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Abstract

Dysregulation of histone deacetylases (HDACs) has been proposed as a potential contributor to 

aberrant transcriptional profiles that can lead to changes in cognitive functions. It is known that 

METH negatively impacts the prefrontal cortex (PFC) leading to cognitive decline and addiction 

whereas modafinil enhances cognition and has a low abuse liability. We investigated if modafinil 

(90 mg/Kg) and methamphetmine (METH) (1 mg/Kg) may differentially influence the acetylation 

status of histones 3 and 4 (H3ac and H4ac) at proximal promoters of class I, II, III and IV HDACs. 

We found that METH produced broader acetylation effects in comparison to modafinil in the 

medial PFC. For single-dose, METH affected H4ac by increasing its acetylation at class I Hdac1 
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and class IIb Hdac10, decreasing it at class IIa Hdac4 and Hdac5. Modafinil increased H3ac 

and decreased H4ac of Hdac7. For mRNA, single-dose METH increased Hdac4 and modafinil 

increased Hdac7 expression. For repeated treatments (4 days after daily injections over 7 days) 

we found specific effects only for METH. We found that METH increased H4ac in class IIa 

Hdac4 and Hdac5 and decreased H3/H4ac at class I Hdac1, Hdac2 and Hdac8. At the mRNA 

level, repeated METH increased Hdac4 and decreased Hdac2. Class III and IV HDACs were 

only responsive to repeated treatments, where METH affected the H3/H4ac status of Sirt2, Sirt3, 

Sirt7 and Hdac11. Our results suggest that HDAC targets linked to the effects of modafinil 

and METH may be related to the cognitive-enhancing vs cognitive-impairing effects of these 

psychostimulants.
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INTRODUCTION

Chemical modifications of histones are some of the epigenetic mechanisms that regulate 

cellular processes requiring DNA access such as transcription, replication, and DNA repair 

(Zentner and Henikoff, 2013). Among histone modifications, lysine acetylation by histone 

acetyl-transferases (HATs) and lysine deacetylation by histone deacetylases (HDACs) play 

key roles in marking transcriptionally available genomic regions (Zentner and Henikoff, 

2013). These epigenetic mechanisms are essential in cellular responses to environmental 

changes and are contributory factors to drug-induced neuroadaptations in various models 

of addiction (Robison and Nestler, 2011). Histone acetylation is also involved in long-term 

plasticity associated with cognition (Gräff and Tsai, 2013), and may constitute substrates for 

the development of some neuropsychiatric diseases (Volmar and Wahlestedt, 2015). Given 

the potential involvement of these processes in models of psychiatric disorders, the proposal 

that these diseases may be treatable by HDAC manipulation has been previously put forward 

(Robison and Nestler, 2011).

Methamphetamine (METH) is a potent psychostimulant that induces neuroplastic changes in 

the prefrontal cortex (PFC) associated with cognitive decline and addiction (González et al., 

2014; 2016; Bisagno et al., 2016). In contrast, modafinil is a wake-promoting agent known 

to enhance cognitive profile with little addictive properties (González et al., 2014; Bisagno 

et al., 2016). Previously, our laboratory demonstrated that modafinil and METH elicit 

distinct epigenetic and transcriptional profiles in the PFC (González et al., 2018, 2019). 

For example, repeated treatments elicited different cognitive outcomes evaluated by novel 

object recognition (NOR), a PFC-dependent task, with modafinil-treated mice performing 

similarly to controls, and METH-treated mice showing impairments in recognition memory 

(González et al., 2018). In addition, single-dose modafinil or METH injections in mice 

showed that METH, but not modafinil, reduced the presynaptic probability of glutamate 

release onto DRD1-expressing layer V pyramidal medial (m)PFC neurons, indicative of 

hypofunctionality (González et al., 2019). These dichotomous functional outcomes were 

accompanied by differential changes in acetylation of histone H3 and H4 (H3ac and 

González et al. Page 2

Addict Biol. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H4ac) on several neurotransmitter receptors gene promoters in the mPFC (González et al., 

2018, 2019). These findings indeed suggest that modafinil and METH induce differential 

epigenetic, transcriptional and functional profiles within the mPFC.

HDACs in mammals are comprised of 18 genes that can be grouped into five subfamilies 

based on sequence homology and phylogenetic criteria. Classical HDACs are zinc

dependent and grouped in class I (HDAC1–3 and 8), class IIa (HDAC4, 5, 7, and 9), class 

IIb (HDAC6 and 10) and class IV (HDAC11), whereas class III HDACs are NAD-dependent 

and known as Sirtuins (SIRT1–7) (Haberland et al., 2009; Houtkooper et al., 2012). HDACs 

are all expressed in the brain (Haberland et al., 2009; Houtkooper et al., 2012) and differ in 

their structure, enzymatic function, subcellular localization, and expression patterns. Class 

I, II, and IV HDACs are expressed primarily in neurons (Broide et al., 2007). Interestingly, 

classes I and IIa HDACs are the most highly expressed in brain regions linked to learning 

and memory (Gräff and Tsai, 2013). Class I HDACs are found mostly within the nucleus and 

have high affinity for histones, whereas class IIa shuttle between the nucleus and cytoplasm, 

and class IIb are located only in the cytoplasm (Haberland et al., 2009). Nuclear class 

IIa HDACs bind to transcription factors like MEF2 and inhibit transcription of their target 

genes. Following phosphorylation by input-activated kinases however, class IIa HDACs bind 

to chaperone proteins, and shuttle back to the cytoplasm, thus permitting histone acetylation 

and transcriptional activation of target genes (Di Giorgio and Brancolini, 2016). This process 

is highly controlled by neuronal activity and thus provides a mechanism for input-specific 

gene expression (Chawla et al., 2003). Class III Sirtuins regulate important biological 

processes ranging from apoptosis, to cell differentiation, to energy metab olism, mechanisms 

that are important in regulating aging (Satoh and Imai, 2014). Sirtuins also function not only 

to deacetylate histones and several transcriptional regulators in the nucleus, but also some 

proteins located in other cellular compartments including the cytoplasm and mitochondria 

(Satoh and Imai, 2014). Class IV HDAC11 appears to play a role in neural differentiation, 

but little is known about its function in mature neural cells (Bryant et al., 2017). Like 

nearly all enzymes that are involved in critical cellular functions, HDAC activity is highly 

regulated by different mechanisms at the transcriptional, post-transcriptional, translational, 

and posttranslational levels (Seto and Yoshida, 2014). However, much remain to be done 

to identify the specific roles that histone acetylation might play at HDAC promoters in 

response to psychostimulant-induced transcriptional regulation.

Dysregulation of HDACs has been proposed to modulate the establishment and maintenance 

of aberrant transcriptional programs and behaviors associated with cognitive dysfunctions 

(Gräff and Tsai, 2013). These mechanisms may also be pivotal for psychostimulant-induced 

neuroadaptations and behavioral manifestations of addiction (Godino et al., 2015). However, 

more data are needed to elucidate the specific effects of pro-addictive and pro-cognitive 

drugs because they may have a differential impact on brain functions. In our continued 

efforts to understand these molecular mechanisms, we investigated the impact of modafinil 

and METH injections (1 hr after single-dose and 4 days after repeated daily injections over 7 

days) on H3ac and H4ac enrichment at the promoters of class I, II, III and IV HDACs using 

tissues from mouse mPFC.
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MATERIALS AND METHODS

Animals

C57BL/6 male mice (10–12 weeks old) from the School of Exact and Natural Sciences of 

the University de Buenos Aires (UBA) were used in this study. Mice were housed in groups 

of 5–6 animals per cage in a light- and temperature-controlled vivarium and had access to 

food and water ad libitum. Principles of animal care were followed in accordance with the 

‘‘Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research’’ 

(National Research Council, 2003), and approved by the Universidad de Buenos Aires 

IACUC authorities (Protocol Number: A5801–01) using OLAW and ARENA directives 

(NIH, Bethesda, USA). A total of 276 mice were used in this study.

Drug treatments

The drugs used were (+)-methamphetamine hydrochloride (Sigma, St Louis, MO) and 

modafinil (racemic mixture of R- and S-enantiomers), generously donated by Laboratorios 

Beta S.A. (Argentina). METH was diluted with 0.9% sterile saline, and modafinil was 

administered as a suspension in carboxymethylcellulose 0.5% in saline. We evaluated the 

effect of METH (1 mg/kg, s.c.) or modafinil (90 mg/kg i.p.) on the acetylation status of all 

HDACs by collecting mPFC tissue at two time points: 1 hr after a single-dose injection and 

4 days after repeated daily injections over 7 days. For vehicle administration, half of the 

mice received saline s.c. and the other half carboxymethylcellulose 0.5% in saline i.p. Drug 

doses were chosen based on previous studies conducted by our laboratory. We previously 

observed that those drug doses, 90 mg/kg modafinil and 1 mg/kg METH, can elicit similar 

locomotion and behavioral sensitization effects, but different cognitive outcomes (González 

et al., 2018).

Chromatin immunoprecipitation assays followed by PCR (ChIP-PCR)

Mouse mPFC tissue was processed for chromatin immunoprecipitation (ChIP) according to 

published protocols (González et al., 2018, 2019). Different cohorts of mice were treated 

for each H3ac and H4ac ChIP experiments at the two time-points selected. Briefly, minced 

tissue (2 pooled mPFC per sample) was cross-linked in 1% formaldehyde/PBS for 15 min. 

Dynabeads (Life Technologies, Grand Island, NY) were blocked with BSA and incubated 

with anti-H3ac (5 μg, 06–599 Millipore), anti-H4ac (2,5 μg, 06–866 Millipore), or normal 

rabbit IgG (negative control, 2.5 or 5 μg, 12–370 Millipore) antibodies. Chromatin shearing 

was carried out using a temperature controlled cold water bath and rotating sonicator 

(Bioruptor Pico, Diagenode). Immunoprecipitation was carried out overnight at 4 °C with 

equal amounts of chromatin lysate (25–30 μg) per sample. DNA-protein complexes were 

then disassociated at 65 °C with proteinase K for 2 hrs following treatment with RNaseA 

(Life Technologies). DNA was then isolated using phenol/chloroform extractions and 

suspended in 10 mM Tris. PCR was performed on ChIP-derived DNA using the ABIPrism 

7500 sequence detection system (Applied Biosystems). Enrichment of H3ac and H4ac was 

determined by specific ChIP primers designed to amplify proximal sequences from the 

transcription start site (TSS) of murine Hdac1–11 and Sirt1–7 and normalized to Actb (see 

Table S1 in supplemental information). ChIP PCR reactions were conducted with SYBR 

Green Master Mix 1X, 4 pmol of each primer pair and 5 µl of immunoprecipitated “IP” 
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DNA in a concentration of 0.5 ng/µl (2.5 ng of total DNA per reaction), in a final volume of 

13 µl. H3ac/H4ac-IP DNA and their respective IgG-IP controls were run in duplicates and 

extrapolated in a standard curve ranging from 5.00 to 0.04 ng of total (input) DNA in 5 µl.

RT-PCR

RT-PCR experiments were conducted in a separate and independent cohort of mice for each 

time-point selected, as previously described (González et al., 2016, 2018, 2019). Briefly, 

mPFC tissue was dissected and stored at −70 °C in RNAlater solution (Qiagen). Total 

RNA was then isolated using TRIZOL reagent (Invitrogen) following the manufacturer’s 

protocol. Five hundred nanograms of RNA were treated with DNAseI (Invitrogen), and 

reverse-transcribed in a 20 μL reaction using M-MLV reverse transcriptase (Promega) 

and random hexameres (Biodynamics). qRT-PCR primers were designed for the specific 

amplification of murine Hdac1–11 and Sirt1–7 (see Table S2 in supplemental information). 

Each sample was assayed in duplicate using 4 pmol of each primer, 1X SYBR Green Master 

Mix (Applied Biosystems), and 2–20 ng of cDNA in a total volume of 13 μL. Amplification 

was carried out in an ABI PRISM 7500 sequence detection system (Applied Biosystems). 

Expression of mRNA levels for each gene was normalized to the reference gene Actb. 

Results are reported as % change calculated by the ratios of normalized target genes of each 

drug-treated group in comparison to the gene expression data of respective control groups.

Statistical analysis

Data are expressed as means ± SEM. Statistical analyses were performed using one-way 

(treatment) ANOVAs followed by Bonferroni post-hoc test. Data were transformed when 

required to comply with parametric test assumptions. For data that did not comply with 

parametric test assumptions Kruskal-Wallis ANOVA on ranks was applied followed by 

paired comparisons. Statistics were conducted using the software InfoStat 2010. All data 

analyses were considered statistically significant when p ˂ 0.05.

Data Availability

The datasets generated during and/or analyzed during the current study are available from 

the corresponding author upon request.

RESULTS

Class I HDAC H3ac and H4ac promoter enrichment after single-dose and repeated 
modafinil or METH treatment

For single-dose modafinil and METH treatments we evaluated H3ac specific effects at class 

I HDACs (Fig. 1A) and found no changes among treatments. For H4ac specific effects 

(Fig. 1B), we found increased enrichment at Hdac1 after single-dose METH compared 

to modafinil and vehicle [ANOVA-Bonferroni F(2,27)=5.1, p=0.014], and decreased H4ac 

enrichment at Hdac2 and Hdac8 after single-dose modafinil and METH compared to vehicle 

[Hdac2: ANOVA-Bonferroni F(2,27)=6.3, p=0.006; Hdac8: ANOVA-Bonferroni F(2,27)=5.5, 

p=0.016].
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For repeated modafinil and METH treatments we evaluated H3ac specific effects at 

class I HDACs (Fig. 1C), and found decreased enrichment at Hdac1, Hdac2 and Hdac8 
after repeated METH compared to vehicle and modafinil [Hdac1: ANOVA-Bonferroni 

F(2,24)=5.9, p=0.009; Hdac2: Kruskal-Wallis H=7.4, p=0.025; Hdac8: Kruskal-Wallis 

H=10.5, p=0.005], and increased H3ac enrichment at Hdac3 after repeated modafinil and 

METH compared to vehicle [Kruskal-Wallis H=8.3, p=0.015]. For H4ac specific effects 

(Fig. 1D), we found increased enrichment at Hdac1 after repeated METH compared to 

vehicle [ANOVA-Bonferroni F(2,26)=4.72, p=0.019], decreased H4ac enrichment at Hdac2 
after repeated METH compared to vehicle and modafinil [Kruskal-Wallis H=6.3, p=0.042], 

and decreased H4ac enrichment at Hdac8 after repeated modafinil or METH compared to 

vehicle [Kruskal-Wallis H=6.2, p=0.044].

Class II HDAC H3ac and H4ac promoter enrichment after single-dose and repeated 
modafinil or METH treatment

For single-dose modafinil or METH treatment at class IIa HDACs, we evaluated H3ac 

specific effects (Fig. 2A) and found increased H3ac enrichment at Hdac7 after single-dose 

modafinil compared to vehicle and METH [ANOVA-Bonferroni F(2,22)=10.9, p=0.0006]. 

For H4ac specific effects (Fig. 2B), we found decreased H4ac enrichment at Hdac4 after 

single-dose METH compared to modafinil and vehicle [ANOVA-Bonferroni F(2,27)=7.3, 

p=0.003], decreased H4ac enrichment at Hdac5 after single-dose METH compared to 

vehicle [ANOVA-Bonferroni F(2,27)=4.1, p=0.028], and decreased H4ac at Hdac7 after 

single-dose modafinil compared to vehicle and METH [Kruskal-Wallis H=6.44, p=0.039].

For repeated modafinil and METH treatments at class IIa HDACs, we evaluated H3ac 

specific effects (Fig. 2C) and found increased H3ac enrichment at Hdac4 after repeated 

modafinil or METH compared to vehicle [Kruskal Wallis H=7.1, p=0.029]. For H4ac 

specific effects (Fig. 2D), we found increased H4ac enrichment at Hdac4 and Hdac5 
after repeated METH compared to vehicle and modafinil [Hdac4: Kruskal-Wallis H=6.6, 

p=0.036; Hdac5: Kruskal-Wallis H=6.3, p=0.043].

For single-dose modafinil and METH treatments at class IIb HDACs, we evaluated H3ac 

specific effects (Fig. 3A) and found no changes in H3ac enrichment among treatments. 

For H4ac specific effects (Fig. 3B), we found increased H4ac enrichment at Hdac10 after 

single-dose METH compared to vehicle and modafinil [ANOVA-Bonferroni F(2,27)=6.9, 

p=0.004]. For repeated modafinil or METH treatment at class IIb HDACs, we evaluated 

H3ac specific effects (Fig. 3C) and H4ac specific effects (Fig. 3D) and found no changes 

across treatments.

Class III HDAC Sirtuins H3ac and H4ac promoter enrichment after single-dose or repeated 
modafinil or METH treatment

For single-dose modafinil or METH treatment acetylation effects at class III Sirtuins, 

we evaluated H3ac (Fig. 4A) and H4ac (Fig. 4B) and found no changes across groups. 

For repeated modafinil or METH treatment at class III Sirtuins, we evaluated H3ac 

specific effects (Fig. 4C) and found increased H3ac enrichment at Sirt3 after repeated 

METH compared to vehicle and modafinil [ANOVA-Bonferroni F(2,26)=6.9, p=0.004], 
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and increased H3ac at Sirt6 after repeated modafinil and METH compared to vehicle 

[Kruskal Wallis H=7.4, p=0.025]. For H4ac specific effects (Fig. 4D), we found increased 

H4ac enrichment at Sirt2 after repeated METH compared to vehicle [ANOVA-Bonferroni 

F(2,26)=4.2, p=0.027], and decreased H4ac enrichment at Sirt7 after repeated METH 

compared to vehicle and modafinil [Kruskal-Wallis H=6.4, p=0.039].

Class IV HDAC11 H3ac and H4ac promoter enrichment after single-dose or repeated 
modafinil or METH administration

For single-dose modafinil or METH treatment at class IV Hdac11, we evaluated H3ac (Fig. 

5A) and H4ac (Fig. 5B) specific effects and found no significant changes across groups. 

For repeated modafinil or METH treatment we evaluated H3ac (Fig. 5C) and found no 

changes among groups. For H4ac (Fig. 5D) we found increased H4ac enrichment at Hdac11 
after repeated METH compared to vehicle and modafinil [ANOVA-Bonferroni F(2,28)=6.5, 

p=0.005].

Gene expression of HDACs that showed altered histone acetylation promoter enrichment 
after modafinil or METH treatment

While epigenetic regulation can lead to changes in gene expression, accumulating evidence 

has shown that altered chromatin states may not directly correlate with transcription (Wang 

et al., 2009; Zentner and Henikoff, 2013). Therefore, we measured mRNA levels of HDAC 

genes that showed altered H3ac and/or H4ac promoter enrichment after single-dose or 

repeated modafinil or METH injections.

For single-dose modafinil and METH treatment (Fig. 6A), we found increased class 

I Hdac1, Hdac2 and Hdac8 after modafinil and METH compared to vehicle [Hdac1: 

Kruskal Wallis H=7.72, p=0.021; Hdac2: Kruskal Wallis H=7.61, p=0.022; Hdac8: ANOVA

Bonferroni F(2,16)=5.5, p=0.018]. We also found increased class IIa Hdac4 after METH 

compared to modafinil and vehicle [ANOVA-Bonferroni F(2,16)=9.5, p=0.002], increased 

Hdac5 after modafinil and METH compared to vehicle [ANOVA-Bonferroni F(2,16)=11.2, 

p=0.001], and increased Hdac7 after modafinil compared to METH and vehicle [Kruskal 

Wallis H=6.8, p=0.018]. For repeated modafinil or METH treatment (Fig. 6B), we 

found decreased class I Hdac2 after METH compared to modafinil and vehicle [ANOVA

Bonferroni F(2,16)=8.5, p=0.004], and increased class IIa Hdac4 and class III Sirt7 after 

METH compared to vehicle [Hdac4: Kruskal Wallis H=6.88, p=0.032; Sirt7: ANOVA

Bonferroni F(2,16)=7.15, p=0.008].

Results summary of HDACs histone 3 and 4 acetylation and gene expression studies

Figure 7 summarizes H3ac and H4ac ChIP-PCR results for modafinil and METH treatments, 

graphically depicting the global tendency of each drug compared to vehicle, and their 

specific and shared effects. Our results show that all classes of HDACs family were 

responsive to modafinil and/or METH treatments via mechanisms involving changes in 

H3ac and/or H4ac enrichment. Table 1 shows the acetylation changes found for each 

HDAC and concomitant gene expression results. Taken together, our results demonstrate that 

METH produced broader effects on HDAC superfamily acetylation compared to modafinil, 
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and that patterns of H3ac and H4ac on HDACs are followed by different mRNA expression 

levels of these same genes.

DISCUSSION

In the present study, we investigated the acetylation status of all HDACs after single-dose 

and repeated modafinil and METH treatments. These two time points were chosen based 

on our previous reports investigating the reactions of the brain to initial drug exposure, 

and epigenetic neuroadaptations that occur following repeated exposures (González et al., 

2018, 2019). Modafinil and METH are known to transiently facilitate neurotransmission 

mediated by monoamines including DA, NE, and 5-HT in the reward pathways, including 

the mPFC (Bisagno et al., 2016). Because modafinil and METH increase DA concentration 

via different pharmacokinetic and pharmacodynamic mechanisms (Sulzer et al., 2005; 

Wisor, 2013), it seemed likely that distinct molecular adaptations might occur in response to 

each psychostimulant. We found substantial changes in H3ac and H4ac at HDAC proximal 

promoters mostly after METH injection in contrast to modafinil injection. Interestingly, 

H4ac was far more responsive to single-dose injections at HDAC promoters compared to 

H3ac. In contrast, we found similar levels of acetylation changes for each histone after 

repeated administration of each drug. The accumulated evidence suggests that H3ac and 

H4ac are under the control of different signaling mechanisms (Rogge and Wood, 2013), 

targeted by specific HAT- and HDAC-containing protein complexes (Jayanthi et al., 2014; 

Renthal et al., 2009), and that they elicit independent effects on transcription factor binding, 

gene expression, and chromatin remodeling (Agricola et al., 2006; Yu et al., 2011; Gansen 

et al., 2015; González et al., 2018, 2019). Therefore, the present results most likely reflect 

different pathways controlling H3ac and H4ac enrichment at HDAC promoters. We also 

found that repeated drug administration elicited H3ac changes in all members of class 

I HDACs. However, these changes were not detected following single-dose injection, 

suggesting that H3ac might participate in long-lasting neuroadaptations induced by drug 

exposure, particularly for METH. Previous findings have also found that specific H3ac 

changes were linked to gene regulation following repeated cocaine exposure (Kumar et al., 

2005; Wang et al., 2010).

For class I, we found different patterns of changes between Hdac1, Hdac2, and Hdac8 
in comparison to Hdac3. HDAC1 and 2 are generally found in repressive complexes that 

contain Sin3, NuRD, CoREST, and PRC2 (Haberland et al., 2009) whereas HDAC3 is 

found in complexes with N-CoR–SMRT (Fischle et al., 2002). HDAC3 is also associated 

with class II HDACs including HDAC4 and 5 that are enzymatically inactive, and not 

capable of driving epigenetic changes when not associated with HDAC3 (Fischle et al., 

2002). Interestingly, we found similarly increased H3ac in Hdac3 and Hdac4 after repeated 

modafinil or METH. A different pattern was also observed between Hdac1 and Hdac2 
promoters: single-dose and repeated METH increased H4ac in Hdac1 but decreased it in 

Hdac2. In the PFC, HDAC1 expression was found predominantly in glia, and HDAC2 was 

highly and ubiquitously expressed in neurons (Guan et al., 2009; Baltan et al., 2011). From 

a functional perspective, HDAC2, but not HDAC1, had been found to negatively regulate 

memory formation and synaptic plasticity (Guan et al., 2009). Moreover, the CoREST 

complex preferentially associates with HDAC2 relative to HDAC1 (Guan et al., 2009). 
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Interestingly, Hdac8 showed decreased H4ac after both modafinil and METH single-dose 

and repeated treatments, suggesting a role of this HDAC on psychostimulant epigenetic 

effects in the mPFC.

It was proposed that histone acetylation of target genes increase upon neuronal stimulation, 

and HDACs may be concomitantly triggered to restrain these signals and restore acetylation 

to basal levels (Wang et al., 2009; Guan et al., 2009; Gräff and Tsai, 2013). Therefore, 

this epigentic system seems to self-regulate, where acetylation mechanisms may in turn 

control the activation of deacetylases. In this sense, it was shown that HDAC1 is recruited 

to its own promoter and thus regulate self-expression (Schuettengruber et al., 2003). We 

have previously shown that single-dose of both modafinil and METH increased H3ac but 

decreased H4ac global levels in the mPFC, together with increased HDAC1 and HDAC2 

protein (González et al., 2019). Interestingly, increased HDAC2 and decreased H4ac were 

responsive to DA receptor blockers pre-treatment, suggesting that HDAC2 may participate 

in the control of H4 acetylation following DA stimulation in neurons (González et al., 

2019). Here we found that single-dose modafinil and/or METH decreased H4ac at Hdac2, 

Hdac4, Hdac5, Hdac7 and Hdac8, together with increased mRNA expression. Noteworthy, 

for these HDACs the acetylation status of H4 seems to go in the opposite direction that the 

one expected by the gene expression patterns. However, this apparent contradiction between 

decreased acetylation and increased gene expression could be explained by the fact that 

not all acetylated H4 lysines results in increased gene expression. For example, Zhou and 

Grummt (2005) showed that H4K16ac can elicit gene silencing through the recruitment of 

repressive complexes, thus highlighting the possibility that H4 acetylation at K16 may elicit 

different responses than the other acetylated H4 lysines such as K5ac, K8ac or K12ac. Thus, 

the possible link between decreased acetylated H4 lysines and accompanied increases in 

mRNA expression cannot be resolved by the pan-acetylated antibodies used in this study and 

merits further exploration.

We found a contrasting acetylation profile in class IIa HDACs after single-dose vs repeated 

METH treatment: decreased vs increased H4ac in Hdac4 and Hdac5. It is noteworthy 

that increased H4ac at Hdac4 and Hdac5 after repeated METH occurred in parallel with 

decreased H3/H4ac at class I Hdac1, Hdac2 and Hdac8. It has been proposed that behavioral 

responses to chronic exposure to addictive drugs may involve class IIa HDAC gene targets 

(Renthal et al., 2007; Griffin et al., 2017). HDAC4 and 5 appear to have specific roles in 

synaptic plasticity, memory formation, and spatial learning (Sando et al., 2012; Agis-Balboa 

et al., 2013), and they have been implicated in cocaine reward (Penrod et al., 2017), 

and METH craving (Li et al., 2017). Among class IIa, HDAC7 is of particular interest 

given that a single-dose of modafinil specifically increased H3ac and decreased H4ac at 

the Hdac7 promoter and increased Hdac7 mRNA levels. HDAC7 seems to play a role in 

hippocampus-dependent memory formation (Jing et al., 2017), and is involved in neuronal 

protection against apoptotic mechanisms (Ma and D’Mello, 2011). Interestingly, we and 

others have shown that modafinil has anti-oxidative, anti-inflammatory, and neuroprotective 

effects on the dopaminergic system (Ueki et al., 1993; Jenner et al., 2000; van Vliet et al., 

2008; Raineri et al., 2011, 2012). Moreover, we previously showed that modafinil is able 

to enhance memory recognition (González et al., 2014). Taken together, it is plausible to 

suggest that HDAC7 promoter acetylation and changes in gene expression might regulate, 
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in part, modafinil’s effects on cognitive function and neuronal damage. Further studies 

are needed to fully explore modafinil-induced HDAC7 effects on learning and memory 

processes and inflammation pathways.

Class III Sirtuins and IV HDAC11 were only responsive to repeated treatment. METH 

effects at Sirt2, Sirt3, Sirt7, and Hdac11 could be related to its neurotoxic and pro-apoptotic 

effects in the brain: METH-induced cell death is related to intra-terminal DA autoxidation 

and generation of reactive oxygen species, with subsequent induction of neuronal apoptosis 

(Krasnova and Cadet, 2009). Consistent with a role of Sirtuins regulating the oxidative 

stress response in the brain during aging, it has been shown that SIRT2 has protective roles 

against neurodegeneration (Donmez et al., 2013), and that SIRT3 responds to changes in 

mitochondrial redox status by altering the enzymatic activity of specific downstream targets 

(Ozden et al., 2011). SIRT2 was found increased after chronic METH and cocaine exposure 

in the nucleus accumbens (Jayanthi et al., 2014; Renthal et al., 2009), and SIRT7 has 

exhibited a pro-survival role in cells, and its depletion triggers apoptosis (Ford et al., 2006). 

For HDAC11 it has been shown that it has modulatory effects on inflammation (Yanginlar 

and Logie, 2018), and it was also found significantly increased in rat anterior cingulate 

cortex after cocaine self-administration (Host et al., 2011), indicating a role of this HDAC in 

addiction models.

Accumulating evidence has shown that histone acetylation may change the steady-state 

mRNA levels of some genes, whereas at others may play a role in priming for subsequent 

induction or desensitization (Wang et al., 2009; Renthal and Nestler, 2008). Therefore, the 

acetylation changes detected here that do not match with gene expression might reflect latent 

or residual changes in gene inducibility. Also, given that several epigenetic mechanisms 

regulate transcription (Robison and Nestler, 2011), it is possible that other mechanisms 

are contributing to gene expression, such as DNA methylation or microRNA interactions. 

Nonetheless, we found an association between histone acetylation and gene expression after 

repeated METH treatment for Hdac2 (decreased promoter H3/H4ac and mRNA levels) 

and Hdac4 (increased promoter H4ac and mRNA levels), which is in agreement with the 

proposed role of gene targets of class IIa HDACs in chronic responses to addictive drugs 

(Renthal et al., 2007; Griffin et al., 2017).

In summary, our study is the first comprehensive work that compares the H3ac and 

H4ac status of all HDACs in the mPFC following acute and repeated modafinil and 

METH exposure. Our results show that injections of modafinil or METH are followed 

by distinct H3ac and H4ac patterns on HDACs promoters. These experiments thus identify 

histone acetylation as an important player in mechanisms that regulate psychostimulant

induced changes in HDAC expression. These epigenetic alterations may, in part, be 

related to the cognitive-enhancing and cognitive-impairing effects of modafinil vs METH, 

and their various molecular impact on mPFC functioning. A thorough understanding of 

HDAC regulation will not only provide further insights into histone acetylation after drug 

administration, but also may serve as potential diagnostic and therapeutic approaches for the 

treatment of diseases that result from abnormal acetylation/deacetylation of histones.
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Figure 1: Effect of single-dose and repeated modafinil (MOD) or methamphetamine (METH) 
treatment on the enrichment of acetylated histone 3 (H3ac) and acetylated histone 4 (H4ac) at 
Class I HDAC promoters in the mPFC.
Single-dose treatments: A) ChIP-PCR for H3ac, B) ChIP-PCR for H4ac. Repeated 

treatments: C) ChIP-PCR for H3ac, D) ChIP-PCR for H4ac. Data are expressed as means 

± SEM (N=8–10). * Different from vehicle p<0.05 or ** p<0.01, # different from MOD 

p<0.05.
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Figure 2: Effects of single-dose or repeated modafinil (MOD) or methamphetamine (METH) 
injections on the enrichment of acetylated histone 3 (H3ac) and acetylated histone 4 (H4ac) at 
Class IIa HDAC promoters in the mPFC.
Single-dose treatments: A) ChIP-PCR for H3ac, B) ChIP-PCR for H4ac. Repeated 

treatments: C) ChIP-PCR for H3ac, D) ChIP-PCR for H4ac. Data are expressed as means 

± SEM (N=8–10). * Different from vehicle p<0.05 or ** p<0.01, # different from MOD 

p<0.05 or ### p<0.001.

González et al. Page 16

Addict Biol. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Effect of single-dose or repeated modafinil (MOD) or methamphetamine (METH) 
injection on the enrichment of acetylated histone 3 (H3ac) and acetylated histone 4 (H4ac) at 
Class IIb HDAC promoters in the mPFC.
Single-dose treatments: A) ChIP-PCR for H3ac, B) ChIP-PCR for H4ac. Repeated 

treatments: C) ChIP-PCR for H3ac, D) ChIP-PCR for H4ac. Data are expressed as mean 

± SEM (N=8–10). * Different from vehicle p<0.05, ## different from MOD p<0.01.
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Figure 4: Effects of single-dose or repeated modafinil (MOD) or methamphetamine (METH) 
injection on the enrichment of acetylated histone 3 (H3ac) and acetylated histone 4 (H4ac) at 
Class III HDAC (Sirtuins) promoters in the mPFC.
Single-dose treatments: A) ChIP-PCR for H3ac, B) ChIP-PCR for H4ac. Repeated 

treatments: C) ChIP-PCR for H3ac, D) ChIP-PCR for H4ac. Data are expressed as means 

± SEM (N=8–10). * Different from vehicle p<0.05 or ** p<0.01, # different from MOD 

p<0.05.
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Figure 5: Effects of single-dose or repeated modafinil (MOD) or methamphetamine (METH) 
treatment on the enrichment of acetylated histone 3 (H3ac) and acetylated histone 4 (H4ac) at 
Class IV HDAC promoter in the mPFC.
Single-dose treatments: A) ChIP-PCR for H3ac, B) ChIP-PCR for H4ac. Repeated 

treatments: C) ChIP-PCR for H3ac, D) ChIP-PCR for H4ac. Data are expressed as means ± 

SEM (N=8–10). ** Different from vehicle p<0.01, # different from MOD p<0.05.
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Figure 6: Effects of single-dose or repeated modafinil (MOD) or methamphetamine (METH) 
treatment on gene expression in the mPFC.
RT-PCR evaluation of mRNA expression after A) Single-dose administration and B) 

Repeated injections. Data are expressed as means ± SEM (N=5–6). * Different from vehicle 

p<0.05 or ** p<0.01, # different from MOD p<0.05 or ## p<0.01.
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Figure 7: Modafinil and METH shared and differential histone 3 and 4 acetylation profiles on 
HDACs family promoters in the mPFC.
The Venn diagrams depict the specific and overlapped HDAC promoters with altered 

acetylation status, identified after administration of a single-dose and repeated injections 

of modafinil (gray) and METH (black).Letter case in red: increased acetylation, in blue: 

decreased acetylation, compared to vehicle-treated controls.

González et al. Page 21

Addict Biol. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

González et al. Page 22

Table 1:

Results summary on histone 3 and 4 acetylation and gene expression results for modafinil and METH single

dose and repeated treatments. + : increased acetylation, − : decreased acetylation, =: no change, compared to 

vehicle.

Single-dose treatments

Modafinil METH

H3ac H4ac mRNA H3ac H4ac mRNA

Hdac1 = = + = + +

Hdac2 = − + = − +

Hdac4 = = = = − +

Hdac5 = = + = − +

Hdac7 + − + = = =

Hdac8 = − + = − +

Hdac10 = = = = + =

Repeated treatments

Modafinil METH

H3ac H4ac mRNA H3ac H4ac mRNA

Hdac1 = = = − + =

Hdac2 = = = − − −

Hdac3 + = = + = =

Hdac4 + = = + + +

Hdac5 = = = = + =

Hdac8 = − = − − =

Hdac11 = = = = + =

Sirt2 = = = = + =

Sirt3 = = = + = =

Sirt6 + = = + = =

Sirt7 = = = = − +
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