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            Abstract
Emerging evidence suggests that epigenetic regulation is dependent on metabolic state, and implicates specific metabolic factors in neural functions that drive behaviour1. In neurons, acetylation of histones relies on the metabolite acetyl-CoA, which is produced from acetateÂ by chromatin-bound acetyl-CoA synthetaseÂ 2 (ACSS2)2. Notably, the breakdown of alcohol in the liver leads to a rapid increase in levels of blood acetate3, and alcohol is therefore a major source of acetate in the body. Histone acetylation in neurons may thus be under the influence of acetate that is derived from alcohol4, with potential effects on alcohol-induced gene expression in the brain, and on behaviour5. Here, using in vivo stable-isotope labelling in mice, we show that the metabolism of alcohol contributes to rapid acetylation of histones in the brain, and that this occurs in part through the direct deposition of acetyl groups that are derived from alcohol onto histones in an ACSS2-dependent manner. A similar direct deposition was observed when mice were injected with heavy-labelled acetate in vivo. In a pregnant mouse, exposure to labelled alcohol resulted in the incorporation of labelled acetyl groups into gestating fetal brains. In isolated primary hippocampal neurons ex vivo, extracellular acetate induced transcriptional programs related to learning and memory, which were sensitive to ACSS2 inhibition. We show that alcohol-related associative learning requires ACSS2 in vivo. These findings suggest that there is a direct link between alcohol metabolism and gene regulation, through the ACSS2-dependent acetylation of histones in the brain.
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                    Fig. 1: Alcohol metabolites contribute to histone acetylation in the brain.[image: ]


Fig. 2: Mass spectrometry analysis of ethanol-d6 in mice with knockdown of ACSS2 expression in the dHPC.[image: ]


Fig. 3: Acetate-induced transcription mediated by ACSS2 in primary hippocampal neurons.[image: ]


Fig. 4: ACSS2 is required for alcohol-induced associative learning.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A concerted neuronâ€“astrocyte program declines in ageing and schizophrenia
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 March 2024
                                    

                                

                                Emi Ling, James Nemesh, â€¦ Steven A. McCarroll

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Gene expression networks regulated by human personality
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 March 2024
                                    

                                

                                Coral del Val, Elisa DÃaz de la Guardia-BolÃvar, â€¦ Claude Robert Cloninger

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Crym-positive striatal astrocytes gate perseverative behaviour
                                        
                                    

                                    
                                        Article
                                         Open access
                                         28 February 2024
                                    

                                

                                Matthias Ollivier, Joselyn S. Soto, â€¦ Baljit S. Khakh

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All RNA-seq and ChIPâ€“seq data are available at the Gene Expression Omnibus (GEO) with accession number GSE122188. Raw mass spectrometry data are provided as Supplementary Table 2.

            

References
	Li, X., Egervari, G., Wang, Y., Berger, S. L. & Lu, Z. Regulation of chromatin and gene expression by metabolic enzymes and metabolites. Nat. Rev. Mol. Cell Biol. 19, 563â€“578 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mews, P. et al. Acetyl-CoA synthetase regulates histone acetylation and hippocampal memory. Nature 546, 381â€“386 (2017).
ArticleÂ 
    CASÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sarkola, T., Iles, M. R., Kohlenberg-Mueller, K. & Eriksson, C. J. P. Ethanol, acetaldehyde, acetate, and lactate levels after alcohol intake in white men and women: effect of 4-methylpyrazole. Alcohol. Clin. Exp. Res. 26, 239â€“245 (2002).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Soliman, M. L. & Rosenberger, T. A. Acetate supplementation increases brain histone acetylation and inhibits histone deacetylase activity and expression. Mol. Cell. Biochem. 352, 173â€“180 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Pandey, S. C., Kyzar, E. J. & Zhang, H. Epigenetic basis of the dark side of alcohol addiction. Neuropharmacology 122, 74â€“84 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mews, P. & Berger, S. L. in Methods in Enzymology Vol. 574 (ed. Marmorstein, R.) 311â€“329 (Elsevier, 2016).

	Comerford, S. A. et al. Acetate dependence of tumors. Cell 159, 1591â€“1602 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zakhari, S. Alcohol metabolism and epigenetics changes. Alcohol Res. 35, 6â€“16 (2013).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bonthuis, P. J. et al. Noncanonical genomic imprinting effects in offspring. Cell Rep. 12, 979â€“991 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zimatkin, S. M., Pronko, S. P., Vasiliou, V., Gonzalez, F. J. & Deitrich, R. A. Enzymatic mechanisms of ethanol oxidation in the brain. Alcohol. Clin. Exp. Res. 30, 1500â€“1505 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, R. et al. Fstl1 is involved in the regulation of radial glial scaffold development. Mol. Brain 8, 53 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kalay, E. et al. CEP152 is a genome maintenance protein disrupted in Seckel syndrome. Nat. Genet. 43, 23â€“26 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stessman, H. A. F. et al. Targeted sequencing identifies 91 neurodevelopmental-disorder risk genes with autism and developmental-disability biases. Nat. Genet. 49, 515â€“526 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Volkow, N. D. et al. Acute alcohol intoxication decreases glucose metabolism but increases acetate uptake in the human brain. Neuroimage 64, 277â€“283 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rao, P. S. S., Bell, R. L., Engleman, E. A. & Sari, Y. Targeting glutamate uptake to treat alcohol use disorders. Front. Neurosci. 9, 144 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Laufer, B. I. et al. Associative DNA methylation changes in children with prenatal alcohol exposure. Epigenomics 7, 1259â€“1274 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cates, H. M. et al. Transcription factor E2F3a in nucleus accumbens affects cocaine action via transcription and alternative splicing. Biol. Psychiatry 84, 167â€“179 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stergiopoulos, A. & Politis, P. K. Nuclear receptor NR5A2 controls neural stem cell fate decisions during development. Nat. Commun. 7, 12230 (2016).
ArticleÂ 
    CASÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mulligan, M. K. et al. Molecular profiles of drinking alcohol to intoxication in C57BL/6J mice. Alcohol. Clin. Exp. Res. 35, 659â€“670 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Juarez, B. et al. Midbrain circuit regulation of individual alcohol drinking behaviors in mice. Nat. Commun. 8, 2220 (2017).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ferbinteanu, J. & McDonald, R. J. Dorsal/ventral hippocampus, fornix, and conditioned place preference. Hippocampus 11, 187â€“200 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Veazey, K. J., Parnell, S. E., Miranda, R. C. & Golding, M. C. Dose-dependent alcohol-induced alterations in chromatin structure persist beyond the window of exposure and correlate with fetal alcohol syndrome birth defects. Epigenetics Chromatin 8, 39 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mead, E. A. & Sarkar, D. K. Fetal alcohol spectrum disorders and their transmission through genetic and epigenetic mechanisms. Front. Genet. 5, 154 (2014).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mandal, C., Halder, D., Jung, K. H. & Chai, Y. G. In utero alcohol exposure and the alteration of histone marks in the developing fetus: an epigenetic phenomenon of maternal drinking. Int. J. Biol. Sci. 13, 1100â€“1108 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mews, P. & Calipari, E. S. in Progress in Brain Research Vol. 235 (eds Calvey, T. & Daniels, W.) 19â€“63 (Elsevier, 2017).

	Egervari, G., Ciccocioppo, R., Jentsch, J. D. & Hurd, Y. L. Shaping vulnerability to addiction - the contribution of behavior, neural circuits and molecular mechanisms. Neurosci. Biobehav. Rev. 85, 117â€“125 (2018).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kriss, C. L. et al. In vivo metabolic tracing demonstrates the site-specific contribution of hepatic ethanol metabolism to histone acetylation. Alcohol. Clin. Exp. Res. 42, 1909â€“1923 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Linderstrom-Lang, K. Deuterium exchange between peptides and water. Chem. Soc. Spec. Publ. 2, 1â€“20 (1955).

                    Google ScholarÂ 
                

	Sidoli, S., Simithy, J., Karch, K. R., Kulej, K. & Garcia, B. A. Low resolution data-independent acquisition in an LTQ-Orbitrap allows for simplified and fully untargeted analysis of histone modifications. Anal. Chem. 87, 11448â€“11454 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Loos, M., Gerber, C., Corona, F., Hollender, J. & Singer, H. Accelerated isotope fine structure calculation using pruned transition trees. Anal. Chem. 87, 5738â€“5744 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Trefely, S., Ashwell, P. & Snyder, N. W. FluxFix: automatic isotopologue normalization for metabolic tracer analysis. BMC Bioinformatics 17, 485 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Feroandez, C. A., Rosiers, C. Des, Previs, S. F., David, F. & Brunengraber, H. Correction of 13C mass isotopomer distributions for natural stable isotope abundance. J. Mass Spectrom. 31, 255â€“262 (1996).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Nativio, R. et al. Dysregulation of the epigenetic landscape of normal aging in Alzheimerâ€™s disease. Nat. Neurosci. 21, 497â€“505 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357â€“359 (2012).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chen, X. et al. Integration of external signaling pathways with the core transcriptional network in embryonic stem cells. Cell 133, 1106â€“1117 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cunningham, C. L., Gremel, C. M. & Groblewski, P. A. Drug-induced conditioned place preference and aversion in mice. Nat. Protocols 1, 1662â€“1670 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank the Metabolomics Core of the Diabetes Research Center (DRC) for providing the mass spectrometry quantification of metabolites; J. D. Rabinowitz (the Princeton Metabolomics Core director) and C. Jang for advice; and the Neurons R Us core of the Mahoney Institute for Neurological Sciences for preparations of primary hippocampal neurons. We especially acknowledge J. Whetstine for the suggestion to test whether the administration of alcohol to a pregnant female mouse leads to histone acetylation in the gestating fetal brain. G.E. was supported by The Brody Family Medical Trust Fund Fellowship in Incurable Diseases of The Philadelphia Foundation. This work was supported by NIH P01AG031862 and NIH R01AA027202.


Author information
Author notes	S. Sidoli
Present address: Department of Biochemistry, Albert Einstein College of Medicine, New York, NY, USA

	These authors contributed equally: P. Mews, G. Egervari


Authors and Affiliations
	Epigenetics Institute, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA, USA
P. Mews,Â G. Egervari,Â R. Nativio,Â S. Sidoli,Â G. Donahue,Â S. I. Lombroso,Â D. C. Alexander,Â S. L. Riesche,Â E. A. Heller,Â B. A. GarciaÂ &Â S. L. Berger

	Fishberg Department of Neuroscience, Icahn School of Medicine at Mount Sinai, New York, NY, USA
P. MewsÂ &Â E. J. Nestler


Authors	P. MewsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	G. EgervariView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	R. NativioView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	S. SidoliView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	G. DonahueView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	S. I. LombrosoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	D. C. AlexanderView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	S. L. RiescheView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	E. A. HellerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	E. J. NestlerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	B. A. GarciaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	S. L. BergerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
P.M. and S.L.B. developed the primary hypothesis; P.M., G.E. and S.L.B. designed the project; P.M. and G.E. performed most of the experiments; P.M. planned the ethanol-d6-labelling mass spectrometry, which was performed together with R.N., G.E. and S.S. with support from B.A.G.; G.E. and S.S. performed the acetate-d3-labelling mass spectrometry; the RNA-seq was performed in vivo by P.M. and in vitro by G.E., with support from R.N; R.N. conducted the ChIPâ€“seq; G.D. analysed all ChIPâ€“seq and RNA-seq datasets; G.E., S.I.L. and D.C.A. performed the behavioural characterization with support from E.A.H.; P.M. performed the labelling experiments for metabolomic analysis with support from E.J.N.; the fetal alcohol labelling was done by G.E., with support from S.L.R.; P.M., G.E. and S.L.B. wrote the manuscript. All authors reviewed the manuscript and discussed the work.
Corresponding authors
Correspondence to
                G. Egervari or S. L. Berger.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Ethanol-derived acetyl groups are rapidly incorporated into histone acetylation in the brain.
a, Mass spectrometry analysis of serum acetate shows the rapid increase in levels of acetate in mice that were injected with alcohol, at 30Â min after injection (nÂ =Â 3 for saline, nÂ =Â 4 for acetate group). Data are meanÂ Â±Â s.e.m.; PÂ =Â 0.0258 (two-tailed unpaired t-test). b, Ethanol-d6 is readily metabolized and thus labels blood acetate pools. Acetate-d3 was detected by mass spectrometry (nÂ =Â 4 per group). Data are meanÂ Â±Â s.e.m.; PÂ =Â 0.0016 (two-tailed unpaired t-test). c, Incorporation of the ethanol-d6 label into histone acetylation in the cortex shows a similar pattern to the hippocampus. The axis of the Arachne plot represents the percentage of the third isotope for the acetylated peptide, corresponding to the d3-labelled form; the natural relative abundance of that isotope is apparent in the â€˜noneâ€™ and â€˜saline 1Â hâ€™ treatment groups d, Histone acetylation is relatively independent of alcohol metabolism in skeletal muscle, a tissue in which the expression of ACSS2 is low. e, f, Mass spectra (representative examples from three biological replicates) showing the relative abundance of deuterated histone H4-triacetyl peptide (amino acids 4â€“17) in the hippocampus of wild-type mice at baseline and 4Â h after injection of ethanol-d6. Increases of the M+1 (blue lines), M+2 (green lines) and M+3 (red lines) species are shown in e and indicate a major increase of M+3. The contribution of singly (orange), doubly (grey) and triply (yellow) deuterated peptides to the isotopic distribution is shown in f. The relative abundance of the M+3 species is increased by about sixfold at 4Â h after injection of ethanol-d6, and is overwhelmingly due to the triply deuterated peptides; by contrast, the contribution of singly and doubly deuterated peptides to the M+3 species is minimal. The experiment was performed with three biological replicates per group. g, The relative abundance of the first four isotopes of each of the seven peptides in the untreated samples corresponds to the theoretical isotopic distribution of the peptides (calculated using enviPat30; samples not treated with ethanol-d6; nÂ =Â 20). Data are meanÂ Â±Â s.d. h, Natural abundance-corrected contribution of M+1, M+2 and M+3 species to the labelling of histone acetylation in the liver and hippocampus after intraperitoneal injection of ethanol-d6 (calculated using FluxFix31; nÂ =Â 3 per group). Data are meanÂ Â±Â s.d.


Extended Data Fig. 2 Dynamics of ethanol- and acetate-induced heavy-label incorporation.
a, b, Relative abundance of deuterated histone acetylation in dHPC, vHPC, cortex, liver and muscle at 8Â h (a) and 24Â h (b) after intraperitoneal injection of ethanol-d6. c, 13C-labelled ethanol, introduced by intraperitoneal injection, readily labels histone acetylation in the hippocampus (percentage increase over natural abundance of 13C acetyl groups in saline-injected mice; nÂ =Â 1). d, In contrast to heavy ethanolâ€“d6, a non-labelled ethanol control does not increase the natural abundance of heavy histone acetylation in the hippocampus. e, Histone acetylation is relatively independent of alcohol metabolism in skeletal muscle. Relative abundance of deuterated histone acetylation in skeletal muscle tissue at 30Â min and 4Â h in wild-type mice, and 30Â min in dHPC ACSS2-knockdown mice. f, g, Heavy acetate, introduced by intraperitoneal injection, readily labels histone acetylation in the dHPC (f) and the cortex (g) (nÂ =Â 2 at 30Â min; nÂ =Â 3 per group at other time points). Data are meanÂ Â±Â s.e.m. h, Levels of acetate measured by mass spectrometry in hippocampal tissue after injections of acetate and ethanol (nÂ =Â 3 per group). Data are meanÂ Â±Â s.e.m.; PÂ =Â 0.0335 for acetate versus saline; PÂ =Â 0.0285 for ethanol versus saline (two-tailed unpaired t-test).


Extended Data Fig. 3 Metabolite labelling in hippocampal tissue 30Â min after intraperitoneal injection of ethanol-d6.
aâ€“f, Mass spectrometry quantification of metabolite labelling in hippocampal tissue at 30Â min after intraperitoneal injection of ethanol-d6. The ethanol-d6 label was incorporated into the acetate pool in the hippocampus (a). By contrast, ethanol-d6 did not contribute to the glucose (b) or 3-hydroxybutyrate (d) pools in the hippocampus, and only minimally to the lactate pool (c). Labelling was observed in the hippocampal glutamine (e) and citrate or isocitrate (f) pools.


Extended Data Fig. 4 Representative H3K9ac and H3K27ac dHPC ChIPâ€“seq tracks in control and ethanol-treated wild-type and ACSS2-knockdown mice.
a-c, ChIP-seq for H3K9ac and H3K27ac in untreated and ethanol-treated wild-type and ACSS2-knockdown mice. Genome-browser track views show the Cep152 locus (chr2:Â 125,603,000â€“125,626,000) (a), Uimc1 locus (chr5:Â 55,064,000â€“55,089,000) (b) and Nsmaf locus (chr4:Â 6,425,000â€“6,464,000) (c). The experiment was performed with three independent biological replicates per group.


Extended Data Fig. 5 Epigenetic and transcriptional changes in the dHPC of control and ethanol-treated wild-type and ACSS2-knockdown mice.
aâ€“d, Decile plots of genes that are enriched in H3K9ac (a) and H3K27ac (b) show correlation with mRNA expression levels in hippocampus, in wild-type mice 1Â h after injection with ethanol. By contrast, in ACSS2-knockdown mice, the correlation between histone H3K9 acetylation (c) and H3K27 acetylation (d) and alcohol-related mRNA expression is largely lost (nÂ =Â 16,553 genes (population) arranged into ten equal-sized deciles by ChIPâ€“seq enrichment of acetylation). Box plots as in Fig. 2. e, f, GO analysis on H3K9ac (e) and H3K27ac (f) peaks that are induced by ethanol in wild-type but not ACSS2-knockdown mice (nÂ =Â 332 H3K9ac peaks and nÂ =Â 480 H3K27ac peaks). GO enrichment analysis was performed using a modified Fisherâ€™s exact test (EASE) with the FDR corrected by the Yekutieli procedure; âˆ’log10 transformations of nominal PÂ values are shown.


Extended Data Fig. 6 Transcriptional changes in primary hippocampal neurons that were treated with supraphysiological levels of acetate.
a, Structure of ACSS2i (C20H18N4O2S2). b, RNA-seq showing differentially regulated genes in primary hippocampal neurons that were treated with 5Â mM acetate (nÂ =Â 4 replicates per group; volcano plot of likelihood ratio test (two-sided) in DESeq2; FDR controlled for multiple hypothesis testing). c, d, GO analysis of genes that are significantly upregulated (c; nÂ =Â 3,613 genes) and significantly downregulated (d; nÂ =Â 3,987 genes) after treatment with 5Â mM acetate. GO analysis was performed with GOrilla, using a minimal hypergeometric test. e, RNA-seq in primary hippocampal neurons that were isolated from C57/Bl6 mouse embryos and treated with acetate (5Â mM) in the presence or absence of ACSS2i. Of the 3,613 acetate-induced genes, 2,107 are not upregulated in the presence of ACSS2i (nÂ =Â 3,613 induced genes (population) or 3,613 randomly sampled genes (population); PÂ <Â 2.2Â Ã—Â 10âˆ’16 (two-sided Mannâ€“Whitney rank-sum test)). Box plots as in Fig. 2. f, Acetate-induced genes in primary hippocampal neurons are shown in blue (nÂ =Â 3,613). Of these genes, 2,107 (non-overlapping with orange) were sensitive to ACSS2i, and 1,506 were also induced in the presence of ACSS2i (overlapping with orange). GO enrichment analysis was performed using a modified Fisherâ€™s exact test (EASE) with the FDR corrected by the Yekutieli procedure; âˆ’log10 transformations of nominal PÂ values are shown.


Extended Data Fig. 7 Representative RNA-seq tracks in control and acetate-treated primary hippocampal neurons in the presence or absence of ACSS2i.
aâ€“d, Genome-browser track views showing examples of gene upregulation after treatment with acetate in hippocampal neurons, and diminished induction after treatment with ACSS2i (nÂ =Â 4 per cohort). RNA-seq track views show the Slc17a7 locus (chr7:Â 45,162,500â€“45,179,000) (a), the Ccnjl locus (chr11:Â 43,525,000â€“43,595,000) (b), the Cpne7 locus (chr8:Â 123,152,500â€“123,137,500) (c) and the Ndufv3 locus (chr17:Â 31,523,000â€“31,534,000) (d).


Extended Data Fig. 8 Transcriptional changes that are induced by acetate in primary hippocampal neurons relate to in vivo ACSS2 peaks and in vivo changes in gene expression that are induced by ethanol.
a, Cumulative number of ACSS2 peaks near the transcription start site of acetylated ACSS2i sensitive genes, indicating that the majority of ACSS2-binding events occur over or proximal to the gene promoter. b, GO analysis for the 830 overlapping genes between the in vivo RNA-seq and ex vivo hippocampal-neuron RNA-seq (nÂ =Â 830 genes (population)). GO enrichment analysis was performed using a modified Fisherâ€™s exact test (EASE) with the FDR corrected by the Yekutieli procedure.


Extended Data Fig. 9 Behavioural importance of ACSS2 expression in the dHPCand heavy-label incorporation in the fetal brain.
a, Representative image showing virus localization to the dHPC, and western blot (nÂ =Â 4 mice) showing ACSS2 levels in the dHPC of wild-type and ACSS2-knockdown mice (for gel source data, see Supplementary Fig. 1). b, Quantification of the levels of ACSS2 protein in the dHPC and cortex of wild-type and dHPC ACSS2-knockdown mice (nÂ =Â 4 mice). Data are meanÂ Â±Â s.e.m.; PÂ =Â 0.0001 and qÂ =Â 0.0001 for ACSS2-knockdown versus wild-type mice (dHPC); PÂ =Â 0.2666 and qÂ =Â 0.1347 for ACSS2-knockdown versus wild-type mice (cortex) (multiple t-test). c, ACSS2 is required for alcohol-induced associative learning. Mean time (seconds per minute) spent in unconditioned and ethanol-conditioned chambers following ethanol-induced CPP training in wild-type (nÂ =Â 8) and dHPC ACSS2-knockdown mice (nÂ =Â 10). Bar graphs represent meanÂ Â±Â s.e.m. and data points correspond to individual mice. d, Incorporation of ethanol-d6 into histone acetylation in the fetal brain. Data represent the second of two pools of embryos (nÂ =Â 4 per pool) from maternal ethanol-d6 injection. The axes of the Arachne plots represent the percentage of the third isotope for the acetylated peptide, corresponding to the d3-labelled form.





Supplementary information
Supplementary Figure
Supplementary Figure 1: Uncropped Western blots. Cortical and dorsal hippocampal ACSS2 and GAPDH scans in WT and ACSS2 KD animals (corresponding to Extended Data Fig 9.a) are shown. Top panel shows enhanced chemoluminescence (ECL) only. Bottom panel shows composite images with molecular weights indicated.


Reporting Summary

Supplementary Table
Supplementary Table 1: Heavy labeling pattern following d6-EtOH injections. M+1, M+2, and M+3 labeling in liver, cortex and hippocampus is shown for all histone peptides assessed in this study (data corresponding to Fig. 1b, Fig. 1c and Extended Data Fig. 1c). For each isotope, fold change (FC) and statistical significance (P value from unpaired Studentâ€™s t-test) are shown. Red and green colors indicate the largest fold changes and smallest P values, respectively.


Supplementary Table
Supplementary Table 2: Raw mass spectrometry data. Raw, unprocessed data are shown for each mass spectrometry and metabolomics experiment included in this manuscript. Excel sheets are named after the corresponding main or extended data figures.
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