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Relapse during abstinence in cocaine use disorder (CUD) is often hastened by high
impulsivity (predisposition toward rapid unplanned reactions to stimuli without regard to
negative consequences) and high cue reactivity (e.g., attentional bias towards drug
reward stimuli). A deeper understanding of the degree to which individual biological
differences predict or promote problematic behaviors may afford opportunities for clinical
refinement and optimization of CUD diagnostics and/or therapies. Preclinical evidence
implicates serotonin (5-HT) neurotransmission through the 5-HT2A receptor (5-HT2AR) as
a driver of individual differences in these relapse-related behaviors. Regulation of 5-HT2AR
function occurs through many mechanisms, including DNA methylation of the HTR2A
gene, an epigenetic modification linked with the memory of gene-environment
interactions. In the present study, we tested the hypothesis that methylation of the
HTR2A may associate with relapse-related behavioral vulnerability in cocaine-dependent
participants versus healthy controls. Impulsivity was assessed by self-report (Barratt
Impulsiveness Scale; BIS-11) and the delay discounting task, while levels of cue reactivity
were determined by performance in the cocaine-word Stroop task. Genomic DNA was
extracted from lymphocytes and the bisulfite-treated DNA was subjected to
pyrosequencing to determine degree of methylation at four cytosine residues of the
HTR2A promoter (-1439, -1420, -1224, -253). We found that the percent methylation at
site -1224 after correction for age trended towards a positive correlation with total BIS-11
scores in cocaine users, but not healthy controls. Percent methylation at site -1420
negatively correlated with rates of delay discounting in healthy controls, but not cocaine
users. Lastly, the percent methylation at site -253 positively correlated with attentional bias
toward cocaine-associated cues. DNA methylation at these cytosine residues of the
HTR2A promoter may be differentially associated with impulsivity or cocaine-associated
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environmental cues. Taken together, these data suggest that methylation of the HTR2A
may contribute to individual differences in relapse-related behaviors in CUD.
Keywords: cocaine use disorder, HTR2A, methylation, impulsivity, attentional bias, rs6311, A-1438G
INTRODUCTION

Cocaine use disorder (CUD) continues to be a significant public
health problem, with rising cocaine-related overdose deaths
linked to the growing opioid crisis (1). Cocaine use begins
against a background of genetics and environment, although
the intricate interplay between these variables is still poorly
understood and differs between individuals, presenting a
barrier to understanding the origins of CUD as well as moving
forward toward efficacious pharmacotherapeutics. Motor
impulsivity (behavioral disinhibition) and impulsive choice
(decision-making) are two dimensions of impulsivity that
associate with CUD relapse-associated behaviors (2–5).
Impulsivity is interlocked with cue reactivity (6, 7) which is
defined as the attentional orientation toward drug-associated
stimuli that predict reward (8, 9). Cocaine-dependent subjects
often present with high levels of impulsivity (3, 4, 10) and cue
reactivity (11–13). Furthermore, high levels of impulsivity are
negatively correlated with treatment retention in cocaine-
dependent individuals (10, 14). At present, CUD is a chronic
relapsing disorder with no known Food and Drug
Administration-approved medications.

Gene expression and function are regulated through genetic
and epigenetic mechanisms essential for cellular differentiation,
function, and development (15–17). DNA methylation is one of
several types of epigenetic modifications which is essential in
imprinting chromosomal DNA with the memory of past gene-
environment interactions (15, 18). At the core of epigenetics is a
series of proteins that establish DNA methylation and histone
modification patterns (writers), those that interpret these
patterns by selective binding (readers), and those that erase the
patterns (erasers) during epigenetic reprogramming (19).
Methylation occurs at CpG islands, which are stretches of
DNA with a higher concentration of cytosines and guanines
(18). These CpG islands are located in the promoter region of
genes and DNA methylation at CpG sites generally results in
inhibited gene transcription through obscured transcription
factor binding sites (18, 20). Up to 70–80% of cytosines in
CpG islands are subjected to methylation and altered
epigenetic profiles are associated with a wide range of
neuropsychiatric diseases (21, 22), including substance use
disorders (23).

Studying the influence of epigenetic differences provides an
opportunity to greatly improve diagnosis and treatment outcome
by identifying interindividual responses to facilitate the
development of precision pharmacotherapies. Epigenetics is a
vital point of regulation necessary to fine tune transcriptional
and translational processes such that the cell and ultimately the
organism adapts to its environment. There is mounting evidence
that serotonin (5-HT) neurotransmission through the 5-HT2A
g 2
receptor (5-HT2AR) controls neural mechanisms underlying
relapse-related behavioral vulnerability to cocaine, including
both impulsivity and cue reactivity (for reviews) (6, 7). In
preclinical models, selective 5-HT2AR antagonists administered
systemically consistently reduce impulsivity and cue-primed
drug seeking (24–29). In particular, pharmacological and
genetic association studies implicate 5-HT2AR regulation of
impulsive choice (30–33). Further, methylation of the HTR2A
(human 5-HT2AR gene) is implicated as a contributor to
schizophrenia and mood disorders (34–36), but has not been
interrogated in impulsivity or CUD relapse-related behaviors.
Here, we profiled the methylation pattern of the HTR2A
promoter from blood lymphocyte DNA collected from healthy
controls and cocaine-dependent participants. Tracking
epigenetic changes in the blood provides a useful clinical tool
as gene targets in the periphery, like the brain, are subjected to an
array of changes following exposure to environmental stimuli.
We tested the hypothesis that the DNAmethylation profile of the
HTR2A promotor from peripheral lymphocytes aligns to
individual differences in impulsivity and cocaine cue reactivity
in healthy controls and cocaine-dependent participants.
MATERIALS AND METHODS

Participants
The sample consisted of 48 healthy controls and 53 cocaine-
dependent participants recruited from ongoing studies at the
University of Texas Health Science Center at Houston (n=10
healthy controls; n=10 cocaine users) or at the Institute for Drug
and Alcohol Studies at Virginia Commonwealth University
(VCU) (n=38 healthy controls; n=43 cocaine users) using the
same diagnostic, psychometric, and advertising procedures.
Participants were recruited via newspaper advertisements and
were initially screened by a brief telephone interview. Individuals
were excluded if they indicated significant psychiatric or medical
conditions, including a self-reported history of severe brain
injury. Following the phone screen, eligible participants
attended an in-person intake assessment session, during which
they completed a medical history and physical examination and
were screened for psychiatric disorders using the structured
clinical interview for DSM-IV (SCID-I) (37). Information
about the participants' demographic and drug use history was
also collected at the intake interview. All participants were urine
tested for cocaine (benzoylecgonine), tetrahydrocannabinol
(THC), opiates, amphetamine, methamphetamine, and
benzodiazepines using integrated E–Z split key cup II
(Innovacon Company, San Diego, CA) on each visit to the clinic.

Eligible participants met current DSM-IV criteria for cocaine
dependence, did not meet DSM-IV current dependence criteria
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for drugs other than cocaine, marijuana, nicotine, or alcohol and
did not have current or past medical disorders affecting the
central nervous system. The cocaine-dependent sample included
both treatment-seeking (n= 41) and non-treatment-seeking
(n=12) participants. The treatment-seekers were part of studies
in which they received manualized cognitive behavioral therapy
and were randomized to either placebo or any one or
combination of the following medications: levodopa/carbidopa
and/or citalopram. All data from treatment-seekers were
collected at intake prior to the start of medication or
behavioral therapy; therefore treatment-seekers and non-
treatment-seekers were grouped together for the analyses. The
healthy control group consisted of participants who had a
negative urine drug screen, negative breathalyzer test, and did
not have any current or past DSM-IV axis I disorders (including
any substance dependence) or medical disorders affecting the
central nervous system. Healthy controls were recruited via
similar advertising procedures as the cocaine-dependent
participants. Healthy controls who were also smokers (n=13)
were excluded from all analyses except for genotyping due to the
influence of nicotine on baseline impulsivity task performance
[(38–41); Moeller laboratory, unpublished observations].

All participants were free of alcohol at the time of testing as
determined by a breathalyzer (Intoximeters, Inc., St. Louis, MO).
Female participants were excluded if they had a positive urine
pregnancy test. All participants were compensated for their
participation. Participants were fully informed of the nature of
the research and provided written consent for their involvement
in accordance with the Declaration of Helsinki. The studies from
which participant data were included were approved by the
University of Texas Health Science Center at Houston, VCU,
and University of Texas Medical Branch Institutional
Review Boards.

Barratt Impulsiveness Scale (BIS-11)
The BIS-11 is one of the most commonly used questionnaire-
based measures of trait impulsivity (42). The BIS-11 is a 30-item
self-report scale with three oblique second order factors: (1)
attentional/cognitive impulsivity, measuring tolerance for
cognitive complexity, and persistence; (2) motor impulsivity,
measuring the tendency to act on the spur of the moment; and
(3) non-planning impulsivity, measuring the lack of sense of the
future. Items were rated from 1 (absent) to 4 (most extreme);
total scores are a summation of attention, motor, and non-
planning attributes, and ranged from 30–120, with non-
psychiatric controls generally scoring 50–60. The BIS-11
questionnaire was completed by most participants except for
two participants from the healthy controls and four participants
from the cocaine users, these individuals were not included in the
BIS-11 analyses.

Adjusting Delay Discounting Task
The adjusting delay discounting task (43, 44) is designed to
measure discounting rate when participants are presented with
the possibility of receiving a hypothetical reward determined
using a choice algorithm. The task (as previously described) (39)
Frontiers in Psychiatry | www.frontiersin.org 3
is presented on a computer screen displaying two large
command buttons, one on the left and one on the right side of
the screen, in which the choices are presented. The left button
always displays an immediate adjusting reward, and the right
button displays a delayed reward. Participants were exposed to a
series of choices with varying reward magnitudes and delay
periods during which indifference points between the adjusted
immediate reward and the delayed reward were recorded for
each set of delays. Participants were randomly assigned to
complete the assessment in either ascending or descending
order of delays. Choice presentations ended once indifference
points were determined for each magnitude at each delay. The
indifference points were the analyzed for each participant using a
nonlinear regression and the following equation: V = 1/(A+kD)
(44, 45), where V is the indifference point, A is the amount of the
delay reward, and D is the delay. The result of the regression is
the best-fitting k, this is a free parameter related to the rate of
discounting. The natural logarithm of transformation, log10k,
was used to normalize the distribution of k across participants
for further statistical analyses. The adjusting delay discounting
task was completed by most participants except for 14 healthy
controls and 15 cocaine users; these individuals were excluded
from the delay discounting analyses.

Cocaine-Word Stroop Task
The cocaine-word Stroop task was designed to measure
attentional bias to cocaine-related stimuli (38, 46–50). As
previously described (38, 47, 48, 50), each analyzed session
began with a block of 60 practice trials, two blocks of 30 trials
with cocaine-related words, and two blocks of 30 trials with
neutral words. Trials with correct responses and reaction times
larger than 200 msec were used to calculate mean reaction times
(38, 47, 48, 50). Attentional bias was operationalized as the
difference between the reaction times (in msec) observed in trials
with cocaine-related words and trials with neutral words,
calculated for each subject and averaged across subjects (51). A
correct response was defined as responding to the word color on
an appropriately colored response button. Accuracy was assessed
as the ratio of correct trials to total trials within each block type.
The cocaine-word Stroop task was completed by healthy controls
and most cocaine users except for five; these individuals were
excluded from the attentional bias analyses.

DNA Collection and Isolation
Venous blood (10 ml) from each subject was centrifuged at 2,000
rpm for 30 min (Eppendorf North America, Inc., NY). The buffy
coat, containing lymphocytes and platelets, was removed, and
stored in 2.0 ml cryogenic vials at -80°C. DNA was isolated from
the buffy coat using the Puregene Kit (Qiagen Inc., CA)
according to manufacturer's recommendations. Purified DNA
for each subject was dissolved in 0.25 ml of DNA hydration
solution. An aliquot of each DNA sample (50 µl) was transferred
to a 96-well plate for pyrosequencing analysis by the Assay
Development Service Division at the University of Texas
Medical Branch.
June 2020 | Volume 11 | Article 532

https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Land et al. Relapse-Related HTR2A Methylation Patterns
HTR2A Pyrosequencing
The methylation state of CpG sites within the HTR2A promoter
was evaluated through bisulfite conversion of genomic DNA
with subsequent pyrosequencing. Briefly, DNA was subjected to
bisulfite conversion using an Epitect bisulfite kit (Qiagen)
following the manufacturer's recommendations. CpG sites were
then interrogated with a PCR – pyrosequencing approach (52).
Bisulfite-converted DNA was used as template in PCR reactions
consisting of 12.5 µl of PyroMark Master Mix containing coral
load reagent (Qiagen) or iQ supermix™ (Bio-Rad, Hercules, CA,
assay CpG 102) that was mixed within a 25 µL PCR reaction
containing 200 nM of both biotinylated and standard primers,
and nuclease-free water. Thermocycling was completed using a
Bio-Rad C1000™ thermocycler. Generated biotinlyated PCR
products were pyrosequenced and methylation state quantified
using PyroMark Gold reagents on a PyroMark Q96 ID platform
using CpG Software (Qiagen). Sequencing primer concentrations
varied from 0.3–0.45 µM.

HTR2A Genotyping
There is a single nucleotide polymorphism (SNP) of the HTR2A
(rs6311; G A) at site -1438 that results in the loss of a CpG site
(52, 53). Genotyping of site -1438 was accomplished using the
same pyrosequencing workflow with the exceptions of bisulfite
conversion and CpG software analysis. The forward primer
(5'AAACACTGTTGGCTTTGGATGG3'), reverse primer (5'
Biotin-TATGTCCTCRGAGTGCTGTGA3'), and sequencing
primer (5'TTGGATGGAAGTGCC3') were designed in house.
Polymorphism status was determined through PyroMark Q96
software. Individuals homozygous for the rs6311 SNP do not
possess the -1439 CpG methylation site, therefore, homozygous
individuals from the healthy controls (n=5) and cocaine users
(n=8) were excluded from analyses of the -1439 site.

Statistical Analysis
All statistical analysis were performed using GraphPad Prism
software Version 7.02 or IBM® SPSS® Statistics package Version
1.0.0.1298. All individuals were pyrosequenced, however, for
some individuals, the reaction was not possible for certain
CpG sites; for these sites, these individuals were not included
in the analysis. A Mann Whitney test was used to compare
percent methylation between healthy controls and cocaine users.
A two-way ANOVA with Sidak's multiple comparisons test was
used to determine differences in the BIS-11 scores between
healthy controls and cocaine users. A Students t-test was used
to determine if delay discounting rates (log10k values), age and
years of education were significantly different between healthy
controls and cocaine users. A Friedman test with Dunn-
Bonferroni multiple comparisons was carried out to compare
the percent methylation of the four CpG sites within healthy
controls or within cocaine users. A repeated measures ANOVA
with Bonferroni multiple comparisons was performed to assess
within subject differences for BIS-11 measures of healthy
controls or cocaine users. All correlations were generated using
the nonparametric Spearman's correlation. A nonparametric
Frontiers in Psychiatry | www.frontiersin.org 4
partial correlation was used for analyses corrected for age and
years of cocaine use. A Chi-square test with Fisher's exact test
was used to determine differences in sex, race, smoking, and
marijuana use in healthy controls versus cocaine users. The Chi-
square test with Fisher's exact test was performed to determine if
allelic frequency of the rs6311 SNP was different between healthy
controls and cocaine users. The alpha level for all analyses was set
at p=0.05.
RESULTS

Assessment of HTR2A Methylation
Profile in Healthy Controls and
Cocaine-Dependent Participants
A careful analysis of the literature identified four key methylation
sites within the HTR2A promoter that correspond to potential
transcription factor binding sites: -1439, -1420, -1224, and -253
(Figure 1A). The first CpG site identified is located at -1439
(Figure 1A, maroon line); this is a binding site for the polyoma
enhancer activator 3/early region 1A enhancer-binding protein
(PEA3/E1AF) transcription factors (Figure 1A, blue box)
(54–56). The rs6311 SNP in the HTR2A gene (Figure 1A,
maroon line) at site -1438 removes the -1439 CpG methylation
site and introduces an E47 transcription factor binding site
(Figure 1A; green box) (52, 53). In carriers of the rs6311 SNP
at site -1438, the guanine (G) is converted to an alanine (A), and
hence the -1439 CpG island is missing (Figure 1A, maroon line).
In both healthy controls and cocaine users, there was a mix of
individuals who were heterozygous and homozygous for the
rs6311 SNP. Using a Chi-squared analysis with Fisher's exact
test, the allelic frequency of the rs6311 SNP (A-1438G) was not
significantly different between cocaine users (G/G: n=21; A/G:
n=24; A/A: n=8) versus healthy controls (G/G: n=18; A/G: n=25;
A/A: n=5) (n.s.). Individuals heterozygous for the rs6311 SNP
lose one of the CpG sites thereby reducing their maximum
percent methylation to 50% as compared to homozygous for
the wild type G allele at the -1439 CpG site. Individuals
homozygous for the rs6311 SNP have no -1439 CpG site and
were excluded from the percent methylation analyses for CpG
site -1439. The next CpG site under study is at -1420 (Figure 1A,
red line) to which the progesterone receptor (PR) and
glucocorticoid receptor (GR) bind (52, 57) (Figure 1A, blue
box). The -1224 CpG site (Figure 1A, red line) corresponds to
the binding site of specificity protein 1 (Sp1) (Figure 1A, blue
box) (52, 54). The final CpG site -253 (Figure 1A, red line) is in a
known silencer region that spans from nucleotides -120 to -578
(Figure 1A, tan box) of the HTR2A promoter (54).

Demographic data for cocaine users and healthy controls
were collected, including age, sex, race, years of education as well
as drug use. The sex and race of healthy controls and cocaine
users did not differ (n.s.; Table 1). Cocaine users were
significantly older with fewer years of education and greater
smoking and marijuana use (p < 0.05, Table 1). In healthy
controls, age correlated significantly with percent methylation at
June 2020 | Volume 11 | Article 532
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site -1224 (R=-0.312, p < 0.05; Table 2) and -253 (R=-0.336, p <
0.05; Table 2), but not at CpG sites -1439 and -1420 (n.s.;
Table 2). Age significantly correlated with percent methylation
at site -1224 (R=-0.407, p < 0.05; Table 2), but was not significant
at CpG sites -1439, -1420, and -253 (n.s.; Table 2) for cocaine
users. Years of cocaine use significantly correlated with percent
methylation at site -253 (R=-0.293, p < 0.05; Table 2), but was
not significant at CpG sites -1439, -1420, and -1224. Years of
smoking significantly correlated with percent methylation at site
-1224 (R=-0.635, p < 0.05; Table 2), but not at CpG sites -1439,
-1420, and -253 for cocaine users.

Within subject comparisons of healthy controls indicated a
significant difference for percent methylation between the CpG
sites [c2(3) = 38.725; p < 0.05]. Dunn-Bonferroni multiple
comparisons tests indicated significant differences for percent
Frontiers in Psychiatry | www.frontiersin.org 5
methylation at all sites (p < 0.05) except between sites -1224 and
-1439 CpG as well as between sites -1420 and -253 for healthy
controls. Within subject comparisons of cocaine users detected a
significant difference for percent methylation between the CpG
sites [c2(3) = 27.98; p < 0.05]. Dunn-Bonferroni multiple
comparisons tests indicated significant differences for percent
methylation between sites -1224 and -1420 (p < 0.05) as well as
between sites -1224 and -253 (p < 0.05) and no significant
TABLE 1 | Demographic analyses of healthy controls and cocaine users.

Characteristics Healthy Controls
(N=48)

Cocaine Users
(N=53)

*p value vs
Healthy Controls

Age
(mean ± SD)

33.04 ± 10.93 45.87 ± 7.75 <0.0001

Female (%) 47.92% 35.85% 0.233
African American (%) 79.17% 88.68% 0.276
Years of Education
(mean ± SD)

14.18 ± 2.26 12.35 ± 1.81 <0.0001

Smokers (%) 27.08% 88.10% <0.0001
Marijuana Users (%) 14.58% 56.60% <0.0001
*p < 0.05 versus healthy controls is bolded and italicized.
Recruitment site: Healthy Controls-University of Texas Health Science Center (n = 10),
Virginia Commonwealth University (n=38); Cocaine Users-University of Texas Health
Science Center (n = 10); Virginia Commonwealth University (n = 43).
TABLE 2 | Correlational analyses of demographics with percent methylation of
HTR2A promoter CpG sites.

Healthy Controls

Characteristics Site -1439 Site -1420 Site -1224 Site -253

Age
(R Value, P value)

-0.086, 0.573 -0.111, 0.460 -0.312, <0.05 -0.336, <0.05

Years of Cocaine
Use
(R value, P Value)

– – – –

Years of Smoking
(R value, P Value)

– – – –

Cocaine Users

Characteristics Site -1439 Site -1420 Site -1224 Site -253
Age
(R Value, P value)

-0.078, 0.678 -0.249, 0.156 -0.407, <0.05 -0.269, 0.118

Years of Cocaine
Use
(R value, P Value)

0.035, 0.822 0.082, 0.587 0.039, 0.779 -0.293, <0.05

Years of Smoking
(R value, P Value)

-0.102, 0.593 -0.045, 0.813 -0.365, <0.05 -0.171, 0.319
June 2
020 | Volume 1
*p < 0.05 for correlation is bolded and italicized.
A

B C D E

FIGURE 1 | Cocaine users demonstrate hypomethylation of the HTR2A promoter versus healthy controls. (A) HTR2A gene is represented as the gray line and
contains the promoter region, exon 1, exon 2, and the initial segment of the coding sequence of the gene. Transcription factor binding sites are represented in blue
and green. CpG islands and SNPs are represented as red lines and transcription initiation sites are in pink. Translation start site is represented as a black line. The
silencer sequence is annotated in tan and the coding sequence is in maroon. Comparison of percent methylation between healthy controls and cocaine users for
(B) CpG site -1439, (C) -1420, (D) -1224 and (E) -253. *p < 0.05 versus healthy controls.
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differences between any other CpG sites for cocaine users.
Overall percent methylation between healthy controls and
cocaine users was determined for each CpG site of interest
(Figures 1B–E). There was no significant difference between
healthy controls and cocaine users for CpG sites -1439 (n.s.;
Figure 1B) and -1420 (n.s.; Figure 1C). Cocaine users displayed
hypomethylation at CpG sites -1224 (p < 0.05, Figure 1D) and
-253 (p < 0.05, Figure 1E) versus healthy controls.

Levels of Impulsivity Correlate With HTR2A
Promoter Percent Methylation at Site
-1224 in Cocaine Users
Overall levels of impulsivity were determined using the BIS-11
(2). Within subject analyses of healthy controls for BIS-11 (all
measures) indicated that the assumption of sphericity was
violated [c2(5)=12.69; p < 0.05; Mauchly's test], therefore
degrees of freedom were corrected using Huynh-Feldt
estimates of sphericity (ϵ=0.895). The results show that there
was a significant difference between measures of BIS-11 of the
healthy controls, [F(2.69, 85.92)=776.10, p < 0.05]. Bonferroni
correction for multiple comparisons showed significant
difference between all measures of impulsivity (p < 0.05)
except for BIS-11 motor vs BIS-11 non-planning for healthy
Frontiers in Psychiatry | www.frontiersin.org 6
controls. Within subject analyses of cocaine users for BIS-11 (all
measures) indicated that the assumption of sphericity was
violated [c2(5)=48.88; p < 0.05; Mauchly's test], therefore
degrees of freedom were corrected using Greenhouse-Geisser
estimates of sphericity (ϵ=0.614). The results show that there was
a significant difference between measures of BIS-11 of the
cocaine users [F(1.84, 86.59)=1062.95, p < 0.05]. Bonferroni
correction for multiple comparisons showed significant
difference (p < 0.05) between all measures of the BIS-11 for
cocaine users. Although levels of attention were not different
between groups, cocaine users showed significantly higher scores
on the BIS-11 for motor, non-planning, and total scores versus
healthy controls (p < 0.05, Figure 2A). Total BIS-11 scores
positively correlated with percent methylation at CpG site
-1224 in cocaine users only (R=0.272, p < 0.05, Figures 2B, I).
As noted above, cocaine users were significantly older than
healthy controls (Table 1); after correcting for age, the
correlation between total BIS-11 scores and percent
methylation at CpG site -1224 trends toward significance
(R=0.237, p=0.054). No significant correlations were detected
between percent methylation at CpG sites -1439, -1420 or -235
and total BIS-11 scores in the healthy controls or cocaine users
(n.s.; Figures 2B–H, J).
A B

C D E F

G H I J

FIGURE 2 | Levels of impulsivity correlate with percent methylation at site -1224 of the HTR2A promoter in cocaine users. (A) Impulsivity was determined using the Barratt
Impulsiveness Scale (BIS-11). *p < 0.05 versus healthy controls. (B) Correlations and p values of percent methylation of the HTR2A promotor with total BIS scores at specific
sites within the HTR2A promoter are represented in the table. Graphical representation of the correlations between percent methylation of the HTR2A promotor with total BIS-
11 scores at specific sites within the HTR2A promoter for healthy controls (C–F) and cocaine users (G–J). The number of individuals used in each correlation are indicated on
the bottom left of the graph.
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Delay Discounting Rates Correlate With
HTR2A Promotor Percent Methylation at
Site -1420 in Healthy Controls
Using the delay discounting task tomeasure impulsive choice, a key
facet of overall impulsivity (2, 6, 58, 59), correlational analyses
between delay discounting scores and BIS-11 for healthy
controls [total (R=0.1342, n.s.), attention (R=-0.1671, n.s.), motor
(R=0.2233, n.s.), non-planning (R=0.1586, n.s.)] or cocaine
users [total (R=-0.0239, n.s.), attention (R=0.0335, n.s.), motor
(R=-0.1351, n.s.), non-planning (R=0.0229, n.s.)] were not
significantly correlated. These data suggest that the BIS-11 and
delay discounting task are independent measures of impulsivity
(60). Cocaine users showed a significant preference for the smaller
immediate reward over the larger delayed reward as compared to
the healthy controls (p < 0.05, Figure 3A), corroborating previous
findings (5). Discounting rates negatively correlated with percent
methylation at CpG site -1420 in healthy controls only (R=0.4259,
p < 0.05, Figures 3B, D), which remained significant after
Frontiers in Psychiatry | www.frontiersin.org 7
correcting for age (R=-0.504, p < 0.05). There were no significant
correlations between percent methylation and the discounting
scores at CpG sites -1439, -1224, or -253 in the healthy controls
or cocaine users detected (n.s.; Figures 3B, C, E–J).

Attentional Bias Correlates With HTR2A
Promotor Percent Methylation at Site
-253 in Cocaine Users
Healthy controls (11.31 ± 8.8 sec) showed less attentional bias in
the cocaine word Stroop task versus cocaine users (33.19 ± 6.6
sec; p < 0.05). Levels of attentional bias of cocaine users in the
cocaine-word Stroop task positively correlated with percent
methylation at CpG site -253 (R=0.4065, p < 0.05, Figures 4A,
E) and remained significant after correcting for age and years of
cocaine use (R=0.410, p < 0.05). There were no significant
correlations observed between percent methylation and
attentional bias at CpG sites -1439, -1420, or -1224 in cocaine
users (n.s.; Figures 4A–D).
A B

C D E F

G H I J

FIGURE 3 | Delay discounting rates correlate with percent methylation at site -1420 of the HTR2A promotor in healthy controls. (A) Impulsive choice was
determined using the delay discounting task in healthy controls and cocaine users. *p < 0.05 versus healthy controls. (B) Correlations and p values of percent
methylation of the HTR2A promoter with the delay discounting rates at specific sites within the HTR2A promoter are represented in the table. Graphical
representation of the correlations between percent methylation of the HTR2A promotor and delay discounting rates at specific sites within the HTR2A promoter for
healthy controls (C–F) and cocaine users (G–J). The number of individuals used in each correlation are indicated on the bottom left of the graph.
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DISCUSSION

We discovered in the present study that cocaine users exhibited
higher levels of impulsivity as measured by the BIS-11 and delay
discounting task, as expected. Cocaine users exhibited
hypomethylation at CpG sites -1224 and -253 but not at CpG
sites -1439 and -1420 versus healthy controls. The percent
methylation of CpG site -1224, but not -1439, -1420, or -235, of
the HTR2A promoter trended towards a positive correlation with
total BIS-11 scores in cocaine users. A negative correlation between
delay discounting rates and percent methylation at site -1420 was
observed in healthy controls. In addition, levels of attentional bias
positively correlated with percent methylation of CpG site -253, but
not other sites, in cocaine users. We also determined that the rs6311
SNP was present equally in the healthy controls and cocaine users.
Taken together, this study provides evidence that individual
differences in CUD relapse-related behaviors associate with the
pattern of methylation within the HTR2A promoter.

Cytosine methylation patterns vary substantially across
different cells of the same organism, and these patterns can
change over time within the same cell. Of note, the association
between methylation at site -1224 and total BIS-11 levels trended
towards significance after correction for age, suggesting age may
have a small impact on the association. Chronological age has
been shown to influence DNA methylation in lymphocytes, with
increasing age typically associated with DNA hypomethylation
(61, 62). The CpG site -1224, which positively correlated with
total impulsivity levels in cocaine users, is found in the Sp1
transcription factor binding site (52, 54). Interestingly,
methylation of Sp1 binding sites increases with cocaine
exposure (63), which results in reduced Sp1 binding (64) and
decreased transcription of its target genes (63). Thus, the
regulatory role of this CpG site over the Sp1 transcription
factor is an excellent future candidate for determining gene-
environment interactions for cocaine-dependent individuals
with high trait impulsivity.

Interestingly, the pattern of methylation detected herein
differed between the two measures of impulsivity and is most
likely a reflection of the tools employed, that is a subjective (BIS-
11) versus objective (delay discounting) measure. The BIS-11 is a
Frontiers in Psychiatry | www.frontiersin.org 8
onetime questionnaire designed to elicit individual reporting of
their past acts of impulsiveness (2). In contrast, the delay
discounting task is an active measure of impulsive choice or the
tendency to prefer smaller, immediate rewards over larger, delayed
rewards (2, 6, 58, 59). Results from the delay discounting task
indicated a distinct pattern of HTR2A promoter methylation as
compared to the BIS-11. A negative correlation between
methylation at the CpG site -1420 and delay discounting rates
for healthy controls, even after correcting for age, was detected,
suggesting the pattern of methylation at CpG site -1420 could be
disrupted in cocaine users with high impulsive choice. The CpG
site -1420 for the HTR2A is found in the binding site for the GR
and PR (52, 57). Glucocorticoids and progesterone levels are
elevated after administration of cocaine (65, 66) resulting in
increased progesterone receptor DNA binding following acute
cocaine injection (66). Further, genetic removal or
pharmacological inhibition of the GR results in reduced cocaine
self-administration in rodents (67). Thus, we hypothesize that
dysregulation of methylation in high impulsive choice cocaine
users versus healthy controls at site -1420 could be the result of
altered glucocorticoid and progesterone levels associated with
cocaine use (65, 66) resulting in increased receptor DNA
binding (66). Future studies are warranted to explore the
hypothesis that specific types of impulsivity (e.g., impulsive
action, impulsive choice) may present with their own unique
gene-environment interactions.

Attentional bias in cocaine users, i.e. cocaine cue reactivity,
positively associated with methylation at CpG site -253 within a
known silencer region of the HTR2A promoter (63). In general,
methylation of silencers prevents repressor proteins from
binding and potentially abolish their repressive function on
gene transcription (Jones, 2001). Removal of the HTR2A
silencer region robustly increased promoter activity as
determined by reporter assays in vitro (54). Broadly, these data
al ign with precl inical studies report ing a putat ive
hyperfunctional 5-HT2AR system in relapse-related behaviors
(for reviews) (6, 7). Studies to investigate the causal relationship
between epigenetic reprogramming of the peripherally and
centrally localized 5-HT2AR and CUD relapse-like related
behaviors are warranted.
A B C D E

FIGURE 4 | Attentional bias correlates with percent methylation at site -253 of the HTR2A promotor in cocaine users. Attentional bias was determined using the
cocaine-word Stroop task in cocaine users. (A) Correlations and p values of percent methylation of the HTR2A promotor with mean reaction times (msec) at specific
sites within the HTR2A promoter are represented in the table. (B–E) Graphical representation of the correlations between percent methylation of the HTR2A
promotor and attentional bias at specific sites within the HTR2A promoter for cocaine users. The number of individuals used in each correlation are indicated on the
bottom left of the graph.
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The rs6311 SNP results in the loss of the -1439 CpG site and
introduces a new transcription factor binding site for E47 (52,
53). E47 is a member of the helix-loop-helix transcription
factor family which upon binding can result in increased
promoter activity of the HTR2A (68). Further, this family of
transcription factors play a critical role in corticogenesis (69).
The rs6311 SNP also associates with levels of disease severity
(70), drug response (71), and is found at higher frequencies in
schizophrenic patients (72). The rs6311 SNP also associates
with early onset obsessive-compulsive disorder (73) and
impaired impulse control in individuals diagnosed with
schizophrenia (73). While this SNP actually removes the
-1439 CpG island, impacts transcription levels of the HTR2A
gene and is associated with a number of other neuropsychiatric
disorders, we did not identify a bias for cocaine users to express
this SNP to a greater degree than healthy controls. The
prevalence of the rs6311 SNP is approximately 44% in the
global population (1,000 Genomes). However, we may have had
too small a sample size to detect allelic differences between the
healthy controls and cocaine users.

Limitations of this study are in the sample size and the need to
replicate these findings in additional cohorts measuring the same
behaviors of impulsivity (both subjective and objective) and
attentional bias. Furthermore, while our targeted gene and
transcription factor binding profile is key to implicating
molecular regulation of the HTR2A in relapse-related
behaviors in cocaine-dependent individuals, it is wholly
conceivable that an unidentified gene by environment
interaction and/or the highly polygenic nature of psychiatric
disorders exists, such that the methylation profile of the HTR2A
may aggregate with an unidentified genetic/epigenetic target to
contribute to phenotypic variation (74, 75). Further, a major part
of epigenetic regulation is the impact on gene and protein levels.
There is evidence that methylation of the HTR2A promoter
associates with levels of HTR2A mRNA expression in
postmortem brain (21, 36), suggesting that changes in
methylation may influence expression of the HTR2A gene and
ultimately protein levels. Finally, lymphocytes have been used to
demonstrate aberrant global and/or site-specific DNA
methylation in several psychiatric disorders (e.g., bipolar
disorder, schizophrenia) (76, 77) justifying our initial approach
to measure DNA methylation in blood of individuals
characterized for clinical and behavioral impulsivity or cocaine
cue reactivity. DNA methylation in the peripheral blood cells of
several neuropsychiatric disorders have also been shown to
mirror changes in the brain (78–82). Additionally, there is
evidence that percent methylation of the HTR2A promoter
from human peripheral leukocytes associates with methylation
from the human temporal cortex (36). This suggests that
peripheral blood lymphocytes can be used as marker of
neuropsychiatric disorders, even where the direct cause to
neural changes in the brain is, yet, unclear. Thus, future
studies are required to compare DNA methylation in blood
versus brain ideally in humans, although there is an obviously
significant barrier to this research. We can, however, compare
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blood and brain global and site-specific DNA methylation
patterns in well-controlled rodent studies.

The discovery and validation of biological and phenotypic
individual differences in relapse-related behavioral vulnerability
would greatly improve objective risk assessment of disease
progress, predict response to treatments, and subgroup patients
to receive a more optimized treatment regimen for this
multifaceted disease (for review) (83). Currently, a key tool
used to predict patient response to treatment is the cocaine
selective severity assessment (CSSA), which is an 18-item
questionnaire that measures levels of cocaine withdrawal (84–
86). The CSSA does not account for the complex nature of CUD
with its interlocking phenotypes of impulsivity and cocaine cue
reactivity. Other measures such as neuroimaging, metabolomics,
transcriptomics, genetics, and epigenetics could be used to
supplement the current CSSA questionnaire and further
stratify cocaine-dependent individuals into specific treatment
subgroups. As DNA methylation is a memory of past gene-
environment interactions, consideration of individual differences
in targeted gene methylation profiles might allow identification
of those individuals who have the highest risk for relapse-related
behaviors, and subsequently lead to rational behavioral or
pharmacotherapeutic strategies for minimizing damage where
abstinence is not successful.
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