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Abstract
The persistent use of opioids leads to profound changes in neuroplasticity of the brain, contributing to the emergence 
and persistence of addiction. However, chronic opioid use disrupts the delicate balance of the reward system in the brain, 
leading to neuroadaptations that underlie addiction. Chronic cocaine usage leads to synchronized alterations in gene 
expression, causing modifications in the Nucleus Accumbens (NAc), a vital part of the reward system of the brain. These 
modifications assist in the development of maladaptive behaviors that resemble addiction. Neuroplasticity in the context 
of addiction involves changes in synaptic connectivity, neuronal morphology, and molecular signaling pathways. Drug-
evoked neuroplasticity in opioid addiction and withdrawal represents a complicated interaction between environmental, 
genetic, and epigenetic factors. Identifying specific transcriptional and epigenetic targets that can be modulated to restore 
normal neuroplasticity without disrupting essential physiological processes is a critical consideration. The discussion in 
this article focuses on the transcriptional aspects of drug-evoked neuroplasticity, emphasizing the role of key transcrip-
tion factors, including cAMP response element-binding protein (CREB), ΔFosB, NF-kB, Myocyte-enhancing factor 2 
(MEF2), Methyl-CpG binding protein 2 (MeCP2), E2F3a, and FOXO3a. These factors regulate gene expression and lead 
to the neuroadaptive changes observed in addiction and withdrawal. Epigenetic regulation, which involves modifying 
gene accessibility by controlling these structures, has been identified as a critical component of addiction development. 
By unraveling these complex molecular processes, this study provides valuable insights that may pave the way for future 
therapeutic interventions targeting the mechanisms underlying addiction and withdrawal.
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Introduction

Drug addiction, particularly opioid addiction, is a complex 
and multifaceted disorder that poses a significant public 
health challenge worldwide. Addiction, which is defined as 
the persistent desire for and use of drugs despite negative 
effects or a lack of self-control, results from long-term alter-
ations in certain brain areas (Hyman et al. 2006). Opioid 
addiction has reached epidemic proportions, with alarming 
morbidity and mortality rates. The pharmacological effects 
of opioids are produced by binding to particular brain recep-
tors, mainly mu-opioid receptors, which results in feelings 
of reward, pleasure, and analgesia (Nestler 2013). How-
ever, chronic opioid use disrupts the delicate balance of 
the reward system of the brain, leading to neuroadaptations 
and neuroplasticity of the brain, which plays a key role in 
fostering the onset and persistence of addiction. The brain’s 
remarkable capacity to change its shape and function in 
response to new information, including drugs of abuse, is 
known as neuroplasticity (Nestler 2001a, Russo et al. 2010). 
Understanding the molecular mechanisms underlying drug-
evoked neuroplasticity in opioid addiction and withdrawal 
is crucial for developing effective treatments and interven-
tions to combat this devastating disorder. Although repeated 
drug exposure may cause addiction in some people, others 
can use drugs in moderation without developing depen-
dency. Neuroplasticity in the context of addiction involves 
changes in synaptic connectivity, neuronal morphology, and 

molecular signaling pathways. These changes contribute to 
the persistent craving for opioids, the inability to control 
drug-seeking behavior, and the occurrence of withdrawal 
symptoms upon cessation of drug use (Kalivas and Volkow 
2005; Kauer and Malenka 2007). Unraveling the transcrip-
tional and epigenetic mechanisms underlying drug-evoked 
neuroplasticity is essential for elucidating the molecular 
basis of addiction and for developing targeted therapeutic 
strategies. During opioid addiction and withdrawal, genetic, 
epigenetic, and environmental variables interact to cause 
drug-evoked neuroplasticity.

Molecular mechanisms of opioid addiction

Chronic opioid exposure alters gene expression and affects 
neuronal function and synaptic plasticity. CREB and AP-1 
transcription factors regulate gene expression in addiction-
related neuroplasticity (Robison and Nestler 2011; McClung 
and Nestler 2003). Epigenetic changes such as DNA meth-
ylation and histone modifications mediate long-term opioid 
addiction-related gene expression patterns. DNA meth-
ylation, especially at CpG dinucleotides in gene promot-
ers, can alter gene expression and cause addiction-related 
symptoms (Maze et al. 2010; Renthal and Nestler 2008). 
Histone changes, including acetylation, methylation, and 
phosphorylation, affect gene transcription by altering chro-
matin shape and accessibility (Tsankova et al. 2004). Non-
coding RNAs, particularly microRNAs (miRNAs), also 
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regulate neuroplasticity and addiction. These small RNA 
molecules can target messenger RNAs (mRNAs) and either 
degrade or inhibit their translation, leading to the post-tran-
scriptional regulation of gene expression. Dysregulation of 
specific miRNAs has been observed in the context of opioid 
addiction, suggesting their involvement in neuroplasticity 
modulation (Smith et al., 2018). The complex relationship 
between these epigenetic and transcriptional processes leads 
to maladaptive changes in synaptic plasticity and the neu-
ral circuitry observed in opioid addiction. Understanding 
the molecular pathways and signaling cascades altered by 
chronic opioid exposure is crucial for developing effective 
therapeutic interventions. The dopaminergic, glutamater-
gic, and GABAergic systems, as well as neurotrophic fac-
tors, play integral roles in addiction-related neuroplasticity 
(Kalivas and Volkow 2005; Lüscher and Malenka 2011). 
By targeting transcriptional and epigenetic mechanisms, 
it may be possible to reverse the drug-evoked neuroplas-
tic changes associated with opioid addiction and facilitate 
recovery and abstinence. Therapeutic interventions aimed 
at restoring normal gene expression patterns and modifying 
epigenetic marks hold promise for attenuating the craving 
for opioids, reducing drug-seeking behavior, and prevent-
ing relapse (Nestler 2008, 2022). The development of novel 
therapies to target drug-evoked neuroplasticity faces several 
challenges. The complexity of the brain’s neuroplasticity 
mechanisms, individual variability in genetic and epigen-
etic profiles, and chronic nature of addiction necessitate a 
comprehensive approach. Additionally, identifying specific 
transcriptional and epigenetic targets that can be modulated 
to restore normal neuroplasticity without disrupting essen-
tial physiological processes is critical (Renthal and Nestler 
2008). By understanding the transcriptional and epigenetic 
pathways of drug-evoked neuroplasticity in opioid addic-
tion and withdrawal, we can pave the way for innovative 
and effective treatments that address underlying molecular 
alterations.

This review comprehensively investigates various well-
defined changes that have been shown to play a role in 
specific aspects of the behavioral syndrome of addiction. 
Additionally, we focused on alterations caused by drugs in 
transcription factors, which are nuclear proteins that attach 
to the regulatory regions of particular genes and control 
their transformation into mRNA. The focus on transcription 
factors is based on the idea that changes in gene expression 
caused by drugs can help explain the long-lasting behav-
ioral abnormalities seen in addiction and the mechanisms 
responsible for drug-induced neuroplasticity.

Synaptic resilience: unveiling 
Neuroplasticity’s crucial nexus in the genesis 
of opioid dependency

Target areas of brain

Neuroplasticity refers to long-lasting alterations in neural 
circuits and synaptic connections evoked by the chronic 
consumption of drugs of abuse (Koob 2013). These altera-
tions in the structure and function of the brain play a crucial 
role in the development of addiction and contribute to the 
persistence of drug-seeking behaviors, even after prolonged 
periods of abstinence (Volkow and Morales 2015; Lovinger 
and Kash 2015). Drug-evoked neuroplasticity involves mul-
tiple brain regions, including the mesolimbic dopaminergic 
system, which plays a key role in reward and reinforcement 
processing (Dong and Nestler 2014). Within this system, the 
primary target for drugs of abuse, such as opioids, is the 
NAc, which is rich in dopamine receptors and densely inter-
connected with other regions of the brain that are involved 
in reward and motivation (Russo et al. 2010; Lüscher and 
Malenka 2011). Several brain regions, such as the prefron-
tal cortex, amygdala, and hippocampus send signals to the 
NAc. This allows the NAc to combine information about 
drug-related cues and motivation-driven control behaviors 
(Volkow et al. 2002, 2003).

Role of neurotransmitters and their signaling 
mechanisms

A crucial cellular process underlying drug-evoked altera-
tions in the brain is the activation of the dopamine system. 
Addictive drugs such as cocaine, amphetamines, and opi-
oids cause the NAc to release more dopamine, producing 
an intense feeling of reward (Volkow et al. 2019; Covey 
et al. 2014). Dopaminergic neurons in the ventral tegmen-
tal area (VTA) are altered by drugs, resulting in elevated 
levels of dopamine release (Bartas et al. 2022). Long-term 
drug use changes how these neurons work, causing them to 
fire more often and release more dopamine due to chronic 
drug exposure. These changes are caused by alterations in 
the production and function of various molecules, including 
dopamine receptors, transporters, and proteins involved in 
cellular signaling (Nestler 2022). When dopamine receptors 
in the NAc are activated, they set off a chain of cellular sig-
naling pathways that ultimately lead to long-lasting changes 
in function and brain connections (Wolf et al. 2003; Thomas 
and Malenka 2003). The cyclic adenosine monophosphate 
(cAMP) pathway is an important signalling pathway. Addic-
tive drugs increase the level of cAMP in NAc, activating the 
protein kinase A (PKA) and modifying various other mol-
ecules (Yan et al. 2016; Boudreau et al. 2009). Modifying 
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remodeling (Russo et al. 2010). Epigenetic mechanisms 
also contribute to the drug-evoked neuroplasticity. Histone 
acetylation and DNA methylation are two examples of epi-
genetic changes that control gene expression, and can be 
influenced by chronic drug exposure. Cocaine administra-
tion alters DNA methylation patterns in the NAc, leading to 
altered gene expression profiles. In addition, histone acety-
lation, which is regulated by enzymes such as histone acet-
yltransferases (HATs) and histone deacetylases (HDACs), 
is an essential component of drug-induced neuroplasticity 
(Sadri-Vakili 2015). Prolonged drug exposure can lead 
to alterations in histone acetylation patterns, resulting in 
alterations in gene expression that contribute to long-term 
synaptic plasticity and addiction-related behaviors (Robi-
son and Nestler 2011; Sadri-Vakili 2015). In addition to 
these molecular mechanisms, drug-evoked neuroplasticity 
involves changes in neurotransmitter systems other than 
dopamine. For example, chronic opioid exposure leads to 
adaptations in the endogenous opioid system, including 
alterations in the expression and function of opioid recep-
tors. These alterations contribute to the development of 

transcription factors, such as cAMP response element-bind-
ing protein (CREB), by adding phosphates promotes the 
expression of genes involved in changing brain connections 
and behaviors related to reward (Chowdhury et al. 2023) 
(Fig.  1). Additionally, PKA-mediated phosphorylation of 
ion channels and neurotransmitter receptors alters their 
functions, further contributing to drug-evoked neuroplasti-
city (Lüscher and Malenka 2011). Another important mech-
anism contributing to drug-evoked neuroplasticity is the 
remodeling of dendritic spines, which are small protrusions 
on the surface of neurons where most excitatory synapses 
are formed. Chronic drug exposure also modifies spine den-
sity and morphology in the NAc and other brain areas (Ethell 
and Pasquale 2005). Cocaine administration enhances the 
number of dendritic spines in the NAc, whereas chronic opi-
oid exposure results in decreased spine density (Russo et al. 
2010). These changes in spine morphology are regulated by 
a complex interplay of molecular mechanisms involving the 
cytoskeleton, synaptic proteins, and intracellular signaling 
pathways. Actin cytoskeleton dynamics, regulated by small 
GTPases such as RhoA and Cdc42, play a key role in spine 

Fig. 1  Role of Neuroplasticity in addiction development. Chronic 
opioid exposure activates the brain’s reward system. Hyperactiva-
tion of dopaminergic neurons in the Nucleus Accumbens (NAc) 

leads to increased cAMP levels and PKA activation. PKA phosphory-
lates CREB, ultimately promoting gene expression and neuroplastic 
changes in the brain
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includes brain-derived neurotrophic factor (BDNF), and has 
been linked to the control of synaptic plasticity (Benarroch 
2015; Waterhouse and Xu 2009). BDNF promotes neuro-
nal proliferation and maintenance, and facilitates neuro-
nal connections (Baydyuk and Xu 2014; Koshimizu et al. 
2009). Unlike genetic changes, which directly affect the 
DNA code, epigenetic changes affect gene expression rather 
than the DNA sequence. These changes, particularly DNA 
methylation, where a methyl group is attached to DNA, can 
influence neuronal adaptation. Histone modifications may 
involve changes in the proteins that envelop DNA, and 
can also affect gene expression and neuronal adaptations 
(Cheng et al. 2023). Epigenetic and genetic variables inter-
act significantly to regulate neuronal adaptations. Genetic 
factors can influence epigenetic alterations, and certain 
genetic variations can affect the susceptibility of DNA to 
epigenetic modifications. For instance, genetic variations in 
DNA methylation can affect the regulation of neuronal plas-
ticity (Cheng et al. 2015). Chronic morphine exposure alters 
tRNA cytosine methylation in the medial prefrontal cortex, 
affecting gene expression and neuronal adaptation. Nsun2 
knockout disrupts reward-seeking behavior, suggesting that 
the tRNA machinery is a potential therapeutic target for 
addiction (Blaze et al., 2024). Transcriptional pathways and 
chromatin mechanisms play crucial roles in neuronal adap-
tation to opioid addiction, withdrawal, and relapse. Chronic 
opioid exposure alters BDNF gene expression in the VTA 
through epigenetic modifications, affecting neuronal adap-
tations during opioid addiction and withdrawal (Koo et al. 
2015). Research indicates that genetic factors play a sig-
nificant role in opioid addiction, particularly through the 
effects of vital genes, such as BDNF and OPRM1. Animal 
knockout studies have demonstrated that BDNF is crucial 
for the development of addiction-related behaviors, and its 
absence leads to altered responses to opioids and reduced 
reward sensitivity (Carter et al. 2024). Additionally, varia-
tions in the OPRM1 gene have been linked to differences in 
opioid receptor function, which influences susceptibility to 
addiction (Gaddis et al. 2022). Human studies have identi-
fied polymorphisms in genes associated with the dopami-
nergic and opioid systems, which correlate with addiction 
phenotypes. For example, specific OPRM1 variants have 
been associated with an increased risk of opioid dependence 
(Lemen et al. 2022). However, the complexity of gene-
environment interactions suggests that, while these genetic 
factors are significant, they do not act in isolation, and fur-
ther research is needed to fully elucidate their mechanisms 
in the context of opioid addiction (Gaddis et al. 2022; Guo 
et al., 2022). Epigenetic interventions have been shown 
to significantly influence drug addiction and withdrawal. 
Research indicates that alterations in DNA methylation and 
histone modifications can affect gene expression related to 

tolerance and withdrawal symptoms associated with opi-
oid addiction (Kalivas and Volkow 2005). Glutamate, the 
principal excitatory neurotransmitter in the brain, is another 
important factor in the circuit of drug-evoked neuroplasti-
city. Chronic drug use leads to dysregulation of glutama-
tergic signaling, leading to long-lasting changes in synaptic 
strength and plasticity. Drugs of abuse can modulate glu-
tamate release, alter the expression and function of gluta-
mate receptors, and disrupt glutamate homeostasis. These 
changes contribute to the remodeling of excitatory synapses 
and the development of addiction-related behaviors (Kalivas 
2009). Drug-induced neuroplasticity is a complex process 
that involves multiple molecular mechanisms that inter-
act with each other. The interplay between dopaminergic, 
glutamatergic, and other neurotransmitter systems, along 
with the involvement of intracellular signaling pathways 
and epigenetic modifications, leads to persistent changes in 
the neural circuits observed in addiction (Mews and Cali-
pari 2017). By targeting specific molecules or signaling 
pathways involved in drug-induced neuroplastic changes, it 
may be possible to restore normal brain function and reduce 
drug cravings and relapses. Several potential targets have 
been identified, including dopamine receptors, glutamate 
receptors, and various intracellular signaling molecules. 
Additionally, epigenetic modifications provide a promising 
avenue for therapeutic intervention as they can be revers-
ible and may be targeted using pharmacological approaches. 
Additional investigations are required to clarify the exact 
mechanisms that cause drug-induced changes in the brain’s 
ability to adapt and create successful therapies for addiction.

Transcriptional tapestry of various 
mechanisms involved in opioid dependence 
and withdrawal induced neuroplastic 
changes

Genetic regulation of neuronal adaptations and 
evolutionary dynamics

Regulation of neuronal adaptation is a complex and fasci-
nating process that involves various genetic and epigenetic 
factors. Genetic mutations or variations associated with 
neuronal plasticity can change the potency and effective-
ness of synaptic connections, influencing cognitive func-
tion and behavior (Sweatt 2016). One crucial aspect of 
the genetic regulation of neuronal adaptation is the influ-
ence of specific genes. Several genes have been reported 
to play a role in neural plasticity, including those involved 
in the growth and maintenance of neuronal structures such 
as dendrites and spines (Sala and Segal, Levy et al. 2014). 
One example is the neurotrophin family of genes, which 
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gene expression process (Teague and Nestler 2022). By 
modifying synaptic communication within the mesocortico-
limbic system, drugs of abuse can profoundly affect reward 
processing and reinforcement. However, for long-term 
modifications to neuronal activity to occur, new protein 
synthesis is necessary (Kandel 2001). Repeated exposure to 
addictive substances can lead to specific changes in gene 
expression in certain regions, which may contribute to per-
sistent behavioral abnormalities associated with addiction 
(Nestler 2001b, Robinson and Kolb 2004). The control of 
gene expression by addictive substances can occur through 
various mechanisms, such as the activation or inhibition of 
transcription factors, epigenetic processes, and induction of 
non-coding RNAs (Teague and Nestler 2022). Transcription 
factors mediate the regulation of gene expression at the tran-
scriptional level in cellular processes. These proteins act as 
molecular switches in response to internal changes and bind 
to specific regions of target genes. Within the designated 
promoter area, these regulatory regions reside outside the 
coding region of the gene. These sequences are recognized 
and are referred to as cis-regulatory elements. The mecha-
nisms that regulate gene expression, and ultimately result 
in functional protein production, may lead to the develop-
ment of addiction (Teague and Nestler 2022). Drug-evoked 
changes in addiction-related gene expression may generate 
persistent synaptic plasticity. These molecules can be regu-
lated at various stages, including the organization of DNA 
into nucleosomes and compact units controlled by histones 
that make up the chromatin. Therefore, basal transcription 
is halted, unless gene accessibility is regulated. Epigen-
etic regulation, which involves changes in the availability 
of genes through regulation of these structures, has been 
identified as a critical component of addiction development 
(Nestler 2014).

Interpreting the minutiae of CREB-mediated transcriptional 
control

CREB is a crucial transcription factor that orchestrates 
diverse processes within the nervous system, ranging from 
the formation of connections during development to solidi-
fying memories and adapting to new experiences (Carlezon 
et al. 2005; Shaywitz et al., 1999). It controls the activity of 
thousands of genes by forming pairs with itself and bind-
ing to specific sequences of DNA known as cAMP response 
elements (CREs). Typically, CREB is bound to its target 
genes in an inactive state. However, when stimulated, it 
undergoes phosphorylation at serine 133. This allows the 
recruitment of CREB-binding protein (CBP), an enzyme 
that adds acetyl groups to histones and other regulatory 
proteins (Teague and Nestler 2022). Interestingly, a previ-
ous study showed that mice lacking the phosphorylation 

addiction pathways, thereby affecting behavioral responses 
to drugs and withdrawal symptoms (Shaik et al. 2023). For 
instance, specific epigenetic modifications have been linked 
to the development of addiction and severity of withdrawal, 
suggesting that targeting these modifications could provide 
therapeutic avenues for addiction treatment (Fanfarillo et 
al. 2024). Moreover, studies have highlighted that pharma-
cological agents that modify epigenetic marks can mitigate 
withdrawal symptoms and reduce relapse rates, indicating 
the potential for epigenetic therapies in addiction manage-
ment (Do 2024). However, the complexity of epigenetic 
regulation and individual variability in response to inter-
ventions pose challenges, necessitating further research to 
optimize these strategies for clinical applications (Koijam et 
al. 2024). Further research is ongoing to unravel the intrica-
cies of genetic regulation in neuronal adaptations and their 
implications for brain function and behavior. By under-
standing the genetic and epigenetic mechanisms involved, 
scientists hope to gain insights into how changes in neuronal 
adaptations lead to various neurological disorders, and how 
they can be potentially targeted for therapeutic interven-
tions. Therefore, genetic variations and epigenetic modi-
fications can affect the strength and efficiency of synaptic 
connections, which, in turn, influences cognitive function 
and behavior. Additional investigations are needed to com-
pletely understand the molecular mechanisms underlying 
these processes and their implications in various neurologi-
cal and psychiatric conditions.

Role of transcriptional factors in neuroplasticity 
orchestration

Regular use of substances such as cocaine and other opi-
oids can lead to alterations in gene expression in a specific 
brain region, that is, the NAc and medium spiny neurons 
(MSNs). The primary mechanism proposed is that cocaine 
increases dopamine (DA) levels at the synapse, activating 
two types of receptors, D1 and D2, in different subgroups of 
MSNs (Teague and Nestler 2022). These receptors initiate 
separate signaling pathways that lead to the activation or 
suppression of multiple transcription factors. These changes 
can occur through post-translational alterations or changes 
in the overall expression levels of various transcription fac-
tors. Transcription factors are protein molecules that can 
attach to specific DNA sequences called response elements 
or motifs (Teague and Nestler 2022). These elements are 
typically 6–12 base pairs long and are located in gene regu-
latory areas such as enhancers and promoters. Once bound 
to these DNA sequences, transcription factors facilitate the 
recruitment of various secondary regulatory proteins. This 
recruitment process ultimately results in the inhibition or 
activation of transcription, which is the initial step in the 
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Unscrambling the role of transcriptional master regulator 
ΔFosB

ΔFosB, a unique transcription factor derived from the fosB 
gene, has features similar to those of its family counterparts, 
such as c-Fos, FosB, Fra1, and Fra2 (Nestler 2008). These 
factors can partner with Jun family members like c-Jun, 
JunB, or JunD to form the active “activator protein-1” (AP-
1) complexes, which regulate gene expression. The resulting 
AP-1 complex binds to specific AP-1 sites in gene promoters, 
thereby regulating gene transcription (Nestler 2008) after 
an initial dose of diverse addictive drugs. In particular, the 
brain experiences a quick and temporary surge in the activ-
ity of various Fos family proteins. However, chronic drug 
exposure leads to distinct responses (Nestler 2001). Inter-
estingly, ΔFosB, unlike other Fos family members, accumu-
lates biochemically modified isoforms after repeated drug 
exposure in the same brain regions. This ΔFosB accumula-
tion has been observed across a wide range of drugs of abuse 
(Muller and Unterwald 2005; McDaid et al. 2006). Evidence 
suggests that AP-1 DNA binding increases after long-term 
potentiation (LTP) stimulation in the dentate gyrus region, 
proving its link to long-term plasticity and late-phase LTP 
(Williams et al. 2000). Following acute stimulation, all Fos 
family proteins are quickly activated in various brain areas; 
their induction becomes less prominent with chronic treat-
ments. In contrast, the FosB gene has a splice variant called 
ΔFosB, which exhibits exceptional stability and accumu-
lates with chronic treatments, implying its importance in 
inducing and maintaining long-term plasticity (McClung et 
al. 2004). Chronic stimuli, such as repeated drug exposure 
or stress, induce ΔFosB in specific brain regions (McClung 
et al. 2004; Perrotti et al. 2004). Intriguingly, the function of 
ΔFosB changes over time; initially repressing gene expres-
sion at AP-1 sites during short-term treatments, it transitions 
to activation as its levels increase with chronic exposure 
(McClung and Nestler 2003). Knockout mice lacking both 
FosB and ΔFosB displayed abnormal drug responses and 
heightened anxiety/depression, particularly under stress, 
highlighting their crucial role in modulating both reward 
and stress pathways. This suggested that this gene plays an 
essential role in regulating these responses (Zhu et al. 2007). 
Furthermore, behaviors such as addiction are induced by 
the persistent overexpression of ΔFosB, particularly in the 
NAc. However, this addiction-like trait is countered by the 
existence of a dominant-negative form of c-Jun, known as 
Dc-Jun, which inhibits AP-1 activity (Peakman et al. 2003; 
Zachariou et al. 2006). Moreover, voluntary wheel run-
ning and food-reinforced instrumental performance were 
improved by the long-term expression of ΔFosB in the NAc. 
This implies that ΔFosB participates in both the reaction to 
natural rewards and response to pharmacological rewards 

site at serine 133 still retained certain functions of CREB in 
the hippocampus, suggesting additional complexities in its 
regulatory mechanisms (Briand et al. 2015). The initial con-
nection between CREB and drug addiction emerged from its 
established involvement in cAMP signaling, and growing 
evidence suggests an increase in the activity of the cAMP 
pathway in various regions of the brain in response to com-
monly abused psychostimulant or opioid drugs (Rezayof et 
al., 2023). Abuse-related drugs can lead to abrupt control of 
molecular signaling pathways, which can change the activ-
ity of transcription factors. For instance, numerous addictive 
substances have been shown to acutely upregulate cAMP 
levels in numerous addiction-related brain areas. CREB has 
attracted significant attention and is thought to play a role 
in drug-induced learning. Numerous intracellular signaling 
mechanisms can trigger CREB, which is widespread in the 
brain and is ultimately phosphorylated at serine 133 (Mayr 
and Montminy 2001). Calcium-calmodulin-dependent 
kinase (CaMK), protein kinase A (PKA), and other kinases 
phosphorylate CREB in response to elevated cAMP levels 
(Mayr and Montminy 2001). The production of numerous 
downstream genes is facilitated by phosphorylated CREB 
(pCREB), which promotes CBP induction. When exposed 
to psychostimulants, pCREB is quickly triggered in the stri-
atum, and it is believed that this is a balancing process that 
prevents behavioral reactions to addictive substances (Wang 
et al. 2003). In a conditioned place preference (CPP) model, 
the reinforcing qualities of cocaine are reduced when CREB 
is overexpressed in the NAc shell. In contrast, the opposite 
was observed when CREB was inhibited in this area (Pli-
akas et al. 2001). Studies have shown that CREB activa-
tion, such as during methamphetamine self-administration, 
increases gene expression of c-fos, Fosb, BDNF, and TrkB. 
(Krasnova et al. 2013). The investigation of addiction-
related behaviors and general brain development has long 
involved BDNF and its target, TrkB (Li and Wolf 2015). It 
has been identified that CREB plays a key role in late-phase 
types of long-term potentiation, which further implicates it 
as a modulator of plasticity. This study showed that phos-
phorylation of CREB in the NAc is crucial for the pleasing 
effects of opioids. Inhibition of CREB phosphorylation in 
the NAc attenuates opioid-induced reward and prevents the 
progression of morphine-induced conditioned place prefer-
ence (Morón et al. 2010). CREB is identified as necessary 
for the development of opioid withdrawal. Inhibition of 
CREB activity in the locus coeruleus is involved in with-
drawal symptoms and attenuates the expression of opioid 
withdrawal (Barrot et al. 2002). Therefore, these studies 
suggest that the expression of genes regulated by CREB 
may play an essential role in the adaptability of neurons 
in response to both short and long-term alterations in brain 
equilibrium caused by opioids.
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two forms, dormant and active, which are found in neu-
rons (Kaltschmidt et al. 2006). The active form is found 
in the nucleus, whereas the inactive form is retained in the 
cytoplasm via interactions with IκB, an inhibitory protein 
(Kaltschmidt et al. 2006). When stimulated by various fac-
tors, IκB degrades, allowing the NF-κB to move into the 
nucleus and become active. Additionally, upon stimula-
tion, the RelA subunit of NF-κB undergoes a modification 
called acetylation, preventing interaction with IκBα (Chen 
et al. 2001). Conversely, histone deacetylase 3 (HDAC3) 
removes the acetyl group from RelA, promoting its export 
from the nucleus and binding to IκBα (Chen et al. 2001). 
This reversible acetylation process controls the duration 
of nuclear NF-κB activation. NF-κB activation occurs in 
response to cellular stress, neurodegeneration, or trauma. 
Regulating genes involved in cell survival helps neurons 
stay alive (Mattson 2005; Behl et al. 2021). Additionally, 
NF-κB activity is induced following LTP in the hippocam-
pus and amygdala (Yeh et al. 2002; Romano et al. 2006). 
Studies have shown that blocking NF-κB activity hinders 
LTD and disrupts LTP in the hippocampus and amygdala 
(Yeh et al. 2002; Albensi et al., 2000). Glutamate receptor 
stimulation increases DNA binding in the hippocampus of 
certain members of the NF-κB family. The late phase of LTD 
is impaired in mice lacking c-Rel (O’Riordan et al. 2006). 
Interestingly, mice with neurons that overexpress a protein 
that inhibits NF-κB activity (IkB-AA) exhibit learning and 
memory impairments (Kaltschmidt et al. 2006). These mice 
also have problems with late-phase hippocampal LTP and 
cannot undergo LTD (Kaltschmidt et al. 2006). This study 
identified a protein called the PKA catalytic α-subunit as 
a target gene for NF-κB. When NF-κB is inactive, phos-
phorylation of CREB by PKA is reduced (Kaltschmidt et 
al. 2006). Thus, these mice may have learning and memory 
problems due to a lack of activated CREB. Chronic cocaine 
may activate NF-κB in the NAc, which may be controlled 
by ΔFosB, in addition to its involvement in memory (Ang 
et al. 2001). NF-κB signaling plays a crucial role in opioid-
induced neuroplastic changes associated with dependence 
and withdrawal, regulating the expression of genes criti-
cal for opioid responses in cells (Chen et al. 2006). TLR4-
mediated NF-κB activation in the spinal cord contributes to 
chronic morphine-induced analgesic tolerance and hyperal-
gesia, indicating the involvement of NF-κB in opioid depen-
dence and withdrawal-induced neuroplastic changes (Bai et 
al. 2014). The IKK/NF-κB signaling pathway plays a criti-
cal role in the extinction of morphine-induced conditioned 
place aversion memory in rats, suggesting its involvement 
in opioid withdrawal-associated neuroplastic changes (Yang 
et al. 2012). This indicates that NF-κB may be involved in 
the plasticity associated with addiction, and further research 
is needed to explore this possibility.

(Werme et al. 2002; Olausson et al. 2006). Research stud-
ies have revealed that casein kinase 2 (CK2) phosphorylates 
ΔFosB at Serine 27. This phosphorylation process increases 
the transcriptional activity of ΔFosB and inhibits its degra-
dation (Ulery and Nestler 2007). Considering the increased 
CK2 activity observed during LTP induction in the hippo-
campus, it is plausible that this phosphorylation event serves 
as a mechanism to augment the activity and stability of 
ΔFosB, leading to long-term alterations in gene expression 
associated with plasticity (McClung and Nestler 2008). The 
complete FosB protein and other Fos family proteins lack 
two degron domains, contributing to the exceptional stabil-
ity of ΔFosB as they are known to degrade quickly (Carle 
2007). This transcription factor acts as a “molecular switch, 
" which increases drug incentive motivation and addic-
tion. Although it was initially thought to be affected only 
by immediate morphine administration, further research 
has revealed that other addictive drugs lead to dopamine-
mediated alterations in the regulation of this factor in brain 
regions related to addiction (Oliver and Perrone-Bizzozero 
2017). The upregulation of ΔFosB in mesolimbic structures 
during withdrawal is significant for understanding relapse, 
as it indicates that this factor may contribute to the intense 
drug cravings that characterize addiction.

Exploring the role of nuclear factor Kappa B

Synaptic plasticity and memory have been linked to the crit-
ical transcription factor, nuclear factor kappa B (NF-κB), 
which is known for its role in immune responses and inflam-
mation (Kaur et al. 2022; Meffert and Baltimore 2005). 
Studies have demonstrated that following repeated cocaine 
administration, NF-κB is induced in the NAc, where it 
causes medium spiny neurons in the nucleus accumbens 
to develop dendritic spines. This process is associated with 
sensitization to the rewarding effects of drugs, highlighting 
the role of NF-κB in addiction (Ang et al. 2001; Russo et 
al. 2009). Researchers are currently focusing on identify-
ing the specific genes targeted by NF-κB to induce cellular 
and behavioral plasticity after cocaine use. The induction 
of NF-κB by cocaine is mediated through ΔFosB, a tran-
scription factor explained earlier, which is involved in the 
actions of drugs. Increased levels of ΔFosB in the NAc 
result in activation of NF-κB (Peakman et al. 2003; Ang et 
al. 2001). Furthermore, NF-κB is associated with the neuro-
toxic effects of methamphetamine in striatal areas (Shah et 
al. 2012). Research findings indicate that NF-κB is involved 
in the creation of new spines in medium spiny neurons in 
models of stress and depression. Given the common asso-
ciation between depression and addiction (Christoffel et al. 
2011), and the well-known link between stress and drug 
misuse relapse, this conclusion is significant. NF-κB has 
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illuminate MEF2’s role in addiction-related plasticity and 
the molecular mechanisms underlying the brain response to 
various drugs.

Regulatory role of Methyl-CpG binding protein 2 (MeCP2)

Prolonged exposure to cocaine has been shown to sig-
nificantly affects the expression of the transcription fac-
tor methyl-CpG-binding protein 2 (MeCP2) in the dorsal 
striatum of rats (Im et al. 2010). MeCP2 recruits histone 
deacetylases (HDACs) to act as transcriptional repressors 
and other repressor molecules, thereby inhibiting target 
gene expression. Intriguingly, MeCP2 has been associ-
ated with miR-212 regulation in addition to brain-derived 
neurotrophic factor (BDNF), which is closely associated 
with cocaine-related behaviors (Graham et al. 2007). This 
suggests that MeCP2 may serve as a crucial mediator of 
molecular pathways underlying cocaine addiction. More-
over, MeCP2 and miR-212 engage in a negative feedback 
loop that aids in maintaining homeostasis. The disruption 
of MeCP2 activity, specifically within the dorsal striatum, 
impedes the increase in drug intake in rats, ultimately result-
ing in a decline in their motivation to respond to cocaine 
(Im et al. 2010). This highlights the significance of MeCP2 
in the regulation of drug-seeking behaviors, providing an 
alternative perspective to the well-studied roles of CREB 
and ΔFosB. In contrast to CREB and ΔFosB, which primar-
ily function as transcriptional activators, MeCP2 acts as a 
transcriptional repressor in the dorsal striatum (Madsen et 
al. 2012). This variation in the transcriptional regulatory 
systems complicates our understanding of the molecular 
processes involved in addiction. More research on MeCP2 
has illuminated its role in addiction-related plasticity and 
behavior. Chronic cocaine exposure causes long-term 
behavioral and synaptic changes mediated by MeCP2. 
MeCP2 deficiency inhibits cocaine behavioral sensitiza-
tion, suggesting its importance in neuroplastic adaptation 
to repeated drug exposure (Im et al. 2010). MeCP2 plays 
a significant role in opioid dependence and withdrawal by 
regulating the expression of GluA1 in the central amygdala 
(CeA). Reduced repression during persistent pain contrib-
utes to neuroplastic changes that sustain morphine-seeking 
behavior, highlighting a potential target for therapeutic 
interventions in opioid addiction (Hou et al. 2015). MeCP2 
regulates opioid dependence by repressing G9a, which leads 
to increased expression of BDNF in the central amygdala, 
influencing the pain and reward pathways. This mechanism 
enhances sensitivity to morphine-induced reward behaviors, 
particularly in conditions of persistent pain. Experimental 
manipulations have confirmed that MeCP2 activity is cru-
cial for neuroplastic changes associated with opioid expo-
sure (Zhang et al. 2014). MeCP2 has also been linked to the 

Interpreting the role of a key player myocyte-enhancing 
factor 2 (MEF2)

Although transcription factors have been extensively 
studied, CREB and ΔFosB are involved in addiction, and 
numerous other transcription factors likely influence plas-
ticity and behavior related to addiction. Among these fac-
tors, myocyte-enhancing factor 2 (MEF2) has emerged as 
an intriguing candidate that is specifically linked to cocaine-
induced structural plasticity (Oliver and Perrone-Bizzozero 
2017, Pulipparacharuvil et al. 2008). In the brain, including 
NAc medium spiny neurons (MSNs), multiple isoforms of 
MEF2 proteins are expressed. These isoforms form homodi-
mers and heterodimers, recruiting various proteins such as 
co-repressors referred to as class II histone deacetylases 
(HDACs) and co-activator p300 to activate or repress gene 
transcription (Yagishita et al. 2014; Alvarez and Sabatini 
2007). Remarkably, experimental evidence has demon-
strated that MEF2 is necessary and sufficient for increasing 
the dendritic spine count, the physical synaptic structures 
implicated in addiction-related plasticity (Yagishita et al. 
2014; Alvarez and Sabatini 2007). Additionally, MEF2 
controls a large network of genes linked to plasticity, pre-
senting exciting opportunities for further investigation into 
its role in addiction-related plasticity and behavior (Flavell 
et al. 2008). Brain MEF2 variants have been found in the 
MSNs of the NAc. The interactions of these variants with 
specific proteins determine whether the gene transcrip-
tion is activated or suppressed. Research studies indicate 
that long-term cocaine use can hinder MEF2 activity in 
the nucleus accumbens by interfering with the function of 
calcineurin, which is suppressed by the D1 receptor and 
cyclic AMP. (Pulipparacharuvil et al. 2008; Nestler 2012). 
Cocaine may also inhibit MEF2 activity through induction 
of Cdk5, a gene regulated by ΔFosB (Bibb et al. 2001). This 
reduction in MEF2 activity seems to be necessary for the 
increased dendritic spine number observed in MSNs after 
cocaine exposure. However, it may also impede behavioral 
drug sensitization (Pulipparacharuvil et al. 2008). Although 
these results demonstrate the critical function of MEF2 
in cocaine-induced structural and behavioral alterations, 
they also reveal a seemingly contradictory phenomenon: 
increased spine numbers in MSNs despite the absence of 
behavioral sensitization (Russo et al. 2010). Ethanol lowers 
MEF2 expression in rat cardiomyocytes, although its effect 
on brain MEF2 function remains unclear (Chen et al. 2010). 
The effects of drug abuse on brain MEF2 function are 
unknown (Robison and Nestler 2011). MEF2 transcription 
factors play a crucial role in neuroplastic changes induced 
by addictive drugs such as cocaine. However, their specific 
involvement in opioid dependence and withdrawal remains 
unclear (Dietrich et al., 2013). Further research could 
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general mechanisms of neuroadaptation in opioid addiction, 
including synaptic plasticity and signaling pathways, are 
likely relevant. These findings emphasize the importance 
of studying drug addiction transcription in brain reward 
regions other than the NAc.

Transcriptional control mechanisms of FOXO3a

Laboratory experiments using ChIP-seq and de novo motif 
analysis have shown that chronic cocaine administra-
tion enriched the FOXO transcription factor family motif 
in SIRT1-bound genes in the NAc (Ferguson et al. 2015). 
This discovery revealed that cocaine increased the brain’s 
most abundant FOXO family member, FOXO3a, and its 
NAc target genes (Ferguson et al. 2015). The roles of other 
FOXO family members in cocaine-evoked neuroplasticity 
in the NAc remain unknown (Hoekman et al. 2006). Simi-
lar to SIRT1, virally induced FOXO3a overexpression in 
the NAc enhances cocaine reward (Ferguson et al. 2013, 
2015). These findings, along with previous evidence linking 
ΔFOSB to cocaine-induced SIRT1 in the NAc, suggest that 
FOXO3a is a component of a larger transcriptional regu-
lation network mediated by ΔFOSB (Ferguson et al. 2013; 
Renthal et al. 2009). SIRT1 overexpression in the NAc may 
directly deacetylate FOXO3a. This decrease in acetyla-
tion promotes FOXO3a transcription. Chronic cocaine use 
increased NAc H4K15ac acetylation and decreased SIRT1 
genomic binding. Instead of binding to DNA directly, 
SIRT1 interacts with transcription factors and other DNA-
binding proteins when recruited to particular genes (Teague 
and Nestler 2022). These findings suggest that SIRT1 regu-
lates H4K15ac levels and activates FOXO3a-dependent 
transcriptional programs to influence cocaine-induced plas-
ticity in the NAc (Teague and Nestler 2022). FOXO-medi-
ated transcription affects drug-induced neuroplasticity in 
opioid addiction and withdrawal; therefore, more research 
is needed to identify FOXO3a target genes during opioid 
exposure. This is an intriguing topic for future research.

Other transcription factors involved in opioid-
induced neuroplasticity

Chronic cocaine self-administration increased NAC-1 
mRNA expression in the NAc of rats (Korutla et al. 2005). 
This may contribute to cocaine sensitization (Li et al. 2022; 
Mackler et al. 2000). After repeated cocaine administration, 
virally overexpressing NAC-1 in the NAc of rats reduced 
locomotor sensitization but not expression, suggesting a 
homeostatic and compensatory role similar to CREB (Chan-
drasekar and Dreyer 2010). The accumbent elevated NAC-1 
levels may regulate gene transcription to affect drug addic-
tion behaviors, particularly psychomotor stimulant-related 

control of synaptic plasticity in the dorsal striatum, contrib-
uting to the rewiring of neural circuits underlying addictive 
behaviors (Madsen et al. 2012). Further investigation into 
the intricate interplay between MeCP2, miR-212, BDNF, 
and other molecular factors within the dorsal striatum could 
enhance our understanding of the mechanisms governing 
addiction-related plasticity. Additionally, studying MeCP2 
and related pathways may help develop new substance use 
disorder treatments.

Decoding the role of E2F3a transcription factor

E2F transcription factors were predicted by examining the 
reward circuitry of the brain following cocaine self-admin-
istration. The NAc is related to addiction-like behaviors, 
and these variables are important upstream regulators of 
genes whose expression changes during chronic cocaine 
use or withdrawal (Walker et al. 2018). A study that used 
NAc Chromatin Immunoprecipitation followed by sequenc-
ing (ChIP-seq) data to examine histone modifications after 
prolonged cocaine use also found involvement of the E2F 
family. It has also been found that cocaine regulates tran-
scription and alternative splicing via E2F proteins (Feng 
et al. 2014). Despite their high expression in neurons, E2F 
proteins have not been previously linked to addiction-
related phenomena, and their study of neuronal function 
is limited. E2F3 is the most expressed NAc E2F family 
member. E2F3a and E2F3b are forms that can be produced 
by alternative splicing. These isoforms activate or repress 
transcription in other tissues (Julian et al. 2013). E2F3a was 
exclusively expressed in MSNs in chronic cocaine-treated 
animals, whereas E2F3b was unchanged (Cates et al. 2018). 
In NAc neurons, E2F3a overexpression reproduced many 
transcriptional alterations in alternative splicing and chronic 
cocaine-induced gene expression (Cates et al. 2018). Over-
expression of cocaine and NAc E2F3a regulated Fgfr1, Tle2, 
and Ptbp1. These findings indicate that E2F3a is essential 
for chronic cocaine-induced behavioral and transcriptional 
plasticity. E2F3a may enhance cocaine-induced changes in 
the brain to stimulate ΔFOSB. The FosB gene contains an 
E2F binding site at 500 base pairs before the transcription 
start site (TSS). Prolonged cocaine use increases the bind-
ing of E2F3 to this site in the NAc. Enhanced E2F3a lev-
els in the NAc lead to elevated FosB and ΔFosB mRNA 
expression, whereas reducing its levels partially hinders the 
induction of ΔFOSB caused by cocaine (Cates et al. 2019a). 
These findings indicate that E2F3a regulates ΔFOSB 
upstream of the NAc. Cocaine regulates E2F3b in the pre-
frontal cortex (PFC), which has transcriptional and behav-
ioral effects different from E2F3a in the NAc (Cates et al., 
2019b). Although the specific role of E2F3a in opioid addic-
tion and withdrawal has not been directly addressed, the 
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several small non-coding RNAs that control neurogenesis, 
synapse development, and brain plasticity (Dreyer 2010).

Understanding the role of polyadenylation factors

Apart from the permanent modifications produced to DNA 
and transcription factors that control neural plasticity, evi-
dence suggests the involvement of post-transcriptional 
mechanisms. Many mRNAs are delivered to synapses, 
where they replicate in a particular region of synapses by 
undergoing localized translation. Several studies have iden-
tified mRNA-binding proteins that control mRNA transla-
tion at the synapse, including cleavage and polyadenylation 
specificity factor and the cytoplasmic polyadenylation 
element-binding protein (CPEB) (McClung and Nestler 
2008; Hansen et al. 2013). In Drosophila, mutations in orb, 
a homolog of CPEB, result in a deficiency in long-term 
memory (Dubnau et al. 2003). Moreover, the activation of 
NMDA receptors leads to the phosphorylation of CPEB 
by Aurora kinase, causing the dissociation of CPEB from 
a repressor protein known as Maskin. CPEB may bind to 
translation initiation factors, such as eIF4G and eIF4E, on 
specific mRNAs (Huang et al. 2002; Si et al. 2003). This 
action stabilizes the synaptic changes associated with plas-
ticity at the respective sites. Aplysia CPEB shows prion-like 
traits, being modular and transportable, and able to alter the 
structure of other proteins. (Si et al. 2003). The active state 
of CPEB is its prion-like aggregated form, which can be 
induced by chronic stimulation, resulting in long-lasting 
and localized synaptic alterations. Few studies have focused 
on the effect of polyadenylation factors on opioid addic-
tion and withdrawal. However, opioid receptor activation 
can also result in changes in gene expression. This change 
involves blocking adenylyl cyclase, resulting in a decrease 
in cAMP and adjustment of calcium and potassium ion 
channels (Tabanelli et al. 2023).

MicroRNA-Mediated pathways in neuroplasticity

Reduced expression of genes associated with addiction may 
arise due to the destabilization of various mRNAs (Oliver 
and Perrone-Bizzozero 2017). MicroRNAs (miRNAs) are 
small non-coding RNAs that control mRNA stability (Kim 
et al. 2009). The control of gene expression by drugs of 
abuse can be achieved through miRNAs. These miRNAs 
comprise 2–3% of the genes that are translated and encoded 
in the genome. They are approximately 20–22 nucleotide 
molecules long, but do not turn into proteins. miRNAs can 
target certain mRNAs by interacting with the 3’ untranslated 
region (UTR) of the mRNA via seed sections within the 
miRNA, including complementary sequences (Oliver and 
Perrone-Bizzozero 2017). Researchers have found that rats 

paranoia (Chandrasekar and Dreyer 2010). NURR1, which 
activates dopamine transporter transcription in vitro, is 
another important transcription factor. Midbrain dopamine 
neurons in human cocaine abusers had significantly lower 
NURR1 mRNA levels, suggesting that repeated drug expo-
sure may decrease dopamine transporter gene transcription 
(Bannon et al. 2002). Other transcription factors involved 
in cocaine and other drug abuse include the glucocorticoid 
receptor, early growth response factors (EGRs), and signal 
transducers and activators of transcription (STATs) (Nes-
tler 2001, Robison and Nestler 2011). Dopamine receptor-
expressing neurons require the glucocorticoid receptor to 
seek cocaine, but not morphine molecular and behavioral 
responses (Ambroggi et al. 2009; Barik et al. 2010). This 
gene polymorphism may also cause teen alcohol abuse 
events (Desrivières et al. 2011). Research suggests that 
E2F3a regulates cocaine action in the NAc (Cates et al. 
2018), along with transcription factors like Npas4, PGC1-α, 
SMAD3, Egr3, and BRG1 (Taniguchi et al. 2017; Chandra 
et al. 2015, 2017; Gancarz et al. 2015; Wang et al. 2016). 
Cocaine-evoked neuroplasticity in NAc MSNs and the 
desire for self-administration of cocaine are mediated by 
the TGF-B transcription factor SMAD3. Cocaine activates 
activin receptors that phosphorylate SMAD3, which asso-
ciates with BRG1 to orchestrate transcriptional alterations 
in the NAc that drive cocaine-seeking during withdrawal 
(Gancarz et al. 2015; Wang et al. 2016). Nur77, Nurr1, and 
Nor-1 are transcription factors and early genes that trans-
mit dopaminergic signals to the striatum. In addition, tran-
scription factor dysregulation may lead to various addictive 
phenotypes (Bannon et al. 2002; Campos-Melo et al. 2013). 
Finally, the activity-dependent transcription factor NPAS4 
enhances inhibitory signaling and may rewire neuronal 
connections to facilitate inhibitory responses. Cocaine and 
morphine induce NPAS4 expression in the NAc, making 
it a promising candidate for studying novel transcriptional 
programs in addiction (Guo et al. 2012; Martin et al. 2012; 
Piechota et al. 2010).

Post-transcriptional regulatory mechanisms

Post-transcriptional control refers to the regulatory pro-
cesses that occur after transcription and continue until the 
mRNA is converted into a functional protein. This type of 
regulation encompasses various methods, including mRNA 
processing, splicing, editing, stability, and translation 
(Oliver and Perrone-Bizzozero 2017). Among these pro-
cesses, mRNA stability and translation have been the most 
widely studied, particularly in the context of addiction. As 
nearly 20% of brain genes are regulated by mRNA stabil-
ity, research indicates that it may be crucial for brain func-
tion (Bolognani et al. 2010). The nervous system contains 
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synaptic frameworks of neurons (Eipper-Mains et al. 2011). 
Future studies should focus on understanding this process in 
drug-induced control of dendritic morphology.

Role of RNA-binding proteins (RBPs)

RBPs are pivotal players in intricate gene regulation net-
works, exerting their influence by binding to specific 
sequences on mRNA molecules. Through their interac-
tions with mRNA, RBPs control various aspects of mRNA 
metabolism, including stability, splicing, transport, and 
translation processes. In addiction research, RBPs have 
emerged as key regulators that modulate addiction-related 
mRNA translation in both directions, thereby shaping cel-
lular responses to addictive substances (Oliver and Perrone-
Bizzozero 2017). RBPs exhibit multifaceted functionality 
by interacting with miRNAs and various other regulatory 
factors, thereby orchestrating a complex interplay that influ-
ences gene expression and cellular processes. Such versatil-
ity has earned miRNAs and RBPs the moniker of “master 
switches” of gene regulation. Within the brain, this regula-
tory paradigm assumes particular significance, as a substan-
tial proportion of approximately 15–20% of brain-specific 
transcripts contain AU-rich elements (AREs), implying 
their regulation via post-transcriptional mechanisms medi-
ated by RBPs (Bolognani et al. 2010). Several RBPs reg-
ulate addiction-associated mRNAs and their subsequent 
translation into functional proteins. For instance, the RBP 
HuR (human antigen R) has been shown to govern the sta-
bility and translation of mRNAs encoding proteins crucial 
for drug addiction, including delta FosB and BDNF. Like-
wise, other RBPs, such as FMRP (fragile X mental retar-
dation protein) and PTBP1 (polypyrimidine tract-binding 
protein 1), have also been implicated in the regulatory con-
trol of addiction-related mRNAs (Oliver and Perrone-Biz-
zozero 2017). Collectively, RBPs occupy a central position 
in the intricate web of addiction-related mRNA translation, 
suggesting a potential direction for therapeutic interventions 
in addiction studies. By targeting RBPs, it may be possible 
to modulate the translation of addiction-associated mRNAs, 
thereby offering novel strategies to combat addiction and 
related disorders. Further investigation into the precise 
mechanisms by which RBPs exert their regulatory effects 
will undoubtedly shed light on the intricacies of addiction 
biology, ultimately paving the way for innovative therapeu-
tic approaches against addiction.

mRNA editing and neuroplasticity

mRNA editing represents a dynamic post-transcriptional 
mechanism essential for controlling gene expression (Gliso-
vic et al. 2008). By modifying specific nucleotides, mRNA 

given prolonged access to self-administered cocaine showed 
signs of miRNAs being involved in the regulation of tran-
scription (Hollander et al. 2010). While miRNAs can bind 
to mRNAs, the RNA-induced silencing complex (RISC) is 
a large protein complex responsible for the effects of this 
binding. By forming an association with RISC, miRNAs can 
degrade or suppress the translation of specific mRNAs (Bar-
tel 2004). While an individual miRNA generally has a single 
seed region that binds to the mRNA, the mRNA may contain 
multiple sites complementary to multiple miRNAs. This 
indicates that a single miRNA can target multiple mRNAs, 
thereby influencing various cellular pathways and processes. 
This is similar to transcriptional regulation in which various 
gene types may have a specific upstream sequence regulated 
by a single transcription factor. It also indicates that miR-
NAs could regulate a network of genes associated with plas-
ticity (Filipowicz et al. 2008). Many structural alterations 
linked to synaptic plasticity occur in the dendritic spines 
and branches (Schratt et al. 2006). Under normal conditions, 
miRNAs may inhibit protein translation at these synapses; 
however, stimulation relieves this. In the hippocampus, a 
brain-specific miRNA, miR-134, represses LIM-domain 
kinase 1 (Limk1) mRNA in the synapto-dendritic compart-
ment of neurons to reduce dendritic spine growth (Schratt 
et al. 2006). Stimulation of neurons by brain-derived neu-
rotrophic factor (BDNF) releases the repression of Limk1 
by miR-134, resulting in spine growth (Schratt et al. 2006). 
Another Drosophila study found that synapses synthesize 
local proteins after an electric shock. At these synapses, 
RISC, which includes miRNA-associated protein Armitage, 
decreases mRNA activity (Ashraf and Kunes 2006; Ashraf 
et al. 2006; Chekanova and Belostotsky 2006). After stimu-
lation, armitage degrades, allowing mRNA translation. This 
route targets plasticity proteins such as CaMKII and Staufen 
(Ashraf and Kunes 2006; Ashraf et al. 2006). Therefore, it 
is likely that the RISC complex plays a considerable role in 
neuroplasticity. Interestingly, extensive transcription factor-
binding investigations have shown that CREB may regu-
late the production of 33 brain-specific miRNAs with CRE 
regulatory sequences. CREB targets the hippocampus-dom-
inant miRNA MiR-132 (Vo et al. 2005; Wu and Xie 2006; 
Lukiw 2007). The transcriptional repressor RE1-silenc-
ing transcription factor, also known as neuron-restrictive 
silencer factor, recruits MeCP2 and HDACs to regulatory 
areas of certain miRNAs to suppress them in the long term 
(Wu and Xie 2006). Consequently, prolonged cocaine treat-
ment can potentially modify the expression of these miR-
NAs by manipulating these transcription factors, resulting 
in either heightened or reduced translation of proteins at 
the local level that modifies synaptic connections. The fact 
that cocaine regulates the miR-8 family of genes suggests 
new ways in which drugs can modify the cytoskeletal and 
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is in cellular differentiation, where specific cellular lineages 
are established and maintained (Feinberg 2007; Schuetten-
gruber et al. 2007). Chromatin structure, which packages 
DNA and proteins, controls this epigenetic process. These 
heritable epigenetic processes may be mediated by chro-
matin structural changes that occur in adult post-mitotic 
neurons. This emphasizes the relevance of chromatin modi-
fication in various biological processes (Siegmund et al. 
2007; Tsankova et al. 2007). Gene function is regulated by 
reversible but stable epigenetic processes that effectively 
turn genes on and off. This regulatory capacity extends to 
priming genes in response to triggers from the surround-
ings, such as drug exposure, where subsequent exposure can 
lead to enhanced expression of the gene’s mRNA or protein 
product (Damez-Werno et al. 2012). Consequently, epigen-
etic processes enable long-term control of gene expression 
without requiring mutagenic alterations within the DNA 
sequence itself. This extraordinary flexibility enables cellu-
lar responses and modifications by fine-tuning gene expres-
sion patterns using environmental signals. A common theory 
is that drug abuse causes long-term epigenetic changes that 
modify patterns of gene expression and augment neuroad-
aptive modifications during addiction. Additionally, these 
epigenetic changes may perpetuate relapse after abstinence, 
making treatment and recovery difficult (Pandey et al. 2008; 
Pascual et al. 2009; Schroeder et al. 2008). These epigenetic 
modifications are thought to act as molecular imprints, with 
a lasting impact on the neural circuitry and gene regulation, 
thereby shaping addictive behaviors and susceptibility to 
relapse. Among the diverse epigenetic processes known, 
the two most comprehensively understood mechanisms are 
DNA methylation and post-translational modification of 
histones, proteins that package and regulate DNA accessi-
bility (Fig. 2). Both processes mediate the downstream neu-
roadaptive changes. Still, they can work together to shape 
gene expression patterns and cellular responses (Grewal and 
Moazed 2003; Sharma et al. 2020). In summary, epigenetics 
offers a profound perspective on the interplay between 
genes and the environment and illustrates how these inter-
actions shape biological phenotypes. The dynamic nature 
of epigenetic processes, particularly their impact on chro-
matin structure and gene expression, provides a mecha-
nism for long-term gene function control without reliance 
on genetic mutations. To understand addiction and develop 
effective treatments, epigenetic modifications such as those 
caused by drug abuse must be understood. The intricate link 
between heredity, environment, and gene expression will 
become clearer through research on epigenetic processes, 
including DNA methylation and histone changes.

editing generates alternative protein forms without modify-
ing the genetic code. One common form of mRNA editing 
is deamination, which involves the conversion of adenosine 
nucleotides into inosine. Adenosine Deaminase Acting on 
RNA (ADAR) enzymes catalyzes this modification process, 
which has been shown to affect protein function, including 
that of AMPA receptor (AMPAR) subunits crucial for syn-
aptic signaling and neuroplasticity. Editing of the GluRA2 
subunit of AMPAR in the NAc area of the brain by ADAR2 
is of special interest in addiction research. Studies have 
demonstrated that this mRNA editing event can exert regu-
latory control over cocaine-seeking and relapse-like behav-
iors (Schmidt et al. 2015). This intriguing finding highlights 
the potential significance of mRNA editing as a target for 
modulating drug-induced plasticity and for the develop-
ment of therapeutic interventions for addiction. The role of 
mRNA editing in neuroplasticity extends beyond addiction 
research. Numerous studies have explored the effects of 
mRNA editing on various aspects of neuronal function and 
synaptic plasticity. For instance, the editing of serotonin 2 C 
receptor (5-HT2CR) mRNA by ADAR enzymes has been 
shown to modulate serotonergic neurotransmission, influ-
encing behaviors such as aggression, anxiety, and cognition 
(Werry et al. 2008; Weissmann et al. 2016). Additionally, 
mRNA editing of the GABA receptor subunit GABRA3 
has been implicated in the regulation of inhibitory neuro-
transmission, with alterations in editing patterns potentially 
contributing to neuropsychiatric disorders (Tassinari et 
al., 2023). Understanding the mechanisms and functional 
effects of mRNA editing on neuroplasticity can improve 
brain function and targeted therapy. By elucidating the 
roles of specific ADAR enzymes and their editing targets, 
researchers may uncover novel avenues for interventions 
in neurological and neuropsychiatric disorders. Further 
investigations are warranted to unravel the intricate inter-
play among mRNA editing, synaptic plasticity, and disease 
pathogenesis, paving the way for innovative approaches to 
effectively treat and manage these conditions.

Epigenetic modifications in opioid addiction

Epigenetics: an overview

Epigenetics is a broad term encompassing the intricate inter-
actions between genetic factors and the environment that 
contribute to developing specific biological traits and phe-
notypes (Bird 2007). The historical definition of “epigen-
etic” refers to heritable characteristics that are not directly 
determined by the DNA sequence but are rather influenced 
by cellular processes beyond the genomic code. A prime 
example illustrating the key role of epigenetic phenomena 
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histone-DNA complexes, resulting in a highly compact con-
figuration. Given this dense arrangement, gene expression is 
partly controlled by the regulation of transcriptional activa-
tor access to DNA (Felsenfeld and Groudine 2003; Li et al. 
2007). Modifications to histone proteins can promote DNA 
unwinding, allowing the attachment of various transcription 
factors and subsequent gene activation. Conversely, other 
histone modifications can also prevent transcription factor 
binding and gene expression. Transcriptional machinery 
must access the chromatin-bound DNA for gene expression. 
Drugs of abuse cause gene- and region-specific histone 
modifications. These modifications also depend on whether 
the drug is administered acutely or chronically. Further-
more, the duration of drug exposure plays a role, as distinct 
modifications can be observed during periods of withdrawal 
(Wong et al. 2011; Maze and Nestler 2011).

Histone modifications and chromatin remodelling

Over the last ten years, a notable increase in research has 
focused on understanding how modifications to DNA and 
chromatin structure influence the regulation of transcrip-
tional potential. This highlights the vital role of epigenetic 
changes in driving adaptations within the adult organism, 
with implications extending to various fields, including 
the study of drug addiction (Renthal and Nestler 2008; 
McQuown and Wood 2010). Histones wrap DNA strands 
into compact genetic material (Fig.  3). The tails of these 
histone proteins undergo covalent modifications, creating a 
complex “code” that controls genome accessibility to tran-
scriptional machinery (Jenuwein and Allis 2001; LaPlant 
and Nestler 2011). Neural plasticity may be caused by long-
term changes in chromatin structure that alter gene expres-
sion. The histone proteins H2A, H2B, H3, and H4, as well 
as DNA, form a tightly packed structure in which DNA is 
condensed and organized. Histone H1 helps to link these 

Fig. 2  Molecular signaling pathways of transcription factors involved in drug-induced neuroplasticity
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in experimental or self-administered models (Egervari et al. 
2017; Jalali et al., 2012; Wei et al. 2016; Wang et al. 2015; 
Chen et al. 2016). The most comprehensive investigation to 
date, which integrated both clinical and preclinical method-
ologies, elucidated the precise involvement of H3K27ac in 
opioid addiction (Egervari et al. 2017). This study also found 
elevated levels of H3K27ac in the striatum of heroin con-
sumers and heroin self-administering rats, with a positive 
correlation with heroin use duration. The researchers also 
used ATAC-seq to map chromatin accessibility and found 
that this mark opens the chromatin. These results imply that 
increased amounts of H3K27ac may aid in the persistence 
of opioid addiction gene expression systems because this 
marker is typically enriched in enhancer regions of DNA. In 
line with the H3 results, one study discovered hyperacety-
lation at H4K5 and H4K8 in the NAc of heroin-seeking rats 
(Chen et al. 2016). These studies agree that opioids open 
chromatin through histone acetylation. In opioid addiction, 

Epigenetic dynamics of histone acetylation in 
addiction

Most studies of drug-evoked epigenetic alterations have 
focused on histone tail lysine residue acetylation. Acetyla-
tion opens chromatin and facilitates gene transcription by 
reducing histone-coiled DNA electrostatic tension in his-
tone-coiled DNA. Opioids have been mostly studied for his-
tone H3 tail acetylation. Preclinical research has shown that 
experimenter- and self-administered opioids increase meso-
limbic dopamine system H3 global acetylation (Sheng et al. 
2011; Wang et al. 2014). Interestingly, post-mortem tissue 
samples of heroin users showed similar findings (Egervari 
et al. 2017). The extent of global H3 hyperacetylation in 
the striatum of heroin users appears to correlate with heroin 
use duration, suggesting a link between heroin exposure and 
chromatin modification stabilization (Egervari et al. 2017). 
Hyperacetylation at H3K9, H3K14, H3K18, and H3K27 has 
been observed after repeated exposure to morphine or heroin 

Fig. 3  Epigenetic factors involved in drug-induced neuroplasticity
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Leukocytes from heroin addicts have higher levels of meth-
ylation at LINE-1 retrotransposon sites than those from 
control participants, suggesting that long-term heroin use 
increases DNA methylation throughout the genome (Doeh-
ring et al. 2013; Kozlenkov et al. 2017). Examination of 
neurons in the frontal brains of heroin users revealed dis-
tinct intragenic region methylation patterns (Kozlenkov et 
al. 2017). Moreover, increased levels of methylation are 
observed in CpG-rich islands within the mu-opioid receptor 
gene OPRM1 in the blood and brain tissue of heroin addicts 
(Doehring et al. 2013; Nielsen et al. 2009; Chorbov et al. 
2011). Prolonged opioid exposure through long-term opi-
oid therapy (LTOT) can lead to pharmacological changes 
in the body that manifest in ways comparable to individu-
als who are not taking opioids, highlighting the complexity 
and effects of opioid therapy (Doehring et al. 2013; Wyse et 
al. 2024). Unfortunately, preclinical studies have difficulty 
replicating the impact of opioids on DNA methylation, 
especially in the reward system. Overall, DNA methylation 
in the brain remains unchanged after long-term, stable, or 
increasing doses of heroin or morphine are administered 
(Fragou et al. 2013; Chao et al. 2014). Furthermore, studies 
have demonstrated that cocaine can alter DNA methylation 
globally in the PFC and NAc, but morphine therapy or her-
oin self-administration did not affect DNA methylation in 
the rodent mesocorticolimbic dopamine system (Imperio et 
al. 2018; Tian et al. 2012; Wright et al. 2015; Massart et al. 
2015). Nonetheless, a study that exposed rats to prolonged 
morphine administration discovered various alterations in 
global or promoter-specific levels of 5mC and 5hmC in sev-
eral brain areas (Barrow et al. 2017). The functional effects 
of these modifications on behavior and gene expression 
remain unknown. More efficient and reliable preclinical 
research, along with studies that concentrate on particular 
alterations in DNA methylation at specific loci, is necessary 
to completely understand opioid addiction and the complex-
ity of DNA methylation. Once these changes are discovered, 
genes affected by DNA methylation can be cross-referenced 
with locations influenced by histone modifications to gain a 
comprehensive understanding of how opioid-induced epi-
genetic modifications interact and regulate gene expression 
(Browne et al. 2020).

Interplay between transcriptional regulation 
and epigenetic mechanisms

A study conducted over 16 weeks on 145 treatment-seeking 
AUD patients found that methylation of genes linked to opi-
oid signaling, such as the µ-opioid receptor (OPRM1), can 
affect the efficacy of opioid antagonists, such as naltrexone, 
in treating AUD (Schacht et al. 2022). This suggests that 

this increases transcriptional activity, which induces the 
expression of plasticity-related genes (Fig. 3).

Understanding the role of histone methylation

The impact of opioids on histone methylation is poorly 
understood compared to the vast body of knowledge on his-
tone acetylation. The majority of the research that has been 
done so far on this epigenetic modification has concentrated 
on how opioid treatment affects the methylation of one par-
ticular histone tail residue, H3K9. Sun et al., showed that 
while monomethylation and trimethylation are unaffected, 
repeated morphine treatment lowers NAc H3K9 dimeth-
ylation (H3K9me2) (Sun et al. 2012). After repeated opi-
oid treatment, a comparable decrease in H3K9me2 levels 
has been observed in the central nucleus of the amygdala 
(Zhang et al. 2014). The long-term effects of drug exposure 
determine this decrease in H3K9me2 and seem to increase 
its transcriptional activity (Sun et al. 2012). Examination of 
the genome-wide deposition of H3K9me2 in the NAc was 
performed using ChIP-seq, and they found multiple genetic 
loci that showed differential enrichment of H3K9me2 after 
exposure to opioids (Sun et al. 2012). Remarkably, there was 
a decrease in H3K9me2 enrichment throughout the FosB. 
FosB is an essential transcription factor that contributes to 
drug addiction (Robison and Nestler 2011; Nestler et al. 
2001). This shows that by lowering H3K9me2 deposition at 
the gene level, long-term morphine exposure may lessen the 
repression of FosB. Moreover, Ingenuity Pathway Analysis 
demonstrated modifications in the methylation of glutama-
tergic signaling-related genes, suggesting a possible func-
tion of H3K9me2 in controlling transcriptional programs 
linked to neuroplasticity. It is important to note that H3K9 
methylation-induced transcriptional regulation induced by 
opioids may not be limited to the NAc. A week after stop-
ping an escalating dosage regimen, a different study found 
that the ventral tegmental region and locus coeruleus had 
decreased H3K9 trimethylation (Jalali et al., 2012).

DNA methylation in response to opioid exposure

DNA methylation, especially 5-methylation of cytosines at 
cytosine-guanine dinucleotides (5mC), which often serves 
as a quiet gene, physically blocks RNA polymerase II and 
gene transcription. In contrast, transcriptional activation 
is linked to alternative types of DNA methylation, such as 
5-hydroxymethylation of cytosine (5hmC), which is more 
prevalent in the brain (Fig. 3). Most studies pertaining to 
DNA methylation and opioid addiction have concentrated 
on 5mC and have only been tested in a limited number 
of opioid-exposed animal models, postmortem human 
brain tissue, and blood samples from clinical populations. 
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can be accurately directed to specific genes by a single tran-
scription factor. Despite progress in understanding the gene 
regulatory effects of ΔFosB, its gene-specific mechanisms 
remain unknown. Neighboring promoter regulatory regions 
that recruit distinct transcription factors or undergo distinct 
post-translational modifications may be the underlying 
cause of these effects. The activating or repressive effects 
of ΔFosB may also be affected by drug-related environmen-
tal cues such as glutamatergic cerebral cortex inputs. When 
rats were repeatedly administered cocaine injections in an 
unfamiliar setting, c-Fos induction was higher (Hope et al. 
2006). Gene regulatory processes are elucidated by the intri-
cate interplay between gene transcription factors and chro-
matin remodeling enzymes. Thus, the development of small 
molecules that selectively stabilize or disrupt transcription 
factor-chromatin remodeling enzyme interactions could be 
a promising approach to modulate the effects of ΔFosB and 
potentially treat diseases associated with its dysregulation.

Neuroplasticity in opioid withdrawal, 
reversibility and potential targets

When people stop taking opioids after prolonged use (with-
drawal), their brains undergo changes that contribute to 
cravings and relapse (Lefevre et al. 2023). One key adap-
tation involves decreased activity in a specific brain cell 
type (D1-MSNs) linked to rewards (Lefevre et al. 2023). 
Additionally, chronic opioid use leads to long-term changes 
in the brain circuits involving the neurotransmitter GABA, 
resulting in reduced dopamine levels and negative emo-
tional states during withdrawal (Wang et al. 2023). Nega-
tive emotional behaviors can result from the morphological, 
functional, and molecular remodeling of nucleus accum-
bens neuron subtypes caused by withdrawal from opioids 
such as fentanyl (Fox et al., 2022). Withdrawing opioids 
causes transcriptional alterations and decreases dopamine 
release in the NAc (Fox et al., 2022). Research indicates that 
long-term drug abuse first alters the brain areas associated 
with emotions and pain, and these changes become more 
pronounced (sensitized) with repeated withdrawal and drug 
seeking, ultimately contributing to persistent cravings and 
addictive behavior, particularly for opioids (Koob 2020). 
Drug withdrawal triggers negative affective states, includ-
ing depressive symptoms, and the lateral habenula plays 
a crucial role in driving these states (Meye et al. 2017). 
Acute and extended opioid withdrawal can induce endog-
enous LTP and LTD in the subicular NAc pathway, thereby 
impeding the subsequent initiation of neuroplasticity. These 
findings highlight the adaptive modifications in NAc func-
tionality that transpire during opioid withdrawal (Dong et 
al. 2007). Observations of neurogenesis and neurotrophin 

epigenetic modifications of opioid-related genes can predict 
the effectiveness of certain drugs in modifying heavy drink-
ing behaviors. Another study found that abstinent, addicted, 
and methadone-maintained subjects showed significantly 
increased NR3B subunit mRNA expression (Sedaghati et al. 
2010). This suggests that opioid abuse causes the long-term 
overexpression of this receptor subunit, implying epigen-
etic changes in opioid addiction. The presence of a func-
tional genetic polymorphism of the µ-opioid receptor gene 
(OPRM1) has been found to significantly affects cerebral 
pain processing in fibromyalgia (Ellerbrock et al. 2021). 
G-allele carriers showed increased posterior cingulate 
cortex (PCC) activation, indicating that different OPRM1 
genotypes have distinct pain-modulatory mechanisms and 
implicate epigenetic factors in pain modulation. Based on 
genetic-epigenetic interactions, the human µ-opioid recep-
tor variation 118 A > G (rs1799971) decreases the effective-
ness and expression of opioid receptor signaling (Walter et 
al. 2013). This genetic variant reduces exogenous opioid 
effects; however, its small effect size makes it insignifi-
cant in clinical practice. Opioids can modify both genetic 
and epigenetic processes, suggesting a complex interplay 
between these mechanisms in mediating neuroplasticity 
in opioid addiction and in pain modulation. However, the 
exact mechanisms by which these changes occur and inter-
act remain unclear and warrant further investigation. Using 
specialized protein domains, certain chromatin markers can 
be directly bound by certain chromatin-remodeling enzymes 
(Walter et al. 2013; Kouzarides 2007), whereas others inter-
act with specific transcription factors to target chromatin. 
CREB is a well-known transcription factor that modulates 
cocaine-induced behavior. CREB is crucial in directing 
chromatin-modifying enzymes to gene promoters (Ashok et 
al. 2020). When phosphorylated, CREB interacts with CBP, 
a histone acetyltransferase (HAT) that acetylates neighbor-
ing histones to activate target genes (Mayr and Montminy 
2001). The cocaine behavior also involves ΔFosB, another 
transcription factor. The bound AP-1 domains in the pro-
moter regions of genes responsive to cocaine are the stable 
shortened splice product of the fosB gene, ΔFosB (McClung 
et al. 2004; Savell et al., 2023). Under certain conditions, 
ΔFosB can activate cdk5 and repress c-Fos (McClung and 
Nestler 2003; Renthal 2008). Studies have shown how 
ΔFosB regulates gene expression. Transcriptional activators 
such as BRG1 are recruited by ΔFosB when they bind to 
the promoter region of cdk5, which is increased by chronic 
cocaine exposure (Kumar et al. 2005). Following repeated 
cocaine injections in the animal’s home cage, ΔFosB binds 
to the promoter of c-fos and enlists HDAC1 to deacetylate 
adjacent histones (Renthal et al. 2008). Importantly, over-
expression of ΔFosB alone upregulates cdk5 and represses 
c-fos, demonstrating that chromatin-modifying enzymes 
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take opioids on a long-term basis avoid developing toler-
ance and physical dependence (Walsh et al. 2013).

Clinical implications and therapeutic 
avenues

The utilization of neuroplasticity as a treatment strategy 
is a promising approach in the field of psychiatry. Numer-
ous studies indicate that treating mental illnesses, such as 
depression, may result in fewer symptoms if neuroplasticity 
is improved or modulated (Katz and Dwyer 2021). These 
treatments target brain disturbances and aim to promote 
brain plasticity, which involves interactions between neu-
ronal network systems in the brain (Kargbo 2023). Neu-
rotrophic substances produced from stem cell treatments 
have shown potential in targeting impaired neural plasticity 
associated with addiction (Tsai et al. 2019). Psychedelics 
are promising candidates for psychiatric therapies because 
they have been shown to decrease inflammation, improve 
oxidative stress, and stimulate neurogenesis and gliogenesis 
(Wilkinson et al. 2019; Khan et al. 2021). Cognitive and 
behavioral interventions can be used to improve long-term 
clinical outcomes by using enhanced neuroplasticity. Over-
all, utilizing neuroplasticity in treatment strategies holds 
promise for improving the therapeutic efficacy in mental 
disorders. In the last two decades, extensive neuropsycho-
logical investigations have consistently revealed the pres-
ence of cognitive impairments in individuals with alcohol or 
drug dependency. Specifically, deficiencies in goal-directed 
behaviors, decision-making, and executive functioning have 
surfaced as primary manifestations of these impairments, 
with the potential to impede the process of recovery (Man-
ning et al. 2017; Bates et al. 2013). The theoretical underpin-
nings of addiction, as elucidated by neuroscientific models 
(Deutsch and Strack 2006; Lubman et al. 2004), underscore 
the concept that addictive disorders stem from an intricate 
interplay between two distinct yet interconnected informa-
tion processing systems. These systems underactivate regu-
lated or reflective processes and overactivate instinctive, 
appetitive, or impulsive processes. Investigating therapies 
that specifically target aberrant neurocognitive processes 
may result in novel therapeutic modalities and improve clin-
ical outcomes (Manning et al. 2017). Importantly, given the 
burgeoning body of evidence supporting the concept of neu-
roplasticity, research endeavors have unveiled the capacity 
of cognitive deficits to recuperate during periods of absti-
nence and potentially be mitigated through the application 
of extremely specific cognitive therapies. Review articles 
dedicated to neurocognitive interventions further under-
score the malleability of prefrontal regions associated with 
cognitive control (Zilverstand et al. 2016), shedding light on 

activity during opioid withdrawal imply that neuroplasticity 
may be involved in the process (Bhalla et al. 2016). Condi-
tioned withdrawal in opioid addiction can facilitate mem-
ory consolidation through neuroplasticity in the extended 
amygdala (Baidoo and Leri 2022). Glucocorticoids (GCs) 
are involved in gene expression changes in stress-related 
areas following chronic morphine exposure. Morphine 
dependence and withdrawal alters dopaminergic and tran-
scription factors (García, 2015). Neuroplastic changes in 
the brain following opioid withdrawal are reversible. Con-
tinuous administration of morphine results in adaptations 
that reduce the activity of D1-MSNs, which are believed to 
facilitate reward-associated behaviors. The interruption of 
constant exposure to morphine does not decrease the func-
tional output of D1-MSNs to the same degree, potentially 
augmenting behavioral responses to subsequent exposure to 
opioids (Lefevre et al. 2023). When fentanyl is administered 
in vivo, nociceptors exhibit neuroplasticity that persists even 
in culture, indicating that peripheral protein translation and 
nociceptor µ-opioid receptor-mediated calcium signaling 
are involved in opioid-induced hyperalgesia (OIH) (Kho-
mula et al. 2019). Hyperkatifeia results from the engage-
ment of brain stress systems and disruption of important 
neurochemical circuits within the system. This is character-
ized by an upsurge in negative emotional or motivational 
signals and symptoms of withdrawal. Following opioid 
exposure, the spinal cord undergoes reversible neuroplastic 
changes. Additionally, interactions between NMDA and opi-
oid receptors may result in degenerative neuronal changes 
linked to the development of opioid tolerance (Christie 
2008). The possible therapeutic targets for symptoms of 
opioid withdrawal include receptors of calcitonin gene-
related peptide (CGRP), receptors of N-methyl-D-aspartate 
(NMDA), receptors of gamma-aminobutyric acid (GABA), 
potassium channels that are inwardly rectifying and gated 
by G-proteins (GIRK), and calcium channels (Rehni et al., 
2013; Rehni et al. 2008). In addition, the endocannabinoid 
system, specifically the activation of CB1 receptors through 
the increase of N-arachidonoylethanolamine (anandamide; 
AEA) and 2-arachidonylglycerol (2-AG), has shown prom-
ise in reducing naloxone-precipitated morphine withdrawal 
symptoms (Behl et al. 2020; Ramesh et al. 2011). Additional 
possible targets encompass the glutamatergic, endocannabi-
noid, and orexin signaling systems, which have been linked 
to the emergence, sustenance, and manifestation of behav-
iors resembling addiction in animal models of opioid addic-
tion (Chalhoub and Kalivas 2020). Furthermore, the NK1 
receptor system, which is involved in various behaviors 
including nociception and affective dysfunction, has been 
shown to interact with opioid-related responses, suggesting 
that NK1 antagonists could be used to help patients who 
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shield against the neurobehavioral effects of medications, 
providing insights into its potential in the treatment of SUD, 
although further research is required (Sampedro-Piquero et 
al. 2019).

Clinical status

Numerous clinical trials have explored neuroplasticity in 
the context of addiction. To enhance therapeutic guidance, 
conclusive clinical evidence derived from randomized pro-
spective and observational studies would prove beneficial. 
Several clinical trials focusing on the exploration of neu-
roplasticity in addiction are currently in various stages, and 
their selection is detailed in Table 1.

Challenges and future directions

Opioid-evoked neuroplasticity presents several challenges 
and directions for future studies. The effectiveness of opi-
oid analgesics is greatly diminished by the emergence of 
opioid tolerance (a negative indicator of cellular adapta-
tion) and opioid-induced pain sensitivity (a positive indica-
tor of cellular adaptation). The mechanisms of pain-related 
neuroplasticity in the brain, particularly in the endogenous 
opioid system, remain poorly understood. The supraspinal 
actions of opioids can both increase and decrease activity 
in descending pathways, indicating the potential for neuro-
plasticity in these pathways. The fact that memories associ-
ated with both good and negative opioid experiences play 

the circumstances under which approach bias modification 
is most efficacious (Gladwin et al. 2016). Extensive preclin-
ical research supports the therapeutic potential of enriched 
environments comprising cognitive, social, and physical 
stimuli in reducing drug cravings and intake. Emphasizing 
the ‘cognitive’ component within these enriching interven-
tions is crucial, as physical activity alone can also produce 
significant effects (Sampedro-Piquero et al. 2019). Preclini-
cal evidence suggests a synergistic relationship between 
cognitive stimulation and exercise, suggesting the potential 
for more robust outcomes when both are combined. This 
realization has spurred the creation of innovative clinical 
interventions that combine rigorous education and physical 
exercise to improve mental health. Such strategies may prove 
valuable in treating substance use disorders (SUD) (Shors 
et al. 2014). Clinical studies have focused on strengthening 
cognitive function in SUD patients through structured train-
ing, but this approach has not been mirrored in preclinical 
studies (Sampedro-Piquero et al. 2019). The two common 
addiction behavior assessment models are drug self-admin-
istration and conditioned place preference (CPP). Research 
findings suggest that training animals in complex cognitive 
tasks can reduce addiction-like behaviors. Cognitive train-
ing can also accelerate the extinction of self-administered 
drugs by activating the PFC (Baratta et al. 2015). However, 
not all cognitive training tasks yielded the same results, 
suggesting that the specific cognitive demands of a task are 
important. Cognitive training induces neuroplastic changes 
in brain regions, such as the PFC and hippocampus, which 
can potentially modulate addiction-related behaviors. Pre-
liminary preclinical data suggest that cognitive training may 

Study Title Intervention / 
Treatment

Intervention/
Study type

Addiction 
type

NCT No

Ketamine and Neurofeedback-
Training: Effects on Neuroplasti-
city in Cocaine Addiction

Ketamine Interventional Cocaine 
Addiction

NCT06125054

Transcranial Magnetic Stimula-
tion for Cocaine Addiction 
(BRAIN SWITCH)

Repetitive Tran-
scranial Magnetic 
Stimulation

Interventional Cocaine 
Addiction

NCT03333460

Efficacy of N-acetylcysteine 
on the Craving Symptoms of 
Abstinent Hospitalized Patients 
With Cocaine Addiction

N-acetylcysteine Interventional Cocaine 
Addiction

NCT03423667

Can Exercise Rewire the Brain 
Addiction Circuitry? A Random-
ized Trial of Exercise and Binge 
Drinking

Behavioral: Aerobic 
Exercise, Agility-
Cognitive Exercise, 
Stretching/relaxation

Interventional Alcohol 
Addiction

NCT06317753

Imaging Synaptic Density in 
Cocaine and Opiate Addiction In 
Vivo Using 11UCB-J PET

Diagnostic Test: 
11UCB-J PET Scan

Interventional Cocaine 
and Opiate 
Addiction

NCT03527485

Comparison of Two Deep TMS 
Protocols With Paired Associa-
tive Stimulation (PAS) for the 
Treatment of Food Addiction in 
Severe Obesity

Device: A multi-chan-
nel deep TMS device 
with an H-coil

Interventional Food 
Addiction

NCT02761369

Table 1  Summary of ongoing 
clinical trials investigating neuro-
plasticity in addiction
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a critical role in promoting compulsive opioid-seeking and 
opioid-taking behaviors as well as relapse highlights the 
significance of neuroplasticity in addiction. Future research 
should focus on understanding the optimal functioning of 
the endogenous opioid system and using computational 
models to provide a rational basis for the treatment and 
prevention of chronic pain. Precision medicine approaches 
have the potential to address opioid-evoked neuroplasti-
city by targeting prevention and treatment strategies based 
on individual variabilities in genotype, environment, and 
lifestyle. The emerging field of precision medicine aims 
to develop individualized treatment and prevention plans 
based on the specificity of personal genetics, the environ-
ment, and lifestyle. By utilizing informatics and algorithms, 
precision medicine can assist healthcare providers in man-
aging information and in making evidence-based decisions 
in medical contexts.

Conclusion

In this study, we provide a thorough examination of the 
well-established and well-researched transcriptional and 
epigenetic pathways by which drugs of abuse affect the 
transcription of genes in the reward system. These mecha-
nisms contribute to the modulation of cellular and behav-
ioral responses, ultimately affecting neuroplasticity. By 
gaining a deeper understanding of these underlying mecha-
nisms, it is possible to selectively enhance or inhibit specific 
forms of plasticity, depending on the desired outcome. For 
instance, the reversal of chromatin modifications induced 
by chronic drug exposure may be achieved by targeting the 
transcription factors or enzymes involved in this process. 
By understanding the roles of transcription factors in these 
phenomena, which subsequently lead to alterations in gene 
expression and neuronal function, opportunities may arise 
for pharmacological interventions aimed at preventing or 
reversing drug-induced neurochemical changes that con-
tribute to frequent relapses in drug addiction. The insights 
gained from this analysis have significant implications for 
the development of future therapeutic strategies that focus 
on the molecular mechanisms of opioid addiction and with-
drawal. Such interventions have the potential to enhance 
treatment outcomes and improve patients’ overall well-
being. Further research in this field is crucial to unravel the 
intricate complexities of drug-induced neuroplasticity and 
pave the way for more effective interventions within the 
realm of addiction neuroscience.
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