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Research Report
Brief project description and aims
There is limited information on the mechanisms by which methamphetamine (METH)
can induce cognitive deficits while modafinil can improve cognition. Accumulating evidence
indicates that cognitive functions that relay in the prefrontal cortex (PFC) play a critical role in
the neurobiology of drug abuse [1]. Although both METH and modafinil are psychostimulants
that increase dopamine signaling, the have opposed profiles: METH is highly addictive,
detrimental to PFC function and cognition and toxic in dopaminergic areas of the CNS [2,3,4,5],
as opposed to modafinil which has very low abuse liability, improves PFC activation and
cognition and has a neuroprotective profile [6,4]. In the last years, many epigenetic mechanisms
have been found as mediators of the enduring drug-induced changes in gene expression. Upon
cellular stimuli, histones 3 and 4 of the nucleosome can be modified to either loosen chromatin
and allow for transcriptional initiation or condense chromatin and deny promoter access. We
hypothesized that METH and modafinil would induce changes in long lasting epigenetic marks
that alter the transcriptional capacity of PFC circuits and cellular components, such as histone 3
and 4 acetylation (H3ac and H4ac), indicative of transcriptional activation.
In recent years several powerful techniques have been developed to evaluate epigenetic
status in both physiologic and pathologic conditions. Chromatin immunoprecipitation (ChIP),
that involves an antibody to a specific histone modification or other DNA-binding protein of
interest is used, lies at the heart of these technologies. ChIP assays can be evaluated by standard
methods like quantitative real time PCR, or by next generation sequencing (ChIP-seq), allowing
the identification of genome-wide DNA binding sites for transcription factors and other proteins
bounded to DNA such as acetylated histones.
This study is aimed to investigate the effect of METH and modafinil on the global
targets of histone acetylation in medial PFC, by performing ChIPseq assays using antibodies
specific for pan-acetylated H3ac and H4ac.
Outcome
Experiments were set as follow: male C57 mice received 7-day-repeated METH (1
mg/kg), modafinil (90 mg/kg) or vehicle treatment, and were sacrificed at day 4 after the last
injection. We have previously shown in mice that this METH treatment induces PFC
hypoactivation [2] and visual memory impairments associated with blunted prefrontal ERK
signalling that can be rescued by modafinil treatment [3]. Two medial PFC (mPFC) per sample
were processed for ChIP experiments (15 min fixation in paraformaldehyde 1%). Before tissue
sonication, IgG-coupled magnetic beads (Dynabeads® Protein G 10004D Invitrogen) were
incubated with anti-H3ac (5 g, 06-599 Millipore), anti-H4ac (2,5 g, 06-866 Millipore) or
normal rabbit IgG (negative control, 2.5 or 5 g, 12-370 Millipore) antibodies overnight at 4 °C
under constant rotation in blocking solution. Chromatin shearing was carried out in a sonicator
(Bioruptor Pico, Diagenode) to obtain average DNA fragment size in the range 200–1,000 bp.
After sonication, 25-30 g of chromatin were transferred to the antibody–bead conjugates and
incubated over night at 4 °C and rotation. Immunoprecipitated DNA was washed and eluted
from the beads, extracted with phenol-cloroform, quantified and aliquots stored at -70 °C. With
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these DNA samples we performed qPCR using primers designed to analyse promoters of genes
of interest, and also we sent aliquots to Macrogen (USA, Rockville, MD) to check DNA quality
for up-coming massive sequencing.
Quantitative PCR analysis showed very interesting and novel results that are central to a
manuscript that we are preparing for submission. We found that repeated METH distinctively
decreased H3ac enrichment at NMDA glutamate receptor subunit Grin1, DA receptor Drd2,
orexin receptors Hcrtr1 and Hcrtr2, and Hdac1 and Hdac2 promoters (Figure 1A). Repeated
METH also caused increased H4ac enrichment at Grin1 and Drd1a promoters (Figure 1B),
which correlated with increased mRNA expression (Figure 1C). Interestingly, we found
increased H4ac in Hcrtr1 after repeated modafinil, showing that orexinergic system plays a
distinctive role on modafinil mechanism of action in the mPFC. We found that repeated METH
decreased histone acetylation at HDACs promoters, where Hdac1 showed decreased H3ac
(Figure 3A) and Hdac2 both decreased H3ac and H4ac (Figure 1A and 1B). At the mRNA level
we found no change in Hdac1 among groups, and decreased Hdac2 after METH compared to
modafinil (Figure 1C). We also found increased AMPA glutamate receptor subunit Gria1
mRNA after repeated METH only (Figure 1C), but found no changes on H3ac and H4ac
enrichment at this promoter (Figure 1A and 1B).

Figure 1: Effect of repeated METH
and modafinil treatment on
acetylated histones enrichment at
promoters and their mRNA
expression.
A) Acetylated histone 3 (H3ac)
enrichment, ANOVA-Bonferroni
(N=8-10). B) Acetylated histone 4
(H4ac) enrichment, ANOVABonferroni (N=8-10). C) mRNA
expression by RT-PCR. ANOVABonferroni (N=5-6). * Different from
Vehicle, # different from MOD,
p0.05.

These results identified for the first time epigenetic targets of METH and modafinil that
we can sum-up briefly as follow: i) METH elicited specific effects decreasing H3ac enrichment
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at several promoters that were not observed with modafinil, in fact we could not detect any
effect of modafinil on H3ac status in the genes analyzed; ii) METH showed a specific effect
increasing H4ac enrichment at NMDA subunit Grin1 and dopamine receptor Drd1, and
decreasing enrichment at Hdac2, which were correlated with their respective mRNA expression;
iii) Modafinil shared none of the effects we found in METH for H3ac and H4ac, and showed
only one specific effect increasing H4ac enrichment at orexin receptor Hcrtr1.
To date there is no published information on epigenetic targets of modafinil in the CNS.
For METH, it was described epigenetic effects only in the striatum [7] but there is no
information on PFC effects. These preliminary results identified H3 acetylation as one specific
epigenetic target of METH that could be linked to the detrimental effects elicited by this abused
drug on cognition and PFC malfunction. Also, we were able to pin-point orexin receptor Hcrtr1
as one specific target of modafinil action in the mPFC, indicating that orexin neurotransmission
could be mediating specific effects of this drug. Importantly, we have generated the DNA
samples to perform the genome–wide analysis of H3ac and H4ac targets of METH and
modafinil in the mPFC, and we are at the beginning of the analysis process with Macrogen
ChIP-sequencing services. The ChIP-seq data will allow identifying global changes occurring
after METH and modafinil administration protocols in the PFC, which could open new
pathways to potential therapeutic targets to psychostimulant addiction.
We believe that the outcome of the project after one year is very satisfactory. We were
able to set up the ChIP technique in our lab, and generated very novel ChIP results that are part
of a manuscript in preparation, where the ISN will be properly acknowledged.
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