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In 1957, Conrad H. Waddington published a paper in which he demonstrated the inheritance of an acquired characteristic in a population in response to an environmental stimulus [1]. In so doing, he exploited the concept of plasticity in the population to discover what characteristics might be influenced by interactions with the environment. As the founding father in the field, Waddington’s ideas laid the foundation for the field of epigenetics, a term he had coined. Nowadays, we understand that these changes occur through mechanisms that involve either DNA methylation or histone modifications that turn genes on and off, such as histone acetylation and methylation. Epigenetics is the study of potentially heritable changes in gene expression that do not involve changes to the underlying DNA sequence. This definition is attributed to Waddington [2] as he was trying to combine genetics and developmental biology. In 2008, scientists meeting at Cold Spring Harbor devised a consensus concept of epigenetics that was: the stably heritable phenotype resulting from changes in a chromosome without alterations in the DNA sequence [3]”. While this definition holds true to the original meaning of Conrad Waddington, common day use of the term often refers simply to heritable changes in chromatin remodeling.



While there were multiple studies on the epigenetics of various brain cancers early on, some of the more poignant papers on epigenetics and the brain were initiated with studies of maternal behaviors. In 2004, Michael Meaney and co-workers reported that increased pup licking and grooming, and arched-back nursing by rat mothers alters the epigenome at the glucocorticoid receptor gene promoter in the hippocampus of their offspring [4]. That is, the glucocorticoid receptor gene promoter in the hippocampus of offspring of high licking grooming and arched-back nursing was less methylated than the promoter in low licking and grooming and arched back nursing mothers [4]. These results emerged over the first few weeks of life and persisted until adulthood [4]. Moreover, the glucocorticoid receptor promoter methylation was reversed by cross-fostering. They further showed that the DNA methylation changes were reversed by the administration of a histone deacetylase (HDAC) inhibitor and this reversal involved a region of glucocorticoid receptor that was linked with the binding of the transcription factor, Nerve growth factor 1A (NGF1A) [4]. Since the initial findings were published, numerous reports have investigated glucocorticoid receptor methylation in relation to early life stress [5]. We now know that there are many components that contribute to the quality of the early life environment including parents, siblings and other caregivers. Absence of family members, as well as the lack of food, sensory stimulation, social support, etc., may have a sustained impact on divergent developmental trajectories [6].



A role for DNA methylation in regulating transcription was proposed some 40 years ago [7,8]. DNA methylation was initially hypothesized to play an important neuron-specific function aside from its role in replication when it was identified in non-mitotic neurons of the brain [9]. We now know that following depolarization, changes in neuronal gene expression are accompanied by changes in DNA methylation and other epigenetic marks that alter the chromatin landscape. We also now know that in addition to 5-methylcytosine, additional cytosine modifications, including 5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine, exist and are stable intermediates in the DNA demethylation process. DNA methylation is catalyzed by a family of DNA methyltransferases [10], while the additional oxidation states are formed through the action of the TET family of methylcytosine dioxygenases [11]. In general, DNA methylation often correlates with transcriptional repression, while hydroxymethylation correlates more with transcriptional activation [12]. However, genome-wide methyl mapping studies suggest that the function of DNA marks tend to vary with genomic context and location of the mark [12,13].



A role for epigenetics in the etiopathopathophysiology of schizophrenia and other mental disorders was proposed, in part, to account for the complex heritability observed in various psychiatric pedigrees. The epigenetics of schizophrenia was first proposed in a book by Gottesman et al, titled Schizophrenia: The Epigenetic Puzzle [14]. In a paper of the same title, Petronis argues that facets of epigenetics need to be evaluated in the context of the four theories regarding the origins of schizophrenia: neurodevelopmental, dopamine dysfunction, viral, and genetic anticipation with unstable DNA [15]. Each of these theories regarding the origins of Sz are influenced by epigenetic mechanisms introduced by interactions with the environment. The authors note that many studies have investigated genetics and epigenetics separately despite current thinking that suggests interactions between genes and a deleterious environment are necessary but not sufficient for the disease. This bias in approach still persists. In a subsequent paper, they argue that DNA acts much like the hardware of a computer and epigenetics is akin to software which makes it run [16]. We now have come to appreciate that exposure to a large number of environmental factors, particularly during pregnancy and early post-natal life, often results in the acquisition of epigenetic marks that can be important in the pathogenesis of Sz. These factors include birth and obstetric complications, history of infection, place and season of birth, physical and psychological abuse and cannabis use during adolescence [17,18,19]. The findings suggest that preclinical studies need to focus on how specific environmental factors impact gene expression programs during brain development. These kinds of approaches are now underway in various labs investigating schizophrenia [18] and also autism spectrum disorder in the context of environment factors [20,21].



Interest in the efficacy of epigenetic drugs in the treatment of psychiatric disorders has been fueled by the finding that valproic acid (VPA, sodium valproate or divalproex sodium) acts to inhibit HDACs [22,23]. VPA was serendipitously discovered as a drug that would prevent pentylenetetrazole-induced seizures in rats [24] and was subsequently marketed as an anticonvulsant drug. Reports of the use of VPA in the treatment of bipolar illness first appeared in the literature in the late 1970s and early 1980s. It was shown to be effective in the treatment of acute mania and is often used in the maintenance treatment of bipolar disorder [25]. We will expand upon this in the following section. A role for HDACs in the pathophysiology of SZ was hypothesized several years ago. There have been genetic studies showing associations of the Class 1 HDACs 2 and 3, the Class II HDACs 9 and 10, and the Class IV HDAC 11 with SZ in certain populations [26,27,28,29]. An analysis of microarray data obtained from post-mortem SZ subjects showed that there was increased expression of HDAC1 in the prefrontal cortex [30]. In addition, analysis of gene expression patterns in the hippocampus and medial temporal cortex of an independent group of SZ post-mortem subjects show increased HDAC1 mRNA levels [31]. In contrast, analysis of the dorsal lateral PFC of a large number of post-mortem SZ subjects demonstrated that the expression of HDAC2 but not HDAC1 mRNA is reduced [32]. More recently, evidence supports a role for the inhibition of HDAC2 as a new therapeutic target for SZ patients, particularly those patients that have been treated with atypical antipsychotics for long periods of time [33,34]. Other HDACs, such as HDAC9 [28] have also been implicated in the context of SZ.



With this Special Issue of the journal Genes, we aim at presenting recent research and developments in the field. Special attention has been given to articles on genes and how they change in response to epigenetic effects of drugs of abuse, aging, psychiatric disorders, learning, maternal factors and adverse environments and normal neuronal and brain function. While these represent a diverse set of studies, the underlying theme is that environmental factors impact the brain through changes in DNA methylation which alter gene expression and cellular/neuronal function. In the near future, preclinical epigenetics will need to focus on specific environmental factors and a better understanding of transcriptomic changes occurring in multiple brain regions as a consequence of exposure.






Acknowledgments


This work was supported in part by grant P50 AA022538 DRG.




Conflicts of Interest


The author declares no conflicts of interest.




References


	1. 
Waddington, C.H. The genetic assimilation of the bithorax phenotype. Evolution 1956, 10, 1–13. [Google Scholar] [CrossRef]

	2. 
Waddington, C.H. The epigenotype. Endeavor 1942, 1, 18–20. [Google Scholar] [CrossRef] [PubMed]

	3. 
Berger, S.L.; Kouzarides, T.; Shiekhattar, R.; Shilatifard, A. An operational definition of epigenetics. Genes Dev. 2009, 23, 781–783. [Google Scholar] [CrossRef] [PubMed]

	4. 
Weaver, I.C.; Cervoni, N.; Champagne, F.A.; D’Alessio, A.C.; Sharma, S.; Seckl, J.R.; Dymov, S.; Szyf, M.; Meaney, M.J. Epigenetic programming by maternal behavior. Nat. Neurosci. 2004, 7, 847–854. [Google Scholar] [CrossRef] [PubMed]

	5. 
Turecki, G.; Meaney, M.J. Effects of the social environment and stress on glucocorticoid receptor gene methylation: A systematic review. Biol. Psychiatr. 2016, 79, 87–96. [Google Scholar] [CrossRef] [PubMed]

	6. 
Kundakovic, M.; Champagne, F.A. Early-life experience, epigenetics, and the developing brain. Neuropsychopharmacol. Rev. 2015, 40, 141–153. [Google Scholar] [CrossRef] [PubMed]

	7. 
Holliday, R.; Pugh, J.E. DNA modification mechanisms and gene activity during development. Science 1975, 187, 226–232. [Google Scholar] [CrossRef] [PubMed]

	8. 
Compere, S.J.; Palmiter, R.D. DNA methylation controls the inducibility of the mouse metallothionein-I gene lymphoid cells. Cell 1981, 25, 233–240. [Google Scholar] [CrossRef]

	9. 
Goto, K.; Numata, M.; Komura, J.I.; Ono, T.; Bestor, T.H.; Kondo, H. Expression of DNA methyltransferase gene in mature and immature neurons as well as proliferating cells in mice. Differentiation 1994, 56, 39–44. [Google Scholar] [CrossRef] [PubMed]

	10. 
Grayson, D.R.; Guidotti, A. The dynamics of DNA methylation in schizophrenia and related psychiatric disorders. Neuropsychopharmacology 2013, 38, 138–166. [Google Scholar] [CrossRef] [PubMed]

	11. 
Santiago, M.; Antunes, C.; Guedes, M.; Sousa, N.; Marques, C.J. TET enzymes and DNA hydroxymethylation in neural development and function—How critical are they? Genomics 2014, 104, 334–340. [Google Scholar] [CrossRef] [PubMed]

	12. 
Wen, L.; Li, X.; Yan, L.; Tan, Y.; Li, R.; Zhao, Y.; Wang, Y.; Xie, J.; Zhang, Y.; Song, C.; et al. Whole-genome analysis of 5-hydroxymethylcytosine and 5-methylcytosine at base resolution in the human brain. Genome Biol. 2014, 15, R49. [Google Scholar] [CrossRef] [PubMed]

	13. 
Jones, P.A. Functions of DNA methylation: Islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 2012, 13, 484–492. [Google Scholar] [CrossRef] [PubMed]

	14. 
Gottesman, I.I.; Shields, J.; Hanson, D.R. Schizophrenia: The Epigenetic Puzzle; Cambridge University Press: Cambridge, UK, 1982. [Google Scholar]

	15. 
Petronis, A.; Paterson, A.D.; Kennedy, J.L. Schizophrenia: An epigenetic puzzle? Schizophr. Bull. 1999, 25, 639–655. [Google Scholar] [CrossRef] [PubMed]

	16. 
Petronis, A. The origin of schizophrenia: Genetic thesis, epigenetic antithesis, and resolving synthesis. Biol. Psychiatry 2004, 55, 965–970. [Google Scholar] [CrossRef] [PubMed]

	17. 
Schmitt, A.; Malchow, B.; Hasan, A.; Falkai, P. The impact of environmental factors in severe psychiatric disorders. Front. Neurosci. 2014, 8, 19. [Google Scholar] [CrossRef] [PubMed]

	18. 
Millan, M.J. An epigenetic framework for neurodevelopmental disorders: From pathogenesis to potential therapy. Neuropharmacology 2013, 68, 2–82. [Google Scholar] [CrossRef] [PubMed]

	19. 
Millan, M.J.; Andrieux, A.; Bartzokis, G.; Cadenhead, K.; Dazzan, P.; Fusar-Poli, P.; Gallinat, J.; Giedd, J.; Grayson, D.R.; Heinrichs, M.; et al. Altering the course of schizophrenia: Progress and perspectives. Nat. Rev. Drug Discov. 2016, 15, 485–515. [Google Scholar] [CrossRef] [PubMed]

	20. 
Keil, K.P.; Lein, P.J. DNA methylation: A mechanism linking environmental chemical exposures to risk of autism spectrum disorders? Environ. Epigenetcs 2016, 2, 1–15. [Google Scholar] [CrossRef] [PubMed]

	21. 
Matelski, L.; Van de Water, J. Risk factors in autism: Thinking outside the brain. J. Autoimmun. 2016, 67, 1–7. [Google Scholar] [CrossRef] [PubMed]

	22. 
Göttlicher, M.; Minucci, S.; Zhu, P.; Krämer, O.H.; Schimpf, A.; Giavara, S.; Sleeman, J.P.; Lo Coco, F.; Nervi, C.; Pelicci, P.G.; et al. Valproic acid defines a novel class of HDAC inhibitors inducing differentiation of transformed cells. EMBO J. 2001, 20, 6969–6978. [Google Scholar] [CrossRef] [PubMed]

	23. 
Phiel, C.J.; Zhang, F.; Huang, E.Y.; Guenther, M.G.; Lazar, M.A.; Klein, P.S. Histone deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood stabilizer, and teratogen. J. Biol. Chem. 2001, 276, 36734–36741. [Google Scholar] [CrossRef] [PubMed]

	24. 
Meunier, H.; Carraz, G.; Neunier, Y.; Eymard, P.; Aimard, M. Pharmacodynamic properties of N-dipropylacetic acid. Therapie 1953, 18, 435–438. [Google Scholar]

	25. 
Cipriani, A.; Reid, K.; Young, A.H.; Macritchie, K.; Geddes, J. Valproic acid, valproate and divalproex in the maintenance treatment of bipolar disorder. Cochrane Database Syst. Rev. 2013. [Google Scholar] [CrossRef]

	26. 
Han, H.; Yu, Y.; Shi, J.; Yao, Y.; Li, W.; Kong, N.; Wu, Y.; Wang, C.; Wang, S.; Meng, X.; et al. Associations of histone deacetylase-2 and histone deacetylase-3 genes with schizophrenia in a Chinese population. Asia Pac. Psychiatry 2013, 5, 11–16. [Google Scholar] [CrossRef] [PubMed]

	27. 
Kebir, O.; Chaumette, B.; Fatjó-Vilas, M.; Ambalavanan, A.; Ramoz, N.; Xiong, L.; Mouaffak, F.; Millet, B.; Jaafari, N.; DeLisi, L.E.; et al. Family-based association tudy of common variants, rare mutation study and epistatic interaction detection in HDAC genes in schizophrenia. Schizophr. Res. 2014, 160, 97–103. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lang, B.; Alrahbeni, T.M.; Clair, D.S.; Blackwood, D.H.; International Schizophrenia Consortium; McCaig, C.D.; Shen, S. HDAC9 is implicated in schizophrenia and expressed specifically in post-mitotic neurons but not in adult neural stem cells. Am. J. Stem Cells 2011, 1, 31–41. [Google Scholar] [PubMed]

	29. 
Jia, X.; Zhang, T.; Li, L.; Fu, D.; Lin, H.; Chen, G.; Liu, X.; Guan, F. Two-stage additional evidence support association of common variants in the HDAC3 with the increasing risk of schizophrenia susceptibility. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2016, 171, 1105–1111. [Google Scholar] [CrossRef] [PubMed]

	30. 
Sharma, R.P.; Grayson, D.R.; Gavin, D.P. Histone deactylase 1 expression is increased in the prefrontal cortex of schizophrenia subjects: Analysis of the National Brain Databank microarray collection. Schizophr. Res. 2008, 98, 111–117. [Google Scholar] [CrossRef] [PubMed]

	31. 
Benes, F.M.; Lim, B.; Matzilevich, D.; Walsh, J.P.; Subburaju, S.; Minns, M. Regulation of the GABA cell phenotype in hippocampus of schizophrenics and bipolars. Proc. Natl. Acad. Sci. USA 2007, 104, 10164–10169. [Google Scholar] [CrossRef] [PubMed]

	32. 
Schroeder, F.A.; Gilbert, T.M.; Feng, N.; Taillon, B.D.; Volkow, N.D.; Innis, R.B.; Hooker, J.M.; Lipska, B.K. Expression of HDAC2 but Not HDAC1 Transcript Is reduced in Dorsolateral Prefrontal Cortex of Patients with Schizophrenia. ACS Chem. Neurosci. 2017, 8, 662–668. [Google Scholar] [CrossRef] [PubMed]

	33. 
Kurita, M.; Holloway, T.; García-Bea, A.; Kozlenkov, A.; Friedman, A.K.; Moreno, J.L.; Heshmati, M.; Golden, S.A.; Kennedy, P.J.; Takahashi, N.; et al. HDAC2 regulates atypical antipsychotic responses through the modulation of mGlu2 promoter activity. Nat. Neurosci. 2013, 15, 1245–1254. [Google Scholar] [CrossRef] [PubMed]

	34. 
Holloway, T.; González-Maeso, J. Epigenetic Mechanisms of Serotonin Signaling. ACS Chem. Neurosci. 2015, 6, 1099–1109. [Google Scholar] [CrossRef] [PubMed]





© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  genes-08-00181


  
    		
      genes-08-00181
    


  




  





media/file0.png





