (by RNA-seq). d, Venn diagrams showing the numbers of unique and overlapped DEGs by comparing the RNA-seq and ChIP-seq results. e, Circadian oscillation of the overlapped DEGs (by RNA-seq) or HDAC4(CN)/CREB-bound genes (by ChIP-seq) based on previous circadian transcriptome analysis of the synaptosome or forebrain47. f, A model for transcriptional regulation of sleep amount in mice.
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The unprocessed Immunoblots associated with the data presented in main figures and extended data figures.
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Supplementary Table 1
The DEGs of ABC-HDAC4CN or ABC-CREB mouse brain tissues (relative to the corresponding ABC-mCherry mouse brain tissues). Linked to Fig. 6.
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Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Fig. 5

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Zhou, R., Wang, G., Li, Q. et al. A signalling pathway for transcriptional regulation of sleep amount in mice.
                    Nature 612, 519â€“527 (2022). https://doi.org/10.1038/s41586-022-05510-6
Download citation
	Received: 11 August 2021

	Accepted: 01 November 2022

	Published: 07 December 2022

	Issue Date: 15 December 2022

	DOI: https://doi.org/10.1038/s41586-022-05510-6


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        40 Hz light flickering promotes sleep through cortical adenosine signaling
                                    
                                

                            
                                
                                    	Xuzhao Zhou
	Yan He
	Jiang-Fan Chen


                                
                                Cell Research (2024)

                            
	
                            
                                
                                    
                                        Knockdown of SIK3 in the CA1 Region can Reduce Seizure Susceptibility in Mice by Inhibiting Decreases in GABAAR Î±1 Expression
                                    
                                

                            
                                
                                    	Zhen-Fu Jiang
	Li-Na Xuan
	Jian Yin


                                
                                Molecular Neurobiology (2024)

                            
	
                            
                                
                                    
                                        SIK3-HDAC4 signaling pathway: the switch for transition between sleep and wakefulness
                                    
                                

                            
                                
                                    	Yifei Tu
	Fangfang Zhou
	Long Zhang


                                
                                Molecular Biomedicine (2023)

                            
	
                            
                                
                                    
                                        Biochemical pathways of sleep
                                    
                                

                            
                                
                                    	William Wisden
	Nicholas P. Franks


                                
                                Cell Research (2023)

                            
	
                            
                                
                                    
                                        Targeting SIK3 to modulate hippocampal synaptic plasticity and cognitive function by regulating the transcription of HDAC4 in a mouse model of Alzheimerâ€™s disease
                                    
                                

                            
                                
                                    	Xiaoman Dai
	Anlan Lin
	Xiaochun Chen


                                
                                Neuropsychopharmacology (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
