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Abstract: (1) Background: There is an urgent need for effective treatments for cocaine use disorder
(CUD), and new pharmacological approaches targeting epigenetic mechanisms appear to be promis-
ing options for the treatment of this disease. Dopamine Transporter (DAT) transgenic rats recently
have been proposed as a new animal model for studying susceptibility to CUD. (2) Methods: DAT
transgenic rats were treated chronically with cocaine (10 mg/kg) for 8 days, and the expression of
epigenetic modulators, Lysine Demethylase 6B (KDM6B) and Bromodomain-containing protein 4
(BRD4), was examined in the prefrontal cortex (PFC). (3) Results: We show that only full knockout
(KO) of DAT impacts basal levels of KDM6B in females. Additionally, cocaine altered the expression
of both epigenetic markers in a sex- and genotype-dependent manner. In response to chronic cocaine,
KDMB6B expression was decreased in male rats with partial DAT mutation (HET), while no changes
were observed in wild-type (WT) or KO rats. Indeed, while HET male rats have reduced KDM6B
and BRD4 expression, HET female rats showed increased KDM6B and BRD4 expression levels, high-
lighting the impact of sex on epigenetic mechanisms in response to cocaine. Finally, both male and
female KO rats showed increased expression of BRD4, but only KO females exhibited significantly
increased KDM6B expression in response to cocaine. Additionally, the magnitude of these effects
was bigger in females when compared to males for both epigenetic enzymes. (4) Conclusions: This
preliminary study provides additional support that targeting KDM6B and /or BRD4 may potentially
be therapeutic in treating addiction-related behaviors in a sex-dependent manner.
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1. Introduction

Cocaine continues to be a powerful addictive substance with an urgent need for new
therapeutical approaches for its treatment worldwide. Dopamine (DA) continues to be a
focus of research, due to its role in controlling several cocaine-related behaviors, including
locomotor sensitization, motivation, and reward [1]. More precisely, the DA transporter
(DAT), which plays an important role in regulating intracellular and extracellular DA
levels [2,3], has been studied widely for its role in various neurological diseases, includ-
ing cocaine use disorder (CUD) [4-7]. Moreover, previous studies using DAT Knockout
(KO) mice [8-10] and a recent study from our group using DAT KO rats [11] support the
hypothesis that DA levels and the DAT mediate response to cocaine, as well as highlighting
the impact of sex. Additionally, excessive DA signaling has been related to altered gene
expression [12].
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Numerous studies have linked drug-induced gene expression changes to epigenetic
machinery [13]. Chromatin remodeling, specifically histone posttranslational modifications
(PTMs), contribute to cocaine-related behaviors, as they affect the expression of specific
genes in several brain areas related to reward [14-18]. Furthermore, epigenetic alterations
may contribute to individual vulnerability to the rewarding effects of cocaine, which could
lead to maladaptive and addictive behaviors [19,20]. Finally, epigenetic pharmacotherapies
reduce cocaine-related behaviors and cocaine-induced transcriptional changes [21-23].

Recently, the histone lysine demethylase, KDM6B, has been implicated in cocaine-related
behaviors. KDM6B is a JmjC domain-containing protein that directly opposes the Polycomb
repressive complex 2 (PRC2) by demethylating Histone 3 Lysine 27 (H3K27me3) [24] and is
involved in transcriptional elongation [25]. Furthermore, KDM6B has been shown to regulate
several genes involved in development, neurogenesis, and neural plasticity due to its activity
at the promoter and enhancer regions [26-28]. Interestingly, KDM6B expression is increased
following cocaine-associated memory retrieval in the dorsal hippocampus [29], as well as
during withdrawal and retrieval in the medial prefrontal cortex (PFC) of rats and mice [30,31].
Specifically, Li et al. [30] demonstrated changes in KDM6B expression related to cocaine
chronic exposure, reporting an increase in KDM6B RNA levels 7 days after chronic cocaine
exposure in mice. Additionally, KDM6B expression was elevated on the third day of cocaine
extinction in male rats [31]. Altogether, these data implicate KDM6B as a relevant enzyme
that should be considered when developing new treatments for CUD.

Other epigenetic enzymes, in particular the bromodomain and extraterminal domain
(BET) family of proteins (BRD2, BRD3, BRD4, and BRDT), also have been shown to play
an important role in mediating cocaine-related behaviors and molecular changes [21,32].
The BET family contains two bromodomains, which bind acetylated histone tails and are
involved in transcriptional coactivation and elongation [33-35]. Specifically, BRD4 has
been involved in a variety of cellular processes, such as cell proliferation, apoptosis, and
transcription [36,37]. Indeed, BRD4-bound sites are highly correlated with increased gene
expression [38] and are associated with super-enhancer function [28,39]. Several groups
have begun to study BRD4 for its role in cocaine-related behavior [22,40], as histone acetyla-
tion has been shown to regulate cocaine-induced neuroadaptations [41]. More specifically,
BRD4 protein and mRNA expression are increased in the nucleus accumbens (NAc) after
cocaine exposure in male mice and rats [21,32]. Furthermore, our groups identified BRD4 as
an essential component of the potentiated expression of brain-derived neurotrophic factor
(BDNF) and memory [42], which play an important role in the development of substance
use disorders (SUDs) [43].

Selective, small-molecule inhibitors of both KDM6B [30,44] and BRD4 [45-47] have
been developed and have increased interest in their therapeutic utility [48-54]. How-
evet, the role of these epigenetic enzymes and their inhibition in CUD has only recently
begun [22,32,40,42]. For example, the KDM6B inhibitor, GSK-J4, prevented the cocaine
reconsolidation of cocaine memory and cocaine-primed reinstatement in a conditioned
place preference (CPP) paradigm in male mice [23]. The selective BRD4 inhibitor, JQ1, also
reversed the effects of cocaine on CPP in male mice [22,32,40,42].

Previous studies examining cocaine-related behaviors and their underlying epigenetic
machinery have focused on the striatum and NAc due to their important role in addictive
behavior and reward [55,56]. However, the prefrontal cortex (PFC) is also important to the
development of SUD, as this region controls decision-making and seeking behavior [57].
Specifically, glutamate release via projections from the medial PFC to NAc contribute to
aspects of drug-conditioned responses, such as drug-seeking and intake, during relapse
as well as craving [58-61]. For instance, impulsivity and reward-seeking are personality
traits that increase vulnerability to SUD and are thought to be controlled by the PFC [62,63].
Furthermore, cocaine impairs several PFC-dependent functions, including working mem-
ory [64]. In the current study, we investigated the expression of KDM6B and BRD4 in the
PFC of male and female DAT transgenic rats in response to chronic cocaine administration
using qRT-PCR. We hypothesize that KDM6B and BRD4 may play a vital role in mediating
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the heightened response to cocaine in DAT HET and KO rats as well as the impact of sex
differences [11].

2. Materials and Methods
2.1. Animals

Wistar-Han Slc6a3 (DAT) KO rats were generated previously [65] and kindly provided
by Dr. Gainetdinov. Rats were genotyped on postnatal day (PND) 18-21, as previously
described [65-67]. Animals from both sexes and the three different genotypes (wild-type
DAT +/+ (WT), heterozygous DAT +/— (HET) and homozygous DAT —/— (KO)) were
used. The total number of animals used in the current study was N = 48. The number of
animals in the Saline group was as follows: WT Male (n = 2), HET Male (n = 3), KO Male
(n = 6); WT Female (n = 6), HET Female (n = 5), KO Female (1 = 3). The number of animals
in the Cocaine group was as follows: WT Male (n = 3), HET Male (n = 4), KO Male (n = 4);
WT Female (n = 4), HET Female (1 = 5), KO Female (1 = 3). The average weights for the
animals used prior to treatment were as follows: Male WT: 148 g; HET: 142 g; KO: 139 g;
Female: WT: 127 g, HET: 132 g; KO: 122 g.

The study was conducted with rats aged PND42, in accordance with the guidelines of
the Guide for the Care and Use of Laboratory Animals (Eighth Edition), National Research
Council, Department of Health, Education and Welfare (2011). All studies were approved
by the University of Miami Institutional Animal Care and Use Committee (Protocol 17-016).

2.2. Treatments

Cocaine hydrochloride was obtained from the National Institute on Drug Abuse
(Rockville, MD, USA). Cocaine was administered intraperitoneally (ip) for 8 days. The
cocaine dose (0 or 10 mg/kg) was chosen based on previous publications [11,68-70]. Saline
0.9% solution was used as vehicle.

2.3. Tissue Collection

At PND42, rats were euthanized by rapid decapitation 60 min after treatment (N = 2—6 per
genotyping group). The PFC (Bregma 5.16-2.28 mm, Paxinos and Watson “The Rat Brain
in Stereotaxic Coordinates”) was dissected (olfactory bulb was removed at approximately
Bregma 5.16 mm) and flash-frozen using liquid nitrogen. The average tissue weight was
50-75 mg. Tissue was stored at —80 °C until processing.

2.4. gRT-PCR Analyses

Frozen rat tissue was thawed on ice and homogenized in 1 mL of TRIzol. An RNEasy
Mini Kit (Qiagen, Germany) was used for RNA extraction according to the manufacturer’s
instructions. RNA concentrations were determined using a NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). The average 260/280 and 260/230 ratios were 2.0 and 1.6,
respectively. Total RN A was reverse-transcribed using a High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). Using validated TagMan
primer probes for BRD4 (Thermo Fisher Scientific, Waltham, MA, USA, Rn01535560_m1)
and KDM6B (Rn01471506_m1), cDNA was run in triplicate on the QuantStudio 6 Flex
(Thermo Fisher Scientific, Waltham, MA, USA) and analyzed using the 2-AACT method [71]
with GAPDH (Rn01775763_g1) as a normalization control [72].

2.5. Statistical Analysis

All data were analyzed using GraphPad Prism (GraphPad Software version 9.0, Boston,
MA, USA). Three-way ANOVAs (Treatment x Genotype x Sex) were performed for each
enzyme. Following significant interactions, two-way ANOVAs (Treatment x Genotype)
within each sex were performed to determine differences in gene expression. Two-way
ANOVAs (Sex x Genotype) were performed to determine differences in gene expression at
baseline. Following a significant interaction, post-hoc analysis was conducted using Bon-
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ferroni’s multiple comparisons test to further assess differences between groups. Statistical
values of p < 0.05 were considered significant.

3. Results
3.1. Analyses of the Epigenetic Marker KDM6B in DAT HET and KO Rats after Chronic
Cocaine Exposure

KDM6B (Figure 1) and BRD4 (Figure 2) expressions were measured in the PFC of rats
administered eight daily injections of cocaine (10 mg/kg/day) or saline, and tissues were
removed one hour after the last injection. The preliminary qRT-PCR three-way ANOVA
showed a significant effect of genotype (F(2,36) = 4.11, p = 0.0248), sex (F(1,36) = 47.60,
p <0.0001) and treatment (F(1,36) = 36.74, p < 0.0001). Examining these data further revealed
that drug-naive DAT KO female rats had a significantly elevated level of KDM6B expression
compared to WT or HET female or male rats (two-way ANOVA F(2,18) = 6.48, p = 0.0076,
Figure 1A). The levels of KDM6B did not differ in drug-naive male rats between genotypes.
However, drug-naive female KO rats showed increased KDM6B basal levels compared to
KO males as well as WT and HET females (Figure 1A).
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Figure 1. KDM6B gene expression levels in the PFC of DAT transgenic rats. (A) Basal level of KDM6B
across sexes and genotypes ((Saline Males: WT (n = 2), HET (n = 3), KO (n = 6); Saline Females: WT
(n =6), HET (n =5), KO (n = 3); Cocaine Males: WT (n = 3), HET (n = 4), KO (n = 4); Cocaine Females:
WT (n = 4), HET (n = 5), KO (n = 3)). * p < 0.05, ** p < 0.01, significant difference between genotypes;
t p <0.01, significant difference between sexes. Effect of cocaine on KDM6B gene expression across
(B) male and (C) female rats. * p < 0.05, ** p < 0.01 represent significant differences. Note different
y-axes across graphs. Data are expressed as the mean =+ standard error. Two-way ANOVA with
post-hoc Bonferroni’s test.
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Figure 2. BRD4 gene expression levels in the PFC of DAT transgenic rats. (A) Basal level of BRD4
across sexes and genotypes (Saline Males: WT (n = 2), HET (n = 3), KO (n = 6); Saline Females: WT
(n =6), HET (n = 5), KO (n = 3); Cocaine Males: WT (n = 3), HET (n = 4), KO (n = 4); Cocaine Females:
WT (n = 4), HET (n = 5), KO (n = 3)). Effect of cocaine on BRD4 gene expression across (B) male and
(C) female rats. * p < 0.05, ** p < 0.01, **** p < 0.0001 represent significant differences. Note different
y-axes across graphs. Data are expressed as the mean + standard error. Two-way ANOVA with
post-hoc Bonferroni’s test.
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In males, there was a significant interaction between genotype and treatment (two-way
ANOVA F(2,16) = 11.70, p = 0.0007), revealing that KDM6B expression was significantly
decreased in HET male rats after cocaine administration compared to saline (Figure 1B).
Interestingly, post-hoc analysis revealed that within cocaine treatment, DAT KO rats had
a significantly increased KDM6B expression compared to DAT HET rats (Figure 1B). In
females, there was a significant effect of treatment (two-way ANOVA F(1,20) = 36.37,
p < 0.0001), as repeated cocaine administration tended to increase expression across all
genotypes. Specifically, in response to cocaine, an increasing trend could be observed in
the WT group, and there was a significant increase in KDM6B expression in HET and KO
rats (Figure 1C). Interestingly, there was trend where KO rats showed a greater increase in
KDMB6B expression compared to WT or HET (Figure 1C).

3.2. Analyses of the Epigenetic Marker BRD4 in DAT HET and KO Rats after Chronic
Cocaine Exposure

The preliminary qRT-PCR three-way ANOVA for BRD4 also showed a significant
effect of genotype (F(2,36) = 3.91, p = 0.0292), sex (F(1,36) = 28.20, p < 0.0001) and treatment
(F(1,36) = 43.16, p < 0.0001). In contrast to KDM6B, BRD4 expression at baseline was not
significantly different across sexes or genotypes (two-way ANOVA F(2,19) = 1.75, p = 0.1999,
Figure 2A). However, the response to repeated cocaine administration was similar to the
observed differences in KDM6B expression between males and females. Importantly, within
sex, there was a significant interaction between genotype and treatment in males (two-way
ANOVA F(2,16) = 55.98, p < 0.0001). Post-hoc analysis revealed that there was a significant
increase in KDM6B expression in male KO but a significant decrease in WT and HET rats
compared to drug-naive animals (Figure 2B). Additionally, post-hoc analysis showed that
within the cocaine treatment, DAT KO rats exhibited increased BRD4 expression compared
to WT and HET rats (Figure 2B). In females, there was a significant effect of treatment
(two-way ANOVA F(1,20) = 36.89, p < 0.0001), as repeated cocaine administration showed
an increasing trend in the WT group and a significantly increased BRD4 expression in HET
and KO rats (Figure 2C).

4. Discussion

Our current preliminary data highlight the relevance of epigenetic mechanisms in
response to cocaine. We explored the impact of DAT genetic manipulations on the effect
of cocaine exposure for two epigenetic enzymes that are implicated in cocaine-related
behaviors. We used a recently developed DAT transgenic rat [65], an animal model of
hyperdopaminergia that showed increased extracellular levels of DA in DAT HET and DAT
KO rats in several brain areas (~2.5-3- and 7.5-8-fold, respectively, compared to control
WT rats) [65,73]. Specifically, we studied the effects of chronic cocaine administration on
mRNA expression levels of the histone lysine demethylase, KDM6B, as well as the BET
protein, BRD4. We observed a strong effect of cocaine on these epigenetic enzymes in a sex-
and genotype-dependent manner. These results support our previous study [11], which
showed robust sex differences in response to cocaine administration in DAT transgenic rats.
Additionally, these data highlight the impact of partial or full DAT mutation on epigenetic
enzymes and subsequent effects on cocaine-related behavior.

KMD6B has been the focus of several recent studies due to its role in altering chromatin
structures and regulating gene expression in response to cocaine [23,30,31]. In the current
study, we evaluated KDM6B expression levels in the PFC of DAT transgenic rats. At
baseline, DAT mutant rats showed a significantly elevated KDM6B expression in female
KO rats compared to the other genotypes and to KO males. These data suggest that DAT
mutations have a sex-dependent impact on KDM6B. Full mutation of DAT in female rats
alone was strong enough to induce KDM6B expression, highlighting the importance of
DAT in DA homeostasis and gene expression. It was shown that DA levels are increased
in the PFC of DAT KO mice [72], and it is likely that it is mediated by an increased DA
transmission in this brain area. Interestingly, previous studies have shown that KDM6B
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gene expression and protein levels are substantially increased after 7 days of withdrawal
from cocaine in male mice [23,30], as well as on the third day of extinction after cocaine
self-administration in male rats [31]. In our study, we collected tissue 60 min after the
final cocaine injection, representative of early withdrawal, which could explain why we
were unable to observe significant differences in KDM6B expression in the WT rats of both
sexes. From our knowledge, we are the first to study the interaction of DAT mutations
and sex on KDM6B expression levels in response to cocaine exposure. In female rats,
cocaine administration increased KDM6B expression across all genotypes, with a higher
trend in KO rats. On the other hand, male rats showed a tendency to reduce KDM6B
expression, especially in rats with a partial DAT mutation (HET). Further work is required
to understand the underlying mechanisms governing these effects.

BRD4, an epigenetic reader protein, participates in cocaine-induced reward and neuro-
plasticity [32]. In drug-naive rats, genetic DAT alterations do not impact BRD4 expression
levels in both sexes. As observed with KDM6B expression, cocaine produces opposing
effects across sexes. Previous studies report that cocaine increases the expression of BRD4 in
the NAc and striatum of WT animals [21,32,42]. Our data expand on these previous data by
determining the impact of DAT and DA transmission on chronic cocaine exposure in both
males and females. Specifically, chronic cocaine administration reduced BRD4 expression
in the PFC of male WT and HET rats. However, cocaine induced a robust increase in
BRD4 expression in KO males. Furthermore, as observed with KDM6B expression, female
HET and KO rats showed a significant increase in BRD4 expression levels after chronic
exposure to cocaine, an effect that only showed a trend in WT female rats. Previous studies
have determined the effect of cocaine on the NAc and striatum of male animals, as these
brain regions are integral to regulating cocaine’s rewarding effects [21,32,42]. Since cocaine
cannot affect DAT-mediated processes in DAT KO mice [5,10,65], it is likely mediated by
other neurotransmitter systems affected by cocaine, such as serotonin. The significant sex
differences demonstrated by our data warrant further study. Additionally, different brain
regions that contribute to the development of CUD must be considered when interpreting
current and past data. Of note, it is important to discuss the magnitude of the effects that
we see in females compared to male rats. The previous literature indicates that there are
numerous sex differences in response to cocaine exposure [74-78]. However, the mecha-
nisms underlying sex-dependent effects have not been fully elucidated. Here, we show
that KDM6B and BRD4 may be novel targets for treating CUD. The expressions of both
epigenetic enzymes in response to cocaine administration were 20—-40-fold (KDM6B) and
4-6-fold (BRD4) higher in female DAT transgenic rats, indicating that cocaine had a greater
impact on females. This lends support to the sex-dependent behavioral changes observed
in a recent publication by our group using the same transgenic rats [11].

We acknowledge the limitations of our study. Future studies will include several treat-
ment conditions (acute versus chronic; several cocaine doses; several collection timepoints) and
will compare exposure to cocaine during adolescence and adulthood. Further sex differences
will be considered, including the study of hormones” implication in current variables.

Altogether, our data suggest that DAT plays an important role in regulating the
behavioral and biochemical response to cocaine, including but not limited to epigenetic
changes. Additionally, the robust sex differences observed underscore the need for further
studies examining both sexes. Previous studies have shown that inhibition of KDM6B
and BRD4 reduced the rewarding effects of cocaine [21-23,32,42]. Our current study is
in concert with previous publications that show the likely importance of these epigenetic
changes [13,21,22,52] and strongly supports the pursuit of epigenetic enzymes as new
therapeutic targets for SUD.

5. Conclusions

We conclude, in agreement with our recent publication [11], that the response to
cocaine depends on DAT expression levels and that epigenetic mechanisms may play a
fundamental role in sex differences. Current preliminary data provide information on the



Biomolecules 2023, 13, 1107 7 of 10

relationship between DAT levels and the epigenetic enzymes KDM6B and BRD4 as well as
on their interaction after cocaine exposure. Altogether, this study indicates that KDM6B
and BRD4 activity may be a possible mechanism underlying CUD-related behaviors (such
as drug-seeking, craving, reward, etc.). Future studies using selective inhibitors for both
enzymes will be necessary to determine if these epigenetic enzymes could be proposed as
future novel therapeutic targets for SUD.

Author Contributions: M.P, S.I. and C.W. designed the study; M.P. and S.V. conducted the experi-
ments and acquired the data with help from Michele Martin; M.P. drafted the article; M.P, S.I,, CW.,
R.R.G. and S.V. critically revised the manuscript for important intellectual content; M.P. and S.V.
analyzed the data, which was interpreted by M.P, S.V,, S.I. and C.W. All authors have read and
agreed to the published version of the manuscript.

Funding: Funding for this project was provided through generous donations in support of Addiction
Research at the University of Miami Brain Bank, Department of Neurology (Addiction Research
Fund) and the University of Miami Department of Psychiatry and Behavioral Sciences. R.R.G. was
supported by project 1D94030300 of St. Petersburg State University, St. Petersburg, Russia. C.W.
gratefully acknowledges NIH support (DA052533 and AA029924).

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Guide for the Care and Use of Laboratory Animals (Eighth Edition), National Research Council,
Department of Health, Education and Welfare (2011) and was approved by the University of Miami
Institutional Animal Care and Use Committee (protocol number 17-016).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and are available from the corre-
sponding author on request.

Acknowledgments: In Memoriam of Placido Illiano, who was a key contributor to this research
study. The authors acknowledge his effort and support during the development of this research. We
thank Michele Martin for help with the animals.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bromberg-Martin, E.S.; Matsumoto, M.; Hikosaka, O. Dopamine in motivational control: Rewarding, aversive, and alerting.
Neuron 2010, 68, 815-834. [CrossRef] [PubMed]

2. Jones, S.R.; Gainetdinov, R.R.; Jaber, M.; Giros, B.; Wightman, R.M.; Caron, M.G. Profound neuronal plasticity in response to
inactivation of the dopamine transporter. Proc. Natl. Acad. Sci. USA 1998, 95, 4029-4034. [CrossRef]

3. Volkow, N.D.; Wang, M.G.-J.; Fowler, ].S.; Logan, ].; Gatley, S.J.; Gifford, A.; Hitzemann, R.; Ding, Y.-S.; Pappas, M.N.; Nader,
M.A.; et al. Prediction of reinforcing responses to psychostimulants in humans by brain dopamine D2 receptor levels. Am. ].
Psychiatry 1999, 156, 1440-1443. [CrossRef]

4. Hahn, M.K,; Blakely, R.D. The functional impact of SLC6 transporter genetic variation. Annu. Rev. Pharmacol. Toxicol. 2007,
47,401-441. [CrossRef] [PubMed]

5. Giros, B.; Jaber, M.; Jones, S.R.; Wightman, R.M.; Caron, M.G. Hyperlocomotion and indifference to cocaine and amphetamine in
mice lacking the dopamine transporter. Nature 1996, 379, 606-612. [CrossRef]

6. Mash, D.C.; Pablo, J.; Ouyang, Q.; Hearn, W.L.; Izenwasser, S. Dopamine transport function is elevated in cocaine users.
J. Neurochem. 2002, 81, 292-300. [CrossRef]

7. Zhou, Y.; Michelhaugh, S.K.; Schmidt, C.J.; Liu, J.S.; Bannon, M.].; Lin, Z. Ventral midbrain correlation between genetic variation
and expression of the dopamine transporter gene in cocaine-abusing versus non-abusing subjects. Addict. Biol. 2014, 19, 122-131.
[CrossRef]

8. Gainetdinov, R.R.; Caron, M.G.; Beaulieu, ].-M.; Sotnikova, T.D. Molecular biology, pharmacology and functional role of the
plasma membrane dopamine transporter. CNS Neurol. Disord. Drug Targets 2006, 5, 45-56. [CrossRef] [PubMed]

9.  Cagniard, B.; Sotnikova, T.D.; Gainetdinov, R.R.; Zhuang, X. The dopamine transporter expression level differentially affects
responses to cocaine and amphetamine. J. Neurogenet. 2014, 28, 112-121. [CrossRef]

10. Rocha, B.A.; Fumagalli, F.; Gainetdinov, R.; Jones, S.R.; Ator, R.; Giros, B.; Miller, G.W.; Caron, M.G. Cocaine self-administration in
dopamine-transporter knockout mice. Nat. Neurosci. 1998, 1, 132-137, Erratum in Nat. Neurosci. 1998, 1, 330. [CrossRef]

11. Pardo, M.; Martin, M.; Gainetdinov, R.R.; Mash, D.C.; Izenwasser, S. Heterozygote Dopamine Transporter Knockout Rats Display
Enhanced Cocaine Locomotion in Adolescent Females. Int. ]. Mol. Sci. 2022, 23, 15414. [CrossRef]

12.  Nestler, E. The neurobiology of cocaine addiction. Sci. Pract. Perspect. 2005, 3, 4-10. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neuron.2010.11.022
https://www.ncbi.nlm.nih.gov/pubmed/21144997
https://doi.org/10.1073/pnas.95.7.4029
https://doi.org/10.1176/ajp.156.9.1440
https://doi.org/10.1146/annurev.pharmtox.47.120505.105242
https://www.ncbi.nlm.nih.gov/pubmed/17067279
https://doi.org/10.1038/379606a0
https://doi.org/10.1046/j.1471-4159.2002.00820.x
https://doi.org/10.1111/j.1369-1600.2011.00391.x
https://doi.org/10.2174/187152706784111579
https://www.ncbi.nlm.nih.gov/pubmed/16613553
https://doi.org/10.3109/01677063.2014.908191
https://doi.org/10.1038/381
https://doi.org/10.3390/ijms232315414
https://doi.org/10.1151/spp05314
https://www.ncbi.nlm.nih.gov/pubmed/18552739

Biomolecules 2023, 13, 1107 8 of 10

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nestler, E.J.; Liischer, C. The Molecular Basis of Drug Addiction: Linking Epigenetic to Synaptic and Circuit Mechanisms. Neuron
2019, 102, 48-59. [CrossRef]

Rogge, G.A.; Wood, M. A. The role of histone acetylation in cocaine-induced neural plasticity and behavior. Neuropsychopharmacology
2013, 38, 94-110. [CrossRef]

Black, Y.D.; Maclaren, ER.; Naydenov, A.V.; Carlezon, W.A.; Baxter, M.G.; Konradi, C. Altered attention and prefrontal cortex
gene expression in rats after binge-like exposure to cocaine during adolescence. J. Neurosci. 2006, 26, 9656-9665. [CrossRef]
Ajonijebu, D.C.; Abboussi, O.; Mabandla, M.V.; Daniels, W.M.U. Differential epigenetic changes in the hippocampus and
prefrontal cortex of female mice that had free access to cocaine. Metab. Brain Dis. 2018, 33, 411-420. [CrossRef]

Maze, I.; Covington, H.E.; Dietz, D.M.; LaPlant, Q.; Renthal, W.; Russo, S.J.; Mechanic, M.; Mouzon, E.; Neve, R.L,;
Haggarty, S.J.; et al. Essential role of the histone methyltransferase G9a in cocaine-induced plasticity. Science 2010, 327, 213-216.
[CrossRef]

Renthal, W.; Maze, I.; Krishnan, V.; Covington, H.E.; Xiao, G.; Kumar, A.; Russo, S.J.; Graham, A.; Tsankova, N.; Kippin, T.E.; et al.
Histone deacetylase 5 epigenetically controls behavioral adaptations to chronic emotional stimuli. Neuron 2007, 56, 517-529.
[CrossRef]

Vassoler, EM.; White, S.L.; Schmidt, H.D.; Sadri-Vakili, G.; Pierce, R.C. Epigenetic inheritance of a cocaine-resistance phenotype.
Nat. Neurosci. 2013, 16, 42—47. [CrossRef] [PubMed]

Novikova, S.I.; He, E,; Bai, J.; Cutrufello, N.J.; Lidow, M.S.; Undieh, A.S. Maternal cocaine administration in mice alters DNA
methylation and gene expression in hippocampal neurons of neonatal and prepubertal offspring. PLoS ONE 2008, 3, e1919.
[CrossRef] [PubMed]

Sartor, G.C.; Powell, S.K.; Brothers, S.P.; Wahlestedt, C. Epigenetic Readers of Lysine Acetylation Regulate Cocaine-Induced
Plasticity. J. Neurosci. 2015, 35, 15062-15072. [CrossRef] [PubMed]

Singh, M.B.; Babigian, C.J.; Sartor, G.C. Domain-selective BET inhibition attenuates transcriptional and behavioral responses to
cocaine. Neuropharmacology 2022, 210, 109040. [CrossRef]

Zhang, Y.-X.; Akumuo, R.C.; Espafia, R.A.; Yan, C.-X.; Gao, W.-].; Li, Y.-C. The histone demethylase KDM6B in the medial
prefrontal cortex epigenetically regulates cocaine reward memory. Neuropharmacology 2018, 141, 113-125. [CrossRef]

Hong, S.; Cho, Y.-W.; Yu, L.-R.; Yu, H.; Veenstra, T.D.; Ge, K. Identification of JmjC domain-containing UTX and JMJD3 as histone
H3 lysine 27 demethylases. Proc. Natl. Acad. Sci. USA 2007, 104, 18439-18444. [CrossRef]

Chen, S.; Ma, J.; Wu, E; Xiong, L.-].; Ma, H.; Xu, W,; Lv, R;; Li, X,; Villen, J.; Gygi, S.P; et al. The histone H3 Lys 27 demethylase
JMJD3 regulates gene expression by impacting transcriptional elongation. Genes Dev. 2012, 26, 1364-1375. [CrossRef] [PubMed]
Williams, K.; Christensen, J.; Rappsilber, J.; Nielsen, A.L.; Johansen, ].V.; Helin, K. The histone lysine demethylase JMJD3/KDM6B
is recruited to p53 bound promoters and enhancer elements in a p53 dependent manner. PLoS ONE 2014, 9, €96545. [CrossRef]
Park, D.H.; Hong, S.J.; Salinas, R.D.; Liu, S.J.; Sun, S.W.; Sgualdino, ].; Testa, G.; Matzuk, M.M.; Iwamori, N.; Lim, D.A. Activation
of neuronal gene expression by the JMJD3 demethylase is required for postnatal and adult brain neurogenesis. Cell Rep. 2014,
8, 1290-1299. [CrossRef] [PubMed]

Zhang, W.; Prakash, C.; Sum, C.; Gong, Y.; Li, Y.; Kwok, ].]J.T.; Thiessen, N.; Pettersson, S.; Jones, S.].M.; Knapp, S.; et al.
Bromodomain-containing protein 4 (BRD4) regulates RNA polymerase II serine 2 phosphorylation in human CD4+ T cells. . Biol.
Chem. 2012, 287, 43137-43155. [CrossRef]

Liu, C.; Sun, X.; Wang, Z.; Le, Q.; Liu, P; Jiang, C.; Wang, F; Ma, L. Retrieval-Induced Upregulation of Tet3 in Pyramidal Neurons
of the Dorsal Hippocampus Mediates Cocaine-Associated Memory Reconsolidation. Int. J. Neuropsychopharmacol./Off. Sci. ]. Coll.
Int. Neuropsychopharmacol. 2018, 21, 255-266. [CrossRef]

Li, M; Xu, P; Xu, Y,; Teng, H.; Tian, W.; Du, Q.; Zhao, M. Dynamic Expression Changes in the Transcriptome of the Prefrontal
Cortex after Repeated Exposure to Cocaine in Mice. Front. Pharmacol. 2017, 8, 142. [CrossRef]

Sadakierska-Chudy, A.; Frankowska, M.; Jastrzebska, J.; Wydra, K.; Miszkiel, J.; Sanak, M.; Filip, M. Cocaine Administration
and Its Withdrawal Enhance the Expression of Genes Encoding Histone-Modifying Enzymes and Histone Acetylation in the Rat
Prefrontal Cortex. Neurotox. Res. 2017, 32, 141-150. [CrossRef] [PubMed]

Guo, W.; Long, H.; Bu, Q.; Zhao, Y,; Wang, H.; Tian, J.; Cen, X. Role of BRD4 phosphorylation in the nucleus accumbens in relapse
to cocaine-seeking behavior in mice. Addict. Biol. 2020, 25, €12808. [CrossRef]

Dhalluin, C.; Carlson, J.E.; Zeng, L.; He, C.; Aggarwal, A.K.; Zhou, M.-M. Structure and ligand of a histone acetyltransferase
bromodomain. Nature 1999, 399, 491-496. [CrossRef] [PubMed]

Winston, E; Allis, C.D. The bromodomain: A chromatin-targeting module? Nat. Struct. Biol. 1999, 6, 601-604. [CrossRef]

Owen, D.J.; Ornaghi, P; Yang, J.; Lowe, N.; Evans, P.R.; Ballario, P.; Neuhaus, D.; Filetici, P.; Travers, A.A. The structural basis for
the recognition of acetylated histone H4 by the bromodomain of histone acetyltransferase gen5p. EMBO J. 2000, 19, 6141-6149.
[CrossRef]

Kanno, T.; Kanno, Y.; Siegel, R.M.; Jang, M.K.; Lenardo, M.].; Ozato, K. Selective recognition of acetylated histones by bromod-
omain proteins visualized in living cells. Mol. Cell 2004, 13, 33-43. [CrossRef] [PubMed]

Dey, A.; Nishiyama, A.; Karpova, T.; McNally, J.; Ozato, K.; Hnilicov4, ]J.; Hozeifi, S.; Stejskalova, E.; Duskov4, E.; Poser, I; et al.
Brd4 marks select genes on mitotic chromatin and directs postmitotic transcription. Mol. Biol. Cell 2009, 20, 4899-4909. [CrossRef]
LeRoy, G.; Chepelev, I.; A DiMaggio, P.; Blanco, M.A.; Zee, B.M.; Zhao, K.; Garcia, B.A. Proteogenomic characterization and
mapping of nucleosomes decoded by Brd and HP1 proteins. Genome Biol. 2012, 13, R68. [CrossRef]


https://doi.org/10.1016/j.neuron.2019.01.016
https://doi.org/10.1038/npp.2012.154
https://doi.org/10.1523/JNEUROSCI.2391-06.2006
https://doi.org/10.1007/s11011-017-0116-z
https://doi.org/10.1126/science.1179438
https://doi.org/10.1016/j.neuron.2007.09.032
https://doi.org/10.1038/nn.3280
https://www.ncbi.nlm.nih.gov/pubmed/23242310
https://doi.org/10.1371/journal.pone.0001919
https://www.ncbi.nlm.nih.gov/pubmed/18382688
https://doi.org/10.1523/JNEUROSCI.0826-15.2015
https://www.ncbi.nlm.nih.gov/pubmed/26558777
https://doi.org/10.1016/j.neuropharm.2022.109040
https://doi.org/10.1016/j.neuropharm.2018.08.030
https://doi.org/10.1073/pnas.0707292104
https://doi.org/10.1101/gad.186056.111
https://www.ncbi.nlm.nih.gov/pubmed/22713873
https://doi.org/10.1371/journal.pone.0096545
https://doi.org/10.1016/j.celrep.2014.07.060
https://www.ncbi.nlm.nih.gov/pubmed/25176653
https://doi.org/10.1074/jbc.M112.413047
https://doi.org/10.1093/ijnp/pyx099
https://doi.org/10.3389/fphar.2017.00142
https://doi.org/10.1007/s12640-017-9728-7
https://www.ncbi.nlm.nih.gov/pubmed/28393332
https://doi.org/10.1111/adb.12808
https://doi.org/10.1038/20974
https://www.ncbi.nlm.nih.gov/pubmed/10365964
https://doi.org/10.1038/10640
https://doi.org/10.1093/emboj/19.22.6141
https://doi.org/10.1016/S1097-2765(03)00482-9
https://www.ncbi.nlm.nih.gov/pubmed/14731392
https://doi.org/10.1091/mbc.e09-05-0380
https://doi.org/10.1186/gb-2012-13-8-r68

Biomolecules 2023, 13, 1107 90of 10

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Brown, ].D,; Lin, C.Y.; Duan, Q.; Griffin, G.; Federation, A J.; Paranal, R.M.; Bair, S.; Newton, G.; Lichtman, A.H.; Kung, A.L.; et al.
NF-«kB directs dynamic super enhancer formation in inflammation and atherogenesis. Mol. Cell 2014, 56, 219-231. [CrossRef]
Babigian, C.; Wiedner, H.; Wahlestedt, C.; Sartor, G. JQ1 attenuates psychostimulant- but not opioid-induced conditioned place
preference. Behav. Brain Res. 2022, 418, 113644. [CrossRef]

LaPlant, Q.; Nestler, E.J. CRACKing the histone code: Cocaine’s effects on chromatin structure and function. Horm. Behav. 2011,
59, 321-330. [CrossRef] [PubMed]

Sartor, G.C.; Malvezzi, AM.; Kumar, A.; Andrade, N.S.; Wiedner, H.J.; Vilca, S.J.; Janczura, K.J.; Bagheri, A.; Al-Ali, H,;
Powell, S.K; et al. Enhancement of BDNF Expression and Memory by HDAC Inhibition Requires BET Bromodomain Reader
Proteins. J. Neurosci. 2019, 39, 612-626. [CrossRef]

Barker, ].M.; Taylor, ].R.; De Vries, T.].; Peters, J. Brain-derived neurotrophic factor and addiction: Pathological versus therapeutic
effects on drug seeking. Brain Res. 2015, 1628, 68-81. [CrossRef] [PubMed]

Kruidenier, L.; Chung, C.-W.; Cheng, Z.; Liddle, ].; Che, K.; Joberty, G.; Bantscheff, M.; Bountra, C.; Bridges, A.; Diallo, H.; etal. A
selective jumonji H3K27 demethylase inhibitor modulates the proinflammatory macrophage response. Nature 2012, 488, 404-408.
[CrossRef] [PubMed]

Filippakopoulos, P.; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.; Keates, T.; Hickman, T.T.; Felletar, I.; et al.
Selective inhibition of BET bromodomains. Nature 2010, 468, 1067-1073. [CrossRef] [PubMed]

Chung, C.W.; Coste, H.; White, ].H.; Mirguet, O.; Wilde, J.; Gosmini, R.L.; Delves, C.; Magny, SM.; Woodward, R,;
Hughes, S.A; et al. Discovery and characterization of small molecule inhibitors of the BET family bromodomains. J. Med. Chem.
2011, 54, 3827-3838. [CrossRef]

Schwalm, M.P,; Knapp, S. BET bromodomain inhibitors. Curr. Opin. Chem. Biol. 2022, 68, 102148. [CrossRef]

Delmore, J.E.; Issa, G.C.; Lemieux, M.E.; Rahl, P.B.; Shi, J.; Jacobs, H.M.; Kastritis, E.; Gilpatrick, T.; Paranal, RM.; Qj, J.; et al. BET
bromodomain inhibition as a therapeutic strategy to target c-Myec. Cell 2011, 146, 904-917. [CrossRef]

Zuber, J.; Shi, J.; Wang, E.; Rappaport, A.R.; Herrmann, H.; Sison, E.A.; Magoon, D.; Qi, J.; Blatt, K.; Wunderlich, M.; et al. RNAi
screen identifies Brd4 as a therapeutic target in acute myeloid leukaemia. Nature 2011, 478, 524-528. [CrossRef]

Belkina, A.C.; Denis, G.V. BET domain co-regulators in obesity, inflammation and cancer. Nat. Rev. Cancer 2012, 12, 465-477.
[CrossRef]

Barrett, E.; Brothers, S.; Wahlestedt, C.; Beurel, E. I-BET151 selectively regulates IL-6 production. Biochim. Biophys. Acta 2014, 1842,
1549-1555. [CrossRef]

Singh, M.B.; Sartor, G.C. BET bromodomains as novel epigenetic targets for brain health and disease. Neuropharmacology 2020,
181, 108306. [CrossRef] [PubMed]

Yin, M.; Guo, Y,; Hu, R.; Cai, W.L.; Li, Y,; Pei, S.; Sun, H.; Peng, C.; Li, J.; Ye, R; et al. Potent BRD4 inhibitor suppresses cancer
cell-macrophage interaction. Nat. Commun. 2020, 11, 1833. [CrossRef]

Guo, J.; Zheng, Q.; Peng, Y. BET proteins: Biological functions and therapeutic interventions. Pharmacol. Ther. 2023, 243, 108354.
[CrossRef] [PubMed]

Kumar, A.; Choi, K.-H.; Renthal, W.; Tsankova, N.M.; Theobald, D.E.; Truong, H.-T.; Russo, S.J.; LaPlant, Q.; Sasaki, T.S.;
Whistler, K.N.; et al. Chromatin remodeling is a key mechanism underlying cocaine-induced plasticity in striatum. Neuron 2005,
48,303-314. [CrossRef] [PubMed]

Feng, J.; Wilkinson, M.; Liu, X.; Purushothaman, I.; Ferguson, D.; Vialou, V.; Maze, 1.; Shao, N.; Kennedy, P.; Koo, J.; et al. Chronic
cocaine-regulated epigenomic changes in mouse nucleus accumbens. Genome Biol. 2014, 15, R65, Erratum in Genome Biol. 2015,
16, 227. [CrossRef]

Kennerley, S.W.; Walton, M.E. Decision making and reward in frontal cortex: Complementary evidence from neurophysiological
and neuropsychological studies. Behav. Neurosci. 2011, 125, 297-317. [CrossRef]

Capriles, N.; Rodaros, D.; Sorge, R.E.; Stewart, J. A role for the prefrontal cortex in stress- and cocaine-induced reinstatement of
cocaine seeking in rats. Psychopharmacology 2003, 168, 66-74. [CrossRef] [PubMed]

Gipson, C.D.; Kupchik, Y.; Shen, H.-W.; Reissner, K.J.; Thomas, C.A.; Kalivas, PW. Relapse induced by cues predicting cocaine
depends on rapid, transient synaptic potentiation. Neuron 2013, 77, 867-872. [CrossRef]

McFarland, K.; Kalivas, PW. The circuitry mediating cocaine-induced reinstatement of drug-seeking behavior. J. Neurosci. 2001,
21, 8655-8663. [CrossRef]

Parrilla-Carrero, J.; Buchta, W.C.; Goswamee, P.; Culver, O.; McKendrick, G.; Harlan, B.; Moutal, A.; Penrod, R.; Lauer, A.;
Ramakrishnan, V.; et al. Restoration of Kv7 Channel-Mediated Inhibition Reduces Cued-Reinstatement of Cocaine Seeking. J.
Neurosci. 2018, 38, 4212-4229. [CrossRef]

Perry, J.L.; Joseph, ].E.; Jiang, Y.; Zimmerman, R.S.; Kelly, T.H.; Darna, M.; Huettl, P.; Dwoskin, L.P.; Bardo, M.T. Prefrontal cortex
and drug abuse vulnerability: Translation to prevention and treatment interventions. Brain Res. Rev. 2011, 65, 124-149. [CrossRef]
[PubMed]

Otis, ].M.; Namboodiri, VM.K.; Matan, A.M.; Voets, E.S.; Mohorn, E.P.; Kosyk, O.; McHenry, ].A.; Robinson, J.E.; Resendez, S.L.;
Rossi, M.A.; et al. Prefrontal cortex output circuits guide reward seeking through divergent cue encoding. Nature 2017,
543,103-107. [CrossRef]

Goldstein, R.Z.; Volkow, N.D. Dysfunction of the prefrontal cortex in addiction: Neuroimaging findings and clinical implications.
Nat. Rev. Neurosci. 2011, 12, 652-669. [CrossRef] [PubMed]


https://doi.org/10.1016/j.molcel.2014.08.024
https://doi.org/10.1016/j.bbr.2021.113644
https://doi.org/10.1016/j.yhbeh.2010.05.015
https://www.ncbi.nlm.nih.gov/pubmed/20594965
https://doi.org/10.1523/JNEUROSCI.1604-18.2018
https://doi.org/10.1016/j.brainres.2014.10.058
https://www.ncbi.nlm.nih.gov/pubmed/25451116
https://doi.org/10.1038/nature11262
https://www.ncbi.nlm.nih.gov/pubmed/22842901
https://doi.org/10.1038/nature09504
https://www.ncbi.nlm.nih.gov/pubmed/20871596
https://doi.org/10.1021/jm200108t
https://doi.org/10.1016/j.cbpa.2022.102148
https://doi.org/10.1016/j.cell.2011.08.017
https://doi.org/10.1038/nature10334
https://doi.org/10.1038/nrc3256
https://doi.org/10.1016/j.bbadis.2014.05.013
https://doi.org/10.1016/j.neuropharm.2020.108306
https://www.ncbi.nlm.nih.gov/pubmed/32946883
https://doi.org/10.1038/s41467-020-15290-0
https://doi.org/10.1016/j.pharmthera.2023.108354
https://www.ncbi.nlm.nih.gov/pubmed/36739915
https://doi.org/10.1016/j.neuron.2005.09.023
https://www.ncbi.nlm.nih.gov/pubmed/16242410
https://doi.org/10.1186/gb-2014-15-4-r65
https://doi.org/10.1037/a0023575
https://doi.org/10.1007/s00213-002-1283-z
https://www.ncbi.nlm.nih.gov/pubmed/12442201
https://doi.org/10.1016/j.neuron.2013.01.005
https://doi.org/10.1523/JNEUROSCI.21-21-08655.2001
https://doi.org/10.1523/JNEUROSCI.2767-17.2018
https://doi.org/10.1016/j.brainresrev.2010.09.001
https://www.ncbi.nlm.nih.gov/pubmed/20837060
https://doi.org/10.1038/nature21376
https://doi.org/10.1038/nrn3119
https://www.ncbi.nlm.nih.gov/pubmed/22011681

Biomolecules 2023, 13, 1107 10 of 10

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Leo, D.; Sukhanov, L; Zoratto, F; Illiano, P.; Caffino, L.; Sanna, F.; Messa, G.; Emanuele, M.; Esposito, A.; Dorofeikova, M.; et al.
Pronounced Hyperactivity, Cognitive Dysfunctions, and BDNF Dysregulation in Dopamine Transporter Knock-out Rats. J. Neurosci.
2018, 38, 1959-1972. [CrossRef]

Illiano, P; Leo, D.; Gainetdinov, R.R.; Pardo, M. Early Adolescence Prefrontal Cortex Alterations in Female Rats Lacking Dopamine
Transporter. Biomedicines 2021, 9, 157. [CrossRef]

liano, P; Bigford, G.E.; Gainetdinov, R.R.; Pardo, M. Rats Lacking Dopamine Transporter Display Increased Vulnerability and
Aberrant Autonomic Response to Acute Stress. Biomolecules 2020, 10, 842. [CrossRef] [PubMed]

Mandt, B.H.; Allen, RM.; Zahniser, N.R. Individual differences in initial low-dose cocaine-induced locomotor activity and
locomotor sensitization in adult outbred female Sprague-Dawley rats. Pharmacol. Biochem. Behav. 2009, 91, 511-516. [CrossRef]
[PubMed]

Mandt, B.H.; Zahniser, N.R. Low and high cocaine locomotor responding male Sprague-Dawley rats differ in rapid cocaineinduced
regulation of striatal dopamine transporter function. Neuropharmacology 2010, 58, 605-612. [CrossRef]

Gulley, ].M.; Hoover, B.R; Larson, G.A.; Zahniser, N.R. Individual differences in cocaine-induced locomotor activity in rats: Be-
havioral characteristics, cocaine pharmacokinetics, and the dopamine transporter. Neuropsychopharmacology 2003, 28, 2089-2101.
[CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Xu, T-X,; Sotnikova, T.D.; Liang, C.; Zhang, J.; Jung, J.U.; Spealman, R.D.; Gainetdinov, R.R.; Yao, W.-D. Hyperdopaminergic tone
erodes prefrontal long-term potential via a D2 receptor-operated protein phosphatase gate. J. Neurosci. 2009, 29, 14086-14099.
[CrossRef]

Sanna, F; Bratzu, J.; Serra, M.P,; Leo, D.; Quartu, M.; Boi, M.; Espinoza, S.; Gainetdinov, R.R.; Melis, M.R.; Argiolas, A.
Altered Sexual Behavior in Dopamine Transporter (DAT) Knockout Male Rats: A Behavioral, Neurochemical and Intracerebral
Microdialysis Study. Front. Behav. Neurosci. 2020, 14, 58. [CrossRef]

Griffin, M.L.; Weiss, R.D.; Mirin, S.M.; Lange, U. A comparison of male and female cocaine abusers. Arch. Gen. Psychiatry 1989,
46,122-126. [CrossRef] [PubMed]

McCance-Katz, E.F,; Hart, C.L.; Boyarsky, B.; Kosten, T.; Jatlow, P. Gender effects following repeated administration of cocaine
and alcohol in humans. Subst. Use Misuse 2005, 40, 511-528. [CrossRef] [PubMed]

Collins, S.L.; Izenwasser, S. Chronic nicotine differentially alters cocaine-induced locomotor activity in adolescent vs. adult male
and female rats. Neuropharmacology 2004, 46, 349-362. [CrossRef]

Zakharova, E.; Wade, D.; Izenwasser, S. Sensitivity to cocaine conditioned reward depends on sex and age. Pharmacol. Biochem.
Behav. 2009, 92, 131-134. [CrossRef]

Pefia, Y.; Prunell, M.; Dimitsantos, V.; Nadal, R.; Escorihuela, R.M. Environmental enrichment effects in social investigation in rats
are gender dependent. Behav. Brain Res. 2006, 174, 181-187. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1523/JNEUROSCI.1931-17.2018
https://doi.org/10.3390/biomedicines9020157
https://doi.org/10.3390/biom10060842
https://www.ncbi.nlm.nih.gov/pubmed/32486390
https://doi.org/10.1016/j.pbb.2008.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18817807
https://doi.org/10.1016/j.neuropharm.2009.11.015
https://doi.org/10.1038/sj.npp.1300279
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1523/JNEUROSCI.0974-09.2009
https://doi.org/10.3389/fnbeh.2020.00058
https://doi.org/10.1001/archpsyc.1989.01810020024005
https://www.ncbi.nlm.nih.gov/pubmed/2913971
https://doi.org/10.1081/JA-200030693
https://www.ncbi.nlm.nih.gov/pubmed/15830733
https://doi.org/10.1016/j.neuropharm.2003.09.024
https://doi.org/10.1016/j.pbb.2008.11.002
https://doi.org/10.1016/j.bbr.2006.07.007

	Introduction 
	Materials and Methods 
	Animals 
	Treatments 
	Tissue Collection 
	qRT-PCR Analyses 
	Statistical Analysis 

	Results 
	Analyses of the Epigenetic Marker KDM6B in DAT HET and KO Rats after Chronic Cocaine Exposure 
	Analyses of the Epigenetic Marker BRD4 in DAT HET and KO Rats after Chronic Cocaine Exposure 

	Discussion 
	Conclusions 
	References

