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Abstract

The transcription factor AFosB is upregulated in numerous brain regions following repeated
drug exposure. This induction is likely to, at least in part, be responsible for the mechanisms
underlying addiction, a disorder in which the regulation of gene expression is thought to be
essential. In this review, we describe and discuss the proposed role of AFosB as well as the
implications of recent findings. The expression of AFosB displays variability dependent on the
administered substance, showing region-specificity for different drug stimuli. This transcription
factor is understood to act via interaction with Jun family proteins and the formation of
activator protein-1 (AP-1) complexes. Once AP-1 complexes are formed, a multitude
of molecular pathways are initiated, causing genetic, molecular and structural alterations.
Many of these molecular changes identified are now directly linked to the physiological and
behavioral changes observed following chronic drug exposure. In addition, AFosB induction is
being considered as a biomarker for the evaluation of potential therapeutic interventions for
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addiction.

Introduction
Defining addiction

Substance dependence is defined by the American Psychiatric
Association as a maladaptive pattern of substance use that
subsequently leads to clinical impairment or distress (1). It is
classified by the appearance of specific manifestations, where
three or more occurring within 12 months support diagnosis.
These are: increased substance tolerance, withdrawal,
increased intake, recurrent desire to reduce substance use,
frequent drug-seeking behaviors, reduction in social,
occupational or recreational activities, and continual sub-
stance use despite deleterious physical or psychological
consequences (1).

Addiction pathways and the nucleus accumbens

The nucleus accumbens (NAc) is the subcortical region most
implicated in drug addiction. Located in the ventral striatum,
it is implicated in many emotional constructs, including
pleasure (or reward) (2), addiction (3), and more recently
fear (4), the placebo effect (5) and aggression (6). The
principal cell type is represented by inhibitory medium spiny
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neurons (7), which synthesize and release y-aminobutyric
acid (GABA) (8).

The fundamental neuronal circuit underlying reward is
well understood. The critical input to the NAc is from the
ventral tegmental area (VTA) — the mesolimbic (dopamin-
ergic) pathway. The VTA also sends dopaminergic signals to
the caudate-putamen, olfactory tubercle, amygdala and
prefrontal cortex (PFC). Following repeated drug exposure,
it is understood that addiction develops through this
mesolimbic pathway.

Transcription factors in addiction

The genesis of addiction and the accompanying behavioral
abnormalities are thought to be closely linked to the
regulation of gene expression (9). This hypothesis has been
explored for more than 20 years, with evidence of gen-
etic changes following both acute and chronic drug exposure
(10-12). These genetic changes have been linked to altered
levels of transcription factors.

Transcription factors are proteins that bind to DNA
promoter elements, subsequently regulating the expression
of the associated gene. Important factors implicated in
addiction include cAMP-responsive-element-binding protein
(CREB) (13), activating transcription factors (ATFs) (14),
nucleus accumbens 1 (NAC-1) (15), inducible cAMP early
repressors (16), early growth response (EGR) proteins (17),
and delta FBJ murine osteosarcoma viral oncogene homolog
B (AFosB) (18). This review will discuss and evaluate the
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evidence supporting the role of AFosB in chronic drug
exposure, and recent therapeutic opportunities linked to this.

AFosB

FosB is a transcription factor encoded by the FOSB gene on
human chromosome 19 (19q13.32). Fos refers to a gene
family consisting of four main members: Fos, FosB, FosL1
and FosL2 (18,19). These Fos family transcription factors
heterodimerise with Jun family proteins, namely JunD (20),
JunB (21) and, to a lesser extent, c-Jun (11). The heterodimers
form activator protein-1 (AP-1) complexes, which bind to
AP-1 sites on promoter sequences, causing gene expression or
repression (22) (Figure 1).

The A variant is a truncated form of the FosB transcription
factor with high stability, and it accumulates significantly in
repeated drug exposure (21). Generated by alternative
splicing of the FOSB gene (23), it is a 237 amino acid
protein lacking the 101 amino acid FosB C terminus (18).
Despite truncation, AFosB still dimerises with Jun proteins
and forms AP-1 complexes. This pathway is linked to
numerous downstream cellular and molecular changes under-
pinning addiction (22). The regulation of AFosB and the
cause of its high stability are multifactorial. Well-defined
mechanisms are (i) alternative splicing, and (ii) structure and
post-translational modification. These are discussed herein.

Alternative splicing

AFosB is produced following splicing of cryptic splice sites
within the last coding exon from FosB pre-mRNA transcript
(24). This splicing leads to an open-reading-frame shift
producing a stop codon. However, the binding of polypyr-
imidine tract binding protein (PTB) to a CU-rich sequence at
the 3’ end of I4 causes its retention (thus PTB silences 14
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Figure 1. Cellular schematic of AFosB expression and its sequential
molecular effects following chronic drug exposure. Following repeated
drug exposure, AFosB is induced in numerous brain regions. Alternative
splicing regulates AFosB expression, and structural modifications occur
conferring its high stability. After expression, AFosB heterodimerises
with Jun family proteins and translocates to the cell nucleus. Inside the
nucleus, the AFosB:Jun heterodimer undergoes complex formation with
activator protein-1 (AP-1) on DNA. Depending on the administered
substance (e.g. cocaine), this allows for the expression of numerous gene
targets, such as the GluR2 AMPA subunit, Cyclin dependent kinase 5
(Cdk5) and Nuclear Factor kB (NFkB). Following repeated opiate
dosing, GluR2 and NF«xB induction are similarly induced, whilst a
decrease in Cdk5 expression occurs. The expression (or repression) of
these three different targets causes sequential cellular and molecular
changes which likely result in the behavioral phenotype characterizing
addiction.

Am J Drug Alcohol Abuse, Early Online: 1-10

splicing, conferring a regulatory role in AFosB mRNA
production) (24-26). PTB-I4 binding is dependent upon
protein kinase A-dependent phosphorylation, and splicing
assembly factor U2AF® additionally competes for the
binding site (24,27). A further regulator of AFosB expression
is protein kinase G, mediated by suppression of inhibitory D2
receptors (28). This is consistent with studies of Parkinson’s
disease, where the loss of dopaminergic neurons induces
AFosB expression (20,29,30). Additionally, a spliced isoform
(AFosB-2) exists, formed by in-frame deletion of exon 3 (31).
However, whilst AFosB-2 expression has recently been
demonstrated using methamphetamine in rat models (32),
its influence on transcription regulation, gene expression and
addiction behavior is unknown and requires investigation.

Structure and post-translational modification

The C terminal of non-truncated FosB contains two degron
domains (23). These are sequences of amino acids that direct
normal protein ubiquitination and degradation by proteaso-
mal-dependent and independent complexes (18). The splice
variant AFosB lacks this C-terminus, and hence does not have
the degron domains. This significantly increases the protein
half-life approximately four-fold due to the absence of the
proteosomal-dependent degron, and an additional two-fold for
the absent proteosomal-independent degron (23). Further
stability is conferred upon AFosB by phosphorylation of
serine residue Ser27 by casein kinase 2 (although additional
kinases may also be involved) (33). Contrasting to the AFosB
protein, its mRNA is relatively unstable and degrades
relatively quickly (similar to other Fos family proteins)
(30,34). Chen et al. show AFosB mRNA to peak at 30 minutes
post-stimulus, returning to baseline within 12 hours (21).

The high molecular stability of AFosB means it is retained
in neurons for several weeks after drug intake has ceased,
before returning to baseline levels (35,36). However, behav-
ioral changes seen in repeated drug exposure (such as relapse)
may occur years after drug intake cessation (37). This implies
that AFosB interacts with other molecules to be causally
linked to long-term behavioral effects, given its down-
regulation after several weeks. Consequently, it was proposed
that AFosB acts as a ‘‘molecular switch’ in the genesis and
continuity of addiction (34,38).

Differential transcription factor expression in
acute and chronic drug exposure

Acute drug exposure (1-2 hours post single dose) leads to
induction of many transcription factors (such as c-Fos and
CREB), primarily in the NAc and the dorsal striatum
(3,10,39). It is thought that transcription factors induced
after acute intake, but not chronically, are linked to tolerance
and sensitization (21,40,41).

Significantly different transcriptional responses are seen
after chronic drug exposure (repeated dosing over days).
In acute dosing, induced proteins return to baseline levels
within hours of the initial drug administration (due to
molecular instability) (3). However, in chronic drug exposure,
isoforms of AFosB accumulate in multiple brain regions for
weeks (40—44). Drugs shown to induce AFosB in these regions
include amphetamine (45), cocaine (30,44), ethanol (46),
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methamphetamine (43), morphine (37,47), neuroleptics (48),
nicotine (49) and A9-tetrahydrocannabinol (48).

AFosB is consistently induced in the NAc (3,45,46). It has
also been detected in numerous other brain regions, such as
the amygdala (50, 51), caudate-putamen (52), dorsal striatum
(53,54), hippocampus (46), prefrontal cortex (55), ventral
pallidum (42), and VTA (35,56). However, AFosB induction
in some brain regions is not consistently reproduced, and so
the exact regions of expression remain somewhat controver-
sial (57,58). There is additionally high variability in regional
AFosB expression depending on the administered substance
(42,46). Furthermore, AFosB induction in brain regions is
somewhat (although not universally) selective for substance
P-dynorphin-containing medium spiny neurons (53,59,60).

The neuroadaptation to addiction by AFosB extends
beyond the reward circuitry of the NAc and VTA. A study
has shown AFosB expression to also occur in the paraven-
tricular nucleus (PVN) of the hypothalamus after chronic
cocaine exposure (61). This induction was mediated by
dopamine D1 receptors, and it was subsequently suggested
that AFosB may also have a role in the hypothalamic-pituitary
axis (61). A further study has reported AFosB induction in the
PVN and nucleus tractus solitarius as a result of morphine
dependence, and it was consequently proposed that AFosB
may additionally have a neuroadaptive role in the brain stress
system (62). Recent data also show glucocorticoids to
regulate AFosB expression following repeated opiate
dosing, strengthening the link between brain stress
hormones and addiction (63). It is plausible that with
additional research AFosB will be implicated in further
neural pathways.

Interestingly, forms of psychogenic chronic stress includ-
ing restraint stress (51,64), social defeat (65,66), and chronic
unpredictable stress (67) have also been shown to increase
AFosB in dynorphin and enkephalin-containing medium
spiny neurons (68). This is thought consequential to serum
response factor (SRF) expression, as genetic deletion of SRF
in the NAc was related to pro-depressant phenotypes (65).
It is suggested that AFosB expression may encompass a stress
coping response (69,70), possibly by increased brain sensi-
tivity to neural reward pathways (71). This is consistent with
research showing that AFosB induction is essential for a
behavioral response to antidepressant fluoxetine, following
social defeat (72).

Behavioral responses to AFosB induction

Given the observation of AFosB expression in multiple
regions following repeated drug exposure, any consequential
behavioral effects must be elucidated. The characterized
influence of AFosB in addiction is largely from studies
utilizing bitransgenic mice. Using this genetic methodology,
AFosB can be selectively induced and overexpressed in
dynorphin-containing medium spiny neurons (including brain
regions such as the NAc and dorsal striatum) (73). This model
is practical and its use is justified, as the selective AFosB
overexpression occurs in regions where it is thought addictive
substances similarly induce it. Viral-mediated gene transfer
has also been used for AFosB overexpression, producing
similar findings (37,74). In addition, genetic tools such as
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chromatin immunoprecipitation have more recently been used
for investigating the epigenetic influence of AFosB (74,75).

It is well characterized that AFosB overexpression in the
NAc increases reward drive and substance consumption
(73,76,77), whilst decreasing aversion sensitivity (54). An
opiate study supported the above (37), utilizing bitransgene
methodology that has been shown to yield an ~8-fold AFosB
expressional increase (73). Overexpression of AFosB in the
NAc increased opioid reward sensitivity, exaggerated depend-
ence, and potentiated tolerance to morphine analgesia (37).
Zachariou et al. suggested these findings were mediated by
dynorphin repression (37), considering AFosB selectivity for
dynorphin-containing neurons (59). Given dynorphin is
thought to have a repressive effect on the reward pathways
between the VTA and NAc (78,79), AFosB could act via
disinhibition to enhance reward circuitry (37,80). However,
this hypothesis remains controversial, as contrasting studies
have suggested AFosB-mediated dynorphin activation (81).
Needless to say, whether AFosB acts via disinhibition (37) or
dynorphin activation (81), it is clearly implicated in the
behavioral phenotype accompanying addiction.

Studies have also shown a relationship between AFosB
expression and self-dosing of addictive substances. For
example, AFosB-overexpressing mice were found to exert
greater effort to self-administer cocaine, and at higher doses,
compared to normal controls (59). It was concluded that
AFosB increases the incentive properties of cocaine, which
likely contributes to addiction and may predispose individuals
to relapse after drug cessation. Interestingly, and perhaps
paradoxically, recent AFosB knock-out (KO) studies have
shown KO subjects to exhibit increased behavioral abnorm-
alities following nicotine and stress exposure, such as
an exaggerated locomotor response (82). It was suggested
AFosB KO has a pleiotropic effect on behavior, although
further studies are required to reproduce and evaluate this
finding (82).

Molecular effects of AFosB and consequential
behavioral changes

Given the diverse behavioral alterations following AFosB
induction, it is rational to investigate the molecular basis
underpinning these changes.

Molecular cascades

Induction of AFosB, heterodimerisation with Jun family
proteins, and AP-1 related transcription causes numerous
effects. It is thought this cascade induces expression of many
different genes, subsequently causing alterations to neuronal
morphology and behavior (21,83). The protein kinase A
(PKA) pathway may also be implicated in these changes (84).
Altered gene expression includes receptors, synaptic proteins,
ion channels, intracellular signaling molecules and cytoskel-
etal peptides (85,86).

GluR2 induction

Kelz et al. showed the behavioral effects of chronic cocaine
administration (namely increased sensitivity to reward)
were mediated by a specific molecular change (73).
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AFosB induction led to an increased expression of the GIuR2
subunit of the o-amino-3-hydroxy-5-methyl-4-isoxazole
(AMPA) excitatory glutamate receptor (73). This expression
has been confirmed by multiple cocaine studies (87,88). It is
thought that opiates cause similar events (53); however,
further studies must investigate a proposed relationship
between opiate intake and GluR2. Upregulation of the
GluR2 subunit decreases AMPA conductance (by removal
of the channel calcium permeability), which is thought a
mechanism for the decreased glutamatergic transmission
observed in the affected neurons after repeated drug exposure
(89). Moreover, it is thought that this upregulation serves as a
mechanism for increased drug reward, and thus supports the
emergence of addiction (73) (Table 1).

CDK5 expression

Cyclin dependent kinase 5 (CdkS5) is a protein kinase required
in neuronal development, survival and synaptic signaling
(90). It is also implicated in addiction (91). By use of
overexpression techniques, it has been shown that AFosB
induces CdkS (including its cofactor p35) in brain regions
such as the NAc (92), striatum (74,93) and hippocampus (94).
Additionally, upregulation of the p25 subunit may regulate the
Cdk5 phosphorylation properties of specific substrates, such
as Pakl (an enzyme of the RhoGTPase pathway involved in
neuronal morphological changes) (90). AP-1 binding sites
within the Cdk5 promoter sequence mediate its induction
(94), whilst AcJun inhibits it (92).

CdkS5 induction is associated with subsequent changes in
the phosphorylation state of synaptic proteins (such as the
GluR1 subunit) (93). Behavioral changes parallel to Cdk5
induction are also observed. One study showed that infusion
of roscovitine and olomoucine (CdkS5 inhibitors) increased
cocaine sensitisation, enhanced locomotor response (to a drug
challenge) and increased the drug motivational effects (91).

An important structural finding in cocaine addiction is the
observation of increased dendritic branching (95-97). Studies
suggest this may be attributable to Cdk5 expression, where
increased proximal dendritic spine density is found with
repeated dosing (60,91,95). This illustrates a role for AFosB-
mediated Cdk5 expression in neural plasticity and structural
alterations. Moreover, the neuroplasticity effects of CdkS5 in
the NAc were correlated with decreased drug response (91)
(Table 1).

Paradoxical to cocaine studies, a decrease in Cdk5
following chronic morphine administration has been reported
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(98). In addition, repeated opiate dosing is shown to decrease
spine density (96). Coalescing the findings of morphine
decreasing CdkS5 levels and that Cdk5 increases spine density
(98,99); it is possible that the reverse structural response to
cocaine occurs. However, further investigations concerning
CdkS and opiates are required.

NF«B activation

Another target of AFosB is the induction of nuclear factor-xB
(NFxB) (100,101). NF«B is a transcription factor implicated
in the expression of various parts of the inflammatory
response, including cytokines and cell adhesion molecules.
Chronic cocaine administration was shown to stimulate NFxB
induction in the NAc and caudate-putamen (100,102).
Similarly, morphine-dependent NFxB activation has been
reported (although this was not investigated with regards to an
association with AFosB) (103). Correlating induction with
behavioral change, NFxB expression in the NAc is thought
responsible for mediation of the positive reinforcement of the
drug, whilst in the caudate-putamen being associated with
changes of movement (100) (Table 1).

NFxB has also been linked to the observed dendritic
branching in chronic drug exposure (albeit only with cocaine
models). Dendritic expansion was correlated with an increase
in the drug reward response (the opposite to studies
investigating CdkS5) (102). The inverse relationship between
Cdk5 and NFxB-induced spine growth with behavioral
alteration in drug addiction is complex and warrants further
investigation.

Psychological addiction

AFosB may have a role in psychological addiction. The
orbitofrontal cortex (OFC) has been investigated regarding
AFosB induction following chronic cocaine exposure (86).
This area is thought to have normal roles regarding decision-
making (104), expectation of reward or punishment (105), and
judgement (106). Interestingly, AFosB levels were signifi-
cantly greater following cocaine self-administration compared
to when it was experimentally injected (86). By the use of
behavioral decision-making tests, AFosB induction in the
OFC was shown to be related to cognitive change. Moreover,
chronic dosing caused tolerance to the dysfunctional changes
of acute exposure, and subsequent studies have shown AFosB
induction in the OFC to sensitise animal models to the
locomotive properties of cocaine (107).

Table 1. Correlating cellular and molecular effects of AFosB targets with behavioral changes following chronic cocaine

exposure.

AFosB-induced target

Cellular effect

Behavioral effect

GluR2 Decreased glutamatergic transmission Increased drug reward
CDKS5 GluR1 synaptic protein phosphorylation Decreased drug reward

Increased NAc dendritic branching Decreased drug reward
NF«xB NFkB inflammatory response in the NAc Increased drug reward

NF«xB inflammatory response in the CP
Increased NAc dendritic branching

Locomotor sensitisation
Increased drug reward

Following chronic cocaine dosing, AFosB induces expression of three main downstream targets: the GluR2 AMPA subunit;
Cyclin dependent kinase 5 (CDKS); and Nuclear Factor kB (NFxB). The AFosB-mediated expression of these three
targets results in further cellular and molecular changes with correlated behavioral manifestations (see text for
references). CP, Caudate-Putamen; NAc, Nucleus Accumbens.
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Psychologically, individuals who experience tolerance to
the cognitive impairments of acute cocaine exposure are
significantly more likely to become chronically dependent
(108). This premise illustrates the importance and implica-
tions of the above findings (86). In this study, behavioral
tolerance was mediated by specific molecular changes.
Increased expression of substance P, GABA, and metabo-
tropic glutamate subunit 5 receptors were observed.
Furthermore, these changes were inhibited if AJunD
(a AFosB antagonist) was given, strengthening the probability
of these changes being AFosB-mediated. It was concluded
that AFosB expression in the OFC may promote the
psychologically addicted state, whilst in the NAc it promotes
addiction by incentive and reward potentiation (physical
addiction) (86).

Epigenetic alterations

Recent studies have explored the influence of AFosB in
epigenetics, namely its role in changes in genetic expression
through DNA or histone modification (109-111). Given the
role of AFosB as a transcription factor, it is likely that some of
the molecular and behavioral changes are ultimately due to
epigenetic alteration.

Whilst AFosB is expressed following chronic drug expos-
ure, it is well established that c-Fos (another Fos family
transcription factor) is implicated in the acute phase (10,12).
Using amphetamine, Renthal et al. found that the proposed
role of AFosB as a ‘‘molecular switch’” included repression of
c-Fos (112). This resolves the issue of the previously
unexplained c-Fos downregulation following repeated drug
exposure. The mechanism of c-Fos repression was found to
involve epigenetic mechanisms, namely the repression of
mRNA by histone deacetylase 1 (HDAC1) enzymes acting on
the promoter sequence (112). This led to deacetylation of
histones, preventing c-Fos gene transcription. Moreover,
HDACI KO tissue samples were found to lose this amphet-
amine-induced repression (112).

Multiple epigenetic pathways are suggested to occur in
unison. For example, chronic amphetamine exposure has been
shown to potentiate histone H3 methylation of c-Fos promoter
genes, repressing gene activity (112). In addition, histone
methylation observed in chronic cocaine use causes down-
regulation of lysine dimethyltransferase G9a (a histone
methyltransferase enzyme) (113). This enzyme has been
identified as essential in NAc dendritic spine expansion
following chronic drug exposure. Critically, this methylation
activity was regulated by AFosB (113).

Changes in DNA methylation status are additionally
implicated. It has been shown that the transcriptional
repressor methyl CpG binding protein 2 (MeCP2) regulates
behavioral changes following administration of cocaine and
amphetamine (114,115). Im et al. suggest that cocaine-
stimulated MeCP2 represses microRNAs miR-212 and
miR-132, which reduces the miRNA repression of brain
derived neurotrophic factor (BDNF) (i.e. a process of
disinhibition to increase BDNF and promote cocaine intake)
(115). However, this hypothesis is controversial as these
microRNAs may also inhibit MeCP2 (115), and contrasting
studies have shown cocaine to stimulate miR-212 and
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miR-132 (116). Furthermore, these findings implicating a
MeCP2-BDNF pathway are not reproduced using opiate
models (117). The epigenetic processes regarding MeCP2 in
psychostimulant addiction are clearly complex and must be
fully resolved. Implicating AFosB with MeCP2 changes,
Anier et al. show that both acute and repeated cocaine
administration led to FOSB promoter-associated CpG
island hypomethylation, decreased MeCP2 binding and
led to transcriptional activation of the FOSB gene in the
NAc (111).

AFosB as a therapeutic biomarker

The strong correlation between chronic drug exposure and
AFosB provides novel opportunities for targeted therapies in
addiction (118), and suggests methods to analyze their
efficacy (119). Over the past two decades, research has
progressed from identifying AFosB induction to investigating
its subsequent action (38). It is likely that AFosB research will
now progress into a new era — the use of AFosB as a
biomarker. If AFosB detection is indicative of chronic
drug exposure (and is at least partly responsible for depend-
ence of the substance), then its monitoring for therapeutic
efficacy in interventional studies is a suitable biomarker
(Figure 2). Examples of therapeutic avenues are discussed
herein.

Evaluating the addictive profile of a drug

The knowledge of AFosB induction in chronic drug exposure
provides a novel method for the evaluation of substance
addiction profiles (i.e. how addictive they are). Xiong et al.
used this premise to evaluate the potential addictive profile of
propofol (119). Propofol is a general anaesthetic, however its
abuse for recreational purpose has been documented (120).
Using control drugs implicated in both AFosB induction and
addiction (ethanol and nicotine), similar AFosB expression
was apparent when propofol was given to rats.
Moreover, this cascade was shown to act via the dopamine
D1 receptor in the NAc, suggesting that propofol has abuse
potential (119).

Surgical
Haoh [0BS | (| Drug Seeking)
Ethanol ‘ Electroacupuncture |—> l Consumption |, 1—-1
"'Pharmacological [lﬂFOSBU

Amphetamine | BZT }—»“, Consumpbonll-/

| GABAg PAM }—D‘Behawour Reversal

Cocaine

Figure 2. AFosB: a biomarker for therapeutic efficacy? Given that
AFosB is induced following chronic drug exposure, it can be used to
evaluate the efficacy of therapeutic intervention. This uses the premise
that if a therapy is efficacious in treating addiction, AFosB levels should
decrease. Shown here are examples of two surgical and pharmacological
interventions for addiction in animal studies: deep brain stimulation
(DBS) in heroin-dependent models; electro-acupuncture in ethanol-
dependent models; dopamine uptake inhibitor benztropine (BZT) in
amphetamine-dependent models; and a GABAg positive allosteric
modulator (PAM) in cocaine-dependent models (see text for references).
All four examples have different mechanisms of action to cause a desired
behavioral effect. Moreover, a decrease in AFosB levels was correlated
with behavioral alterations in the use of all four therapies.
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Deep brain stimulation

A recent study of heroin administration in rats has evaluated
the effects of deep brain stimulation (DBS) on the NAc (121).
DBS attenuated drug-seeking behaviors, and was well
correlated with a significant decrease in AFosB
expression (and an increase in pCREB) (121). Whilst this
idea of using DBS for drug addiction is in its infancy, it has
potential as an intervention for treating and preventing heroin
relapse.

Electroacupuncture

A further physical intervention recently studied is that of
electroacupuncture. Li et al. trained rats to chronically
self-administer ethanol, causing addiction and increased
AFosB expression (122). A control cohort with sucrose
exposure was also used. After addiction was established, 100
Hz electroacupuncture was administered in the ST36 region
of the hindlimb. This was found to significantly decrease both
ethanol consumption and AFosB expression in the NAc, VTA,
PFC and striatum, whilst no changes were observed in the
sugar-exposed control animals. Moreover, the study showed
that the efficacy of electroacupuncture was correlated with
AFosB down-regulation (122).

GABA; modulation

A pharmacological example of a potential intervention in
drug-addicted patients is that of GABAg positive allosteric
modulators (PAMs) (123). As previously described,
GABAergic inhibitory neurons are the principal cells of the
NAc (8). The study found the use of GABAg PAM ‘GS39783’
in mice diminished both the acute and chronic behavioral
effects of cocaine (123). AFosB expression was inhibited in
the dorsal striatum (although inhibition of CREB was far
more significant). This reversal of behavioral changes by use
of GABAg PAMs is also reported in other studies (57).

Dopamine blockade

A recent study raised the concept of blocking the initial
AFosB expression witnessed in repeated drug exposure (124).
AFosB induction in many areas is mediated by dopamine
receptors, and thus dopamine neurotransmission is critical for
these molecular and behavioral changes (52,61). With this
premise, one group utilized a derivative of N-substituted
benztropine (BZT) to block the dopamine transporter with
high affinity in rodents conditioned to self-administer
amphetamine chronically (124). In mice undergoing condi-
tioned place preference associated with amphetamine treat-
ment, the BZT analog prevented AFosB accumulation in the
NAc, and reduced the levels of self-administration. Thus, it
was concluded that BZT analogs may have a role in the
treatment of addiction (124).

AP-1 DNA binding

AP-1 complexes are thought fundamental in both behavioral
and molecular changes associated with addiction (20).
Therefore, their initial inhibition may alleviate any drug-
induced change. A recent study has investigated this, using a
selective inhibitor for the signal-regulated kinase pathway
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(SL327) following cocaine exposure (125). The use of SL327
reduced the DNA-binding affinity of AP-1 complexes, and
hence decreased genetic change. Importantly, SL327 also
decreased levels of all Fos family proteins, including AFosB.
However, a major limitation affecting interpretation of this
intervention is that SL327 was given as a pre-treatment, and
thus the applicability of this as a therapy is restricted.
Further studies must evaluate a possibility of its use in a post-
addicted state.

Sirtuins

It has been shown that both cocaine and morphine adminis-
tration with consequential induction of AFosB in the NAc
increases sirtuin 1 and 2 levels (Sirtl/2) (75,126). Using
chromatin immunoprecipitation, Renthal et al. show that Sirt
1 and 2 are target genes of AFosB induction through histone
acetylation (75). Sirt1/2 expression was additionally linked to
increased excitability of NAc medium spiny neurons.
Consequently, the authors suggest the possibility of Sirt-
inhibitors as a potential therapeutic intervention. Further
studies using AFosB as a suitable biomarker must commence
to evaluate this prospective therapy.

Conclusions

AFosB is an essential transcription factor implicated in the
molecular and behavioral pathways of addiction following
repeated drug exposure. The formation of AFosB in multiple
brain regions, and the molecular pathway leading to the
formation of AP-1 complexes is well understood. The
establishment of a functional purpose for AFosB has allowed
further determination as to some of the key aspects of its
molecular cascades, involving effectors such as GluR2
(87,88), Cdk5 (93) and NFkB (100). Moreover, many of
these molecular changes identified are now directly linked to
the structural, physiological and behavioral changes observed
following chronic drug exposure (60,95,97,102). New fron-
tiers of research investigating the molecular roles of AFosB
have been opened by epigenetic studies, and recent advances
have illustrated the role of AFosB acting on DNA and
histones, truly as a ‘‘molecular switch’’ (34).

As a consequence of our improved understanding of
AFosB in addiction, it is possible to evaluate the addictive
potential of current medications (119), as well as use it as a
biomarker for assessing the efficacy of therapeutic interven-
tions (121,122,124). Some of these proposed interventions
have limitations (125) or are in their infancy (75). However,
it is hoped that some of these preliminary findings may
lead to innovative treatments, which are much needed in
addiction.

Acknowledgements

I would like to thank Professor Adina Michael-Titus for
her guidance and support throughout the preparation of this

paper.
Declaration of interest

The author reports no conflicts of interest. The author alone is
responsible for the content and writing of this paper.

RIGHTS LI N Hiy



Am J Drug Alcohol Abuse Downloaded from informahealthcare.com by University of Connecticut on 10/10/14

For personal use only.

DOI: 10.3109/00952990.2014.933840

References

1.

10.

11.

13.

14.

15.

17.

18.

19.

20.

21.

American Psychiatric Association. DSM-5 Task Force. Diagnostic
and statistical manual of mental disorders: DSM-5, 5th ed.
Washington, DC: American Psychiatric Association; 2013.
Sabatinelli D, Bradley MM, Lang PJ, Costa VD, Versace F.
Pleasure rather than salience activates human nucleus accumbens
and medial prefrontal cortex. J Neurophysiol 2007;98:1374-1379.
Hope B, Kosofsky B, Hyman SE, Nestler EJ. Regulation of
immediate early gene expression and AP-1 binding in the rat
nucleus accumbens by chronic cocaine. P Natl Acad Sci USA 1992;
89:5764-5768.

Schwienbacher I, Fendt M, Richardson R, Schnitzler HU.
Temporary inactivation of the nucleus accumbens disrupts acqui-
sition and expression of fear-potentiated startle in rats. Brain Res
2004;1027:87-93.

Scott DJ, Stohler CS, Egnatuk CM, Wang H, Koeppe RA,
Zubieta JK. Placebo and nocebo effects are defined by opposite
opioid and dopaminergic responses. Arch Gen Psychiat 2008;65:
220-231.

Couppis MH, Kennedy CH. The rewarding effect of aggression is
reduced by nucleus accumbens dopamine receptor antagonism in
mice. Psychopharmacology 2008;197:449-456.

Xia Y, Driscoll JR, Wilbrecht L, Margolis EB, Fields HL,
Hjelmstad GO. Nucleus accumbens medium spiny neurons target
non-dopaminergic neurons in the ventral tegmental area. J Neurosci
2011;31:7811-7816.

Werme M, Messer C, Olson L, Gilden L, Thoren P, Nestler EJ,
Brene S. Delta FosB regulates wheel running. J Neurosci 2002;22:
8133-8138.

Berke JD, Hyman SE. Addiction, dopamine, and the molecular
mechanisms of memory. Neuron 2000;25:515-532.

Graybiel AM, Moratalla R, Robertson HA. Amphetamine and
cocaine induce drug-specific activation of the c-fos gene in
striosome-matrix compartments and limbic subdivisions of the
striatum. Proc Natl Acad Sci USA 1990;87:6912-6916.
Nakabeppu Y, Nathans D. A naturally occurring truncated form of
FosB that inhibits Fos/Jun transcriptional activity. Cell 1991;64:
751-759.

Young ST, Porrino LJ, ladarola MJ. Cocaine induces striatal
c-fos-immunoreactive proteins via dopaminergic D1 receptors.
Proc Natl Acad Sci 1991;88:1291-1295.

Carlezon Jr WA, Thome J, Olson VG, Lane-Ladd SB, Brodkin ES,
Hiroi N, Duman RS, et al. Regulation of cocaine reward by CREB.
Science 1998;282:2272-2275.

Green TA, Alibhai IN, Unterberg S, Neve RL, Ghose S, Tamminga
CA, Nestler EJ. Induction of activating transcription factors (ATFs)
ATF2, ATF3, and ATF4 in the nucleus accumbens and
their regulation of emotional behavior. J Neurosci 2008;28:
2025-2032.

Mackler SA, Korutla L, Cha XY, Koebbe MIJ, Fournier KM,
Bowers MS, Kalivas PW. NAC-1 is a brain POZ/BTB protein that
can prevent cocaine-induced sensitization in the rat. J Neurosci
2000;20:6210-6217.

Green TA, Alibhai IN, Hommel JD, DilLeone RJ, Kumar A,
Theobald DE, Neve RL, Nestler EJ. Induction of inducible cAMP
early repressor expression in nucleus accumbens by stress or
amphetamine increases behavioral responses to emotional stimuli.
J Neurosci 2006;26:8235-8242.

O’Donovan KJ, Tourtellotte WG, Millbrandt J, Baraban JM. The
EGR family of transcription-regulatory factors: progress at the
interface of molecular and systems neuroscience. Trends Neurosci
1999;22:167-173.

Dobrazanski P, Noguchi T, Kovary K, Rizzo CA, Lazo PS, Bravo
R. Both products of the fosB gene, FosB and its short form, FosB/
SF, are transcriptional activators in fibroblasts. Mol Cell Biol 1991;
11:5470-5478.

Morgan JI, Curran T. Immediate-early genes: ten years on. Trends
Neurosci 1995;18:66-67.

Perez-Otano I, Mandelzys A, Morgan JI. MPTP-Parkinsonism is
accompanied by persistent expression of a delta-FosB-like protein
in dopaminergic pathways. Brain Res Mol Brain Res 1998;53:
41-52.

Chen J, Nye HE, Kelz MB, Hiroi N, Nakabeppu Y, Hope BT,
Nestler EJ. Regulation of delta FosB and FosB-like proteins by

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

What’s all the (A)FosB about? 7

electroconvulsive seizure and cocaine treatments. Mol Pharmacol
1995;48:880-889.

Jorissen HJ, Ulery PG, Henry L, Gourneni S, Nestler EJ, Rudenko
G. Dimerization and DNA-binding properties of the transcription
factor DeltaFosB. Biochemistry 2007;46:8360-8372.

Carle TL, Ohnishi YN, Ohnishi YH, Alibhai IN, Wilkinson MB,
Kumar A, Nestler EJ. Proteasome- dependent and -independent
mechanisms for FosB destabilization: identification of FosB degron
domains and implications for DeltaFosB stability. Eur J Neurosci
2007;25:3009-3019.

Marinescu V, Loomis PA, Ehmann S, Beales M, Potashkin JA.
Regulation of retention of FosB intron 4 by PTB. PloS One 2007;2:
e828.

Singh R, Valcarcel J, Green MR. Distinct binding specificities and
functions of higher eukaryotic polypyrimidine tract-binding pro-
teins. Science 1995;268:1173-1176.

Alibhai IN, Green TA, Potashkin JA, Nestler EJ. Regulation of fosB
and DeltafosB mRNA expression: in vivo and in vitro studies. Brain
Res 2007;1143:22-33.

Wagner EJ, Garcia-Blanco MA. Polypyrimidine tract binding
protein antagonizes exon definition. Mol Cell Biol 2001;21:
3281-3288.

Lee DK, Oh JH, Shim YB, Choe ES. Protein kinase G regulates
dopamine release, DeltaFosB expression, and locomotor activity
after repeated cocaine administration: involvement of dopamine D2
receptors. Neurochem Res 2013;38:1424-1433.

Potashkin JA, Kang UJ, Loomis PA, Jodelka FM, Ding Y,
Meredith GE. MPTP administration in mice changes the ratio of
splice isoforms of fosB and rgs9. Brain Res 2007;1182:1-10.
Hope BT, Nye HE, Kelz MB, Self DW, ladarola MJ, Nakabeppu Y,
Duman RS, Nestler EJ. Induction of a long-lasting AP-1 complex
composed of altered Fos-like proteins in brain by chronic cocaine
and other chronic treatments. Neuron 1994;13:1235-1244.
Wisdom R, Yen J, Rashid D, Verma IM. Transformation by FosB
requires a trans-activation domain missing in FosB2 that can be
substituted by heterologous activation domains. Genes Dev 1992;6:
667-675.

Liu QR, Rubio FJ, Bossert JM, Marchant NJ, Fanous S, Hou X,
Shaham Y, Hope BT. Detection of molecular alterations in
methamphetamine-activated Fos-expressing neurons from a single
rat dorsal striatum using fluorescence-activated cell sorting
(FACS). J Neurochem 2014;128:173-185.

Ulery PG, Rudenko G, Nestler EJ. Regulation of DeltaFosB
stability by phosphorylation. J Neurosci 2006;26:5131-5142.

Kelz MB, Nestler EJ. deltaFosB: a molecular switch underlying
long-term neural plasticity. Curr Opin Neurol 2000;13:715-720.
Perrotti LI, Bolanos CA, Choi KH, Russo SJ, Edwards S, Ulery PG,
Wallace DL, et al. DeltaFosB accumulates in a GABAergic cell
population in the posterior tail of the ventral tegmental area after
psychostimulant treatment. Eur J Neurosci 2005;21:2817-2824.
Andersson M, Westin JE, Cenci MA. Time course of striatal
DeltaFosB-like immunoreactivity and prodynorphin mRNA levels
after discontinuation of chronic dopaminomimetic treatment.
Eur J Neurosci 2003;17:661-666.

Zachariou V, Bolanos CA, Selley DE, Theobald D, Cassidy MP,
Kelz MB, Shaw-Lutchman T, et al. An essential role for DeltaFosB
in the nucleus accumbens in morphine action. Nat Neurosci 2006;9:
205-211.

McClung CA, Ulery PG, Perrotti LI, Zachariou V, Berton O,
Nestler EJ. DeltaFosB: a molecular switch for long-term adaptation
in the brain. Brain Res Mol Brain Res 2004;132:146-154.

Levine AA, Guan Z, Barco A, Xu S, Kandel ER, Schwartz JH.
CREB-binding protein controls response to cocaine by acetylating
histones at the fosB promoter in the mouse striatum. Proc Natl
Acad Sci USA 2005;102:19186-19191.

Chen J, Kelz MB, Hope BT, Nakabeppu Y, Nestler EJ. Chronic
Fos-related antigens: stable variants of deltaFosB induced in brain
by chronic treatments. J Neurosci 1997;17:4933-4941.

Hiroi N, Brown JR, Haile CN, Ye H, Greenberg ME, Nestler EJ.
FosB mutant mice: loss of chronic cocaine induction of Fos-related
proteins and heightened sensitivity to cocaine’s psychomotor and
rewarding effects. Proc Natl Acad Sci USA 1997;94:10397-10402.
McDaid J, Dallimore JE, Mackie AR, Napier TC. Changes in
accumbal and pallidal pCREB and deltaFosB in morphine-
sensitized rats: correlations with receptor-evoked

RIGHTS LI N Hiy



Am J Drug Alcohol Abuse Downloaded from informahealthcare.com by University of Connecticut on 10/10/14

For personal use only.

8

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

J. K. Ruffle

electrophysiological ~measures in the ventral
Neuropsychopharmacol 2006;31:1212-1226.

McDaid J, Graham MP, Napier TC. Methamphetamine-induced
sensitization differentially alters pCREB and DeltaFosB throughout
the limbic circuit of the mammalian brain. Mol Pharmacol 2006;70:
2064-2074.

Nye HE, Hope BT, Kelz MB, Iadarola M, Nestler EJ.
Pharmacological studies of the regulation of chronic FOS-related
antigen induction by cocaine in the striatum and nucleus
accumbens. J Pharmacol Exp Ther 1995;275:1671-1680.

Ehrlich ME, Sommer J, Canas E, Unterwald EM. Periadolescent
mice show enhanced DeltaFosB upregulation in response to cocaine
and amphetamine. J Neurosci 2002;22:9155-9159.

Perrotti LI, Weaver RR, Robison B, Renthal W, Maze I, Yazdani S,
Elmore RG, et al. Distinct patterns of DeltaFosB induction in brain
by drugs of abuse. Synapse 2008;62:358-369.

Nye HE, Nestler EJ. Induction of chronic Fos-related antigens in rat
brain by chronic morphine administration. Mol Pharmacol 1996;49:
636-645.

Hiroi N, Graybiel AM. Atypical and typical neuroleptic treatments
induce distinct programs of transcription factor expression in the
striatum. J Comp Neurol 1996;374:70-83.

Pich EM, Pagliusi SR, Tessari M, Talabot-Ayer D, Hooft van
Huijsduijnen R, Chiamulera C. Common neural substrates for the
addictive properties of nicotine and cocaine. Science 1997;275:
83-86.

Kaplan GB, Leite-Morris KA, Fan W, Young AJ, Guy MD. Opiate
sensitization induces FosB/DeltaFosB expression in prefrontal
cortical, striatal and amygdala brain regions. PloS One 2011;6:
e23574.

Perrotti LI, Hadeishi Y, Ulery PG, Barrot M, Monteggia L, Duman
RS, Nestler EJ. Induction of deltaFosB in reward-related brain
structures after chronic stress. J Neurosci 2004;24:10594—-10602.
Gago B, Suarez-Boomgaard D, Fuxe K, Brene S, Reina-Sanchez
MD, Rodriguez-Perez LM, Agnati LF, et al. Effect of acute and
continuous morphine treatment on transcription factor expression in
subregions of the rat caudate putamen. Marked modulation by D4
receptor activation. Brain Res 2011;1407:47-61.

Muller DL, Unterwald EM. D1 dopamine receptors modulate
deltaFosB induction in rat striatum after intermittent morphine
administration. J Pharmacol Exp Ther 2005;314:148-154.
Muschamp JW, Nemeth CL, Robison AJ, Nestler EJ, Carlezon Jr
WA. DeltaFosB enhances the rewarding effects of cocaine while
reducing the pro-depressive effects of the kappa-opioid receptor
agonist U50488. Biol Psychiat 2012;71:44-50.

Atkins JB, Chlan-Fourney J, Nye HE, Hiroi N, Carlezon Jr WA,
Nestler EJ. Region-specific induction of deltaFosB by repeated
administration of typical versus atypical antipsychotic drugs.
Synapse 1999;33:118-128.

Kaufling J, Waltisperger E, Bourdy R, Valera A, Veinante P,
Freund-Mercier MJ, Barrot M. Pharmacological recruitment of the
GABAergic tail of the ventral tegmental area by acute drug
exposure. Brit J Pharmacol 2010;161:1677-1691.

Mombereau C, Lhuillier L, Kaupmann K, Cryan JF. GABAB
receptor-positive modulation-induced blockade of the rewarding
properties of nicotine is associated with a reduction in nucleus
accumbens DeltaFosB accumulation. J Pharmacol Exp Ther 2007;
321:172-177.

Watanabe H, Henriksson R, Ohnishi YN, Ohnishi YH, Harper C,
Sheedy D, Garrick T, et al. FOSB proteins in the orbitofrontal and
dorsolateral prefrontal cortices of human alcoholics. Addict Biol
2009;14:294-297.

Colby CR, Whisler K, Steffen C, Nestler EJ, Self DW. Striatal cell
type-specific overexpression of DeltaFosB enhances incentive for
cocaine. J Neurosci 2003;23:2488-2493.

Lee KW, Kim Y, Kim AM, Helmin K, Nairn AC, Greengard P.
Cocaine-induced dendritic spine formation in D1 and D2 dopamine
receptor-containing medium spiny neurons in nucleus accumbens.
Proc Natl Acad Sci USA 2006;103:3399-3404.

Chocyk A, Czyrak A, Wedzony K. Acute and repeated
cocaine induces alterations in FosB/DeltaFosB expression in the
paraventricular nucleus of the hypothalamus. Brain Res 2006;1090:
58-68.

Nunez C, Martin F, Foldes A, Luisa Laorden M, Kovacs KIJ,
Victoria Milanes M. Induction of FosB/DeltaFosB in the brain

pallidum.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Am J Drug Alcohol Abuse, Early Online: 1-10

stress system-related structures during morphine dependence and
withdrawal. J Neurochem 2010;114:475-487.

Garcia-Perez D, Laorden ML, Milanes MV, Nunez C.
Glucocorticoids regulation of FosB/DeltaFosB expression induced
by chronic opiate exposure in the brain stress system. PloS One
2012;7:e50264.

Van Waes V, Enache M, Berton O, Vinner E, Lhermitte M, Maccari
S, Darnaudery M. Effect of prenatal stress on alcohol preference
and sensitivity to chronic alcohol exposure in male rats.
Psychopharmacol 2011;214:197-208.

Vialou V, Maze I, Renthal W, LaPlant QC, Watts EL, Mouzon E,
Ghose S, et al. Serum response factor promotes resilience to
chronic social stress through the induction of DeltaFosB. J Neurosci
2010;30:14585-14592.

Vialou V, Bagot RC, Cahill ME, Ferguson D, Robison AlJ,
Dietz DM, Fallon B, et al. Prefrontal cortical circuit for depression-
and anxiety-related behaviors mediated by cholecystokinin: role of
DeltaFosB. J Neurosci 2014;34:3878-3887.

Ortiz J, Fitzgerald LW, Lane S, Terwilliger R, Nestler EJ.
Biochemical adaptations in the mesolimbic dopamine system in
response to repeated stress. Neuropsychopharmacol 1996;14:
443-452.

Lobo MK, Zaman S, Damez-Werno DM, Koo JW, Bagot RC,
DiNieri JA, Nugent A, et al. DeltaFosB induction in striatal
medium spiny neuron subtypes in response to chronic pharmaco-
logical, emotional, and optogenetic stimuli. J Neurosci 2013;33:
18381-18395.

Berton O, Covington 3rd HE, Ebner K, Tsankova NM, Carle TL,
Ulery P, Bhonsle A, et al. Induction of deltaFosB in the
periaqueductal gray by stress promotes active coping responses.
Neuron 2007;55:289-300.

Donahue RJ, Muschamp JW, Russo SJ, Nestler EJ, Carlezon Jr WA.
Effects of striatal DeltaFosB overexpression and ketamine on
social defeat stress-induced anhedonia in mice. Biol Psychol 2014;
[epub ahead of print] doi: 10.1016/j.biopsych.2013.12.014.
Ohnishi YN, Ohnishi YH, Hokama M, Nomaru H, Yamazaki K,
Tominaga Y, Sakumi K, et al. FosB is essential for the enhancement
of stress tolerance and antagonizes locomotor sensitization by
DeltaFosB. Biol Psychol 2011;70:487-495.

Vialou V, Robison AJ, Laplant QC, Covington 3rd HE, Dietz DM,
Ohnishi YN, Mouzon E, et al. DeltaFosB in brain reward circuits
mediates resilience to stress and antidepressant responses. Nat
Neurosci 2010;13:745-752.

Kelz MB, Chen J, Carlezon Jr WA, Whisler K, Gilden L,
Beckmann AM, Steffen C, et al. Expression of the transcription
factor deltaFosB in the brain controls sensitivity to cocaine. Nature
1999;401:272-276.

Kumar A, Choi KH, Renthal W, Tsankova NM, Theobald DE,
Truong HT, Russo SJ, et al. Chromatin remodeling is a key
mechanism underlying cocaine-induced plasticity in striatum.
Neuron 2005;48:303-314.

Renthal W, Kumar A, Xiao G, Wilkinson M, Covington 3rd HE,
Maze I, Sikder D, et al. Genome-wide analysis of chromatin regula-
tion by cocaine reveals a role for sirtuins. Neuron 2009;62:335-348.
Olausson P, Jentsch JD, Tronson N, Neve RL, Nestler EJ,
Taylor JR. DeltaFosB in the nucleus accumbens regulates food-
reinforced instrumental behavior and motivation. J Neurosci 2006;
26:9196-9204.

Wallace DL, Vialou V, Rios L, Carle-Florence TL, Chakravarty S,
Kumar A, Graham DL, et al. The influence of DeltaFosB in the
nucleus accumbens on natural reward-related behavior. J Neurosci
2008;28:10272-10277.

Van Bockstaele EJ, Gracy KN, Pickel VM. Dynorphin-immunor-
eactive neurons in the rat nucleus accumbens: ultrastructure and
synaptic input from terminals containing substance P and/or
dynorphin. J Comp Neurol 1995;351:117-133.

Pickel VM, Chan J, Sesack SR. Cellular substrates for interactions
between dynorphin terminals and dopamine dendrites in rat ventral
tegmental area and substantia nigra. Brain Res 1993;602:275-289.
Shippenberg TS, Rea W. Sensitization to the behavioral effects of
cocaine: modulation by dynorphin and kappa-opioid receptor
agonists. Pharmacol Biochem Be 1997;57:449-455.

Cenci MA. Transcription factors involved in the pathogenesis of
L-DOPA-induced dyskinesia in a rat model of Parkinson’s disease.
Amino Acids 2002;23:105-109.

RIGHTS LI N Hiy



Am J Drug Alcohol Abuse Downloaded from informahealthcare.com by University of Connecticut on 10/10/14

For personal use only.

DOI

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

: 10.3109/00952990.2014.933840

Zhu H, Lee M, Agatsuma S, Hiroi N. Pleiotropic impact of
constitutive fosB inactivation on nicotine- induced behavioral
alterations and stress-related traits in mice. Hum Mol Genet 2007;
16:820-836.

Hiroi N, Marek GJ, Brown JR, Ye H, Saudou F, Vaidya VA,
Duman RS, et al. Essential role of the fosB gene in molecular,
cellular, and behavioral actions of chronic electroconvulsive
seizures. J Neurosci 1998;18:6952-6962.

Boundy VA, Chen J, Nestler EJ. Regulation of cAMP-dependent
protein kinase subunit expression in CATH.a and SH-SYS5Y cells.
J Pharmacol Exp Ther 1998;286:1058-1065.

McClung CA, Nestler EJ. Regulation of gene expression and
cocaine reward by CREB and DeltaFosB. Nat Neurosci 2003;6:
1208-1215.

Winstanley CA, LaPlant Q, Theobald DE, Green TA, Bachtell RK,
Perrotti LI, DiLeone RJ, et al. DeltaFosB induction in orbito-
frontal cortex mediates tolerance to cocaine-induced cognitive
dysfunction. J Neurosci 2007;27:10497-10507.

Bellone C, Luscher C. Cocaine triggered AMPA receptor redis-
tribution is reversed in vivo by mGluR-dependent long-term
depression. Nat Neurosci 2006;9:636—641.

Mameli M, Balland B, Lujan R, Luscher C. Rapid synthesis and
synaptic insertion of GluR2 for mGIluR-LTD in the ventral
tegmental area. Science 2007;317:530-533.

White FJ, Hu XT, Zhang XF, Wolf ME. Repeated administration
of cocaine or amphetamine alters neuronal responses to glutamate
in the mesoaccumbens dopamine system. J Pharmacol Exp Ther
1995;273:445-454.

Mlewski EC, Krapacher FA, Ferreras S, Paglini G. Transient
enhanced expression of Cdk5 activator p25 after acute and chronic
d-amphetamine administration. Ann NY Acad Sci 2008;1139:
89-102.

Taylor JR, Lynch WIJ, Sanchez H, Olausson P, Nestler EJ,
Bibb JA. Inhibition of CdkS5 in the nucleus accumbens enhances
the locomotor-activating and incentive-motivational effects of
cocaine. Proc Natl Acad Sci USA 2007;104:4147-4152.
Peakman MC, Colby C, Perrotti LI, Tekumalla P, Carle T,
Ulery P, Chao J, et al. Inducible, brain region-specific
expression of a dominant negative mutant of c-Jun in trans-
genic mice decreases sensitivity to cocaine. Brain Res 2003;970:
73-86.

Bibb JA, Chen J, Taylor JR, Svenningsson P, Nishi A, Snyder GL,
Yan Z, et al. Effects of chronic exposure to cocaine are regulated
by the neuronal protein Cdk5. Nature 2001;410:376-380.

Chen J, Zhang Y, Kelz MB, Steffen C, Ang ES, Zeng L,
Nestler EJ. Induction of cyclin-dependent kinase 5 in the
hippocampus by chronic electroconvulsive seizures: role of
[Delta]FosB. J Neurosci 2000;20:8965-8971.

Norrholm SD, Bibb JA, Nestler EJ, Ouimet CC, Taylor JR,
Greengard P. Cocaine-induced proliferation of dendritic spines in
nucleus accumbens is dependent on the activity of cyclin-
dependent kinase-5. Neuroscience 2003;116:19-22.

Robinson TE, Kolb B. Structural plasticity associated with
exposure to drugs of abuse. Neuropharmacology 2004;47:33-46.
Dumitriu D, Laplant Q, Grossman YS, Dias C, Janssen WG,
Russo SJ, Morrison JH, Nestler EJ. Subregional, dendritic
compartment, and spine subtype specificity in cocaine regulation
of dendritic spines in the nucleus accumbens. J Neurosci 2012;32:
6957-6966.

Ferrer-Alcon M, La Harpe R, Guimon J, Garcia-Sevilla JA.
Downregulation of neuronal cdk5/p35 in opioid addicts and
opiate-treated rats: relation to neurofilament phosphorylation.
Neuropsychopharmacol 2003;28:947-955.

Sasaki Y, Cheng C, Uchida Y, Nakajima O, Ohshima T, Yagi T,
Taniguchi M, et al. Fyn and Cdk5 mediate semaphorin-3A
signaling, which is involved in regulation of dendrite orientation
in cerebral cortex. Neuron 2002;35:907-920.

Ang E, Chen J, Zagouras P, Magna H, Holland J, Schaeffer E,
Nestler EJ. Induction of nuclear factor-kappaB in nucleus
accumbens by chronic cocaine administration. J Neurochem
2001,79:221-224.

Asanuma M, Cadet JL. Methamphetamine-induced increase in
striatal NF-kappaB DNA-binding activity is attenuated in super-
oxide dismutase transgenic mice. Brain Res Mol Brain Res 1998;
60:305-309.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

What'’s all the (A)FosB about? 9

Russo SJ, Wilkinson MB, Mazei-Robison MS, Dietz DM, Maze I,
Krishnan V, Renthal W, et al. Nuclear factor kappa B signaling
regulates neuronal morphology and cocaine reward. J Neurosci
2009;29:3529-3537.

Li Y, Zhang T, Douglas SD, Lai JP, Xiao WD, Pleasure DE,
Ho WZ. Morphine enhances hepatitis C virus (HCV) replicon
expression. Am J Pathol 2003;163:1167-1175.

Walton ME, Devlin JT, Rushworth MF. Interactions between
decision making and performance monitoring within prefrontal
cortex. Nat Neurosci 2004;7:1259-1265.

O’Doherty J, Kringelbach ML, Rolls ET, Hornak J, Andrews C.
Abstract reward and punishment representations in the human
orbitofrontal cortex. Nat Neurosci 2001;4:95-102.

Volz KG, Rubsamen R, von Cramon DY. Cortical regions
activated by the subjective sense of perceptual coherence of
environmental sounds: a proposal for a neuroscience of intuition.
Cogn Affect Behav Neurosci 2008;8:318-328.

Winstanley CA, Green TA, Theobald DE, Renthal W, LaPlant Q,
DiLeone RJ, Chakravarty S, Nestler EJ. DeltaFosB induction in
orbitofrontal cortex potentiates locomotor sensitization despite
attenuating the cognitive dysfunction caused by cocaine.
Pharmacol Biochem Behav 2009;93:278-284.

Shaffer HJ, Eber GB. Temporal progression of cocaine depend-
ence symptoms in the US National Comorbidity Survey. Addiction
2002;97:543-554.

Renthal W, Maze I, Krishnan V, Covington 3rd HE, Xiao G,
Kumar A, Russo SJ, et al. Histone deacetylase 5 epigenetically
controls behavioral adaptations to chronic emotional stimuli.
Neuron 2007;56:517-529.

Tsankova N, Renthal W, Kumar A, Nestler EJ. Epigenetic
regulation in psychiatric disorders. Nat Rev Neurosci 2007;8:
355-367.

Anier K, Malinovskaja K, Aonurm-Helm A, Zharkovsky A,
Kalda A. DNA methylation regulates cocaine-induced behavioral
sensitization in  mice. Neuropsychopharmacol  2010;35:
2450-2461.

Renthal W, Carle TL, Maze I, Covington 3rd HE, Truong HT,
Alibhai I, Kumar A, et al. Delta FosB mediates epigenetic
desensitization of the c-fos gene after chronic amphetamine
exposure. J Neurosci 2008;28:7344—7349.

Maze 1, Covington 3rd HE, Dietz DM, LaPlant Q, Renthal W,
Russo SJ, Mechanic M, et al. Essential role of the histone
methyltransferase G9a in cocaine-induced plasticity. Science
2010;327:213-216.

Deng JV, Rodriguiz RM, Hutchinson AN, Kim IH, Wetsel WC,
West AE. MeCP2 in the nucleus accumbens contributes to neural
and behavioral responses to psychostimulants. Nat Neurosci 2010;
13:1128-1136.

Im HI, Hollander JA, Bali P, Kenny PJ. MeCP2 controls
BDNF expression and cocaine intake through homeostatic
interactions with microRNA-212. Nat Neurosci 2010;13:
1120-1127.

Hollander JA, Im HI, Amelio AL, Kocerha J, Bali P, Lu Q,
Willoughby D, et al. Striatal microRNA controls cocaine intake
through CREB signalling. Nature 2010;466:197-202.

Theberge FR, Pickens CL, Goldart E, Fanous S, Hope BT,
Liu QR, Shaham Y. Association of time-dependent changes in mu
opioid receptor mRNA, but not BDNF, TrkB, or MeCP2 mRNA
and protein expression in the rat nucleus accumbens with
incubation of heroin craving. Psychopharmacology 2012;224:
559-571.

Liu HF, Zhou WH, Zhu HQ, Lai MJ, Chen WS. Microinjection of
M(5) muscarinic receptor antisense oligonucleotide into VTA
inhibits FosB expression in the NAc and the hippocampus of
heroin sensitized rats. Neurosci Bull 2007;23:1-8.

Xiong M, Li J, Ye JH, Zhang C. Upregulation of DeltaFosB by
propofol in rat nucleus accumbens. Anaesth Analg 2011;113:
259-264.

Kranioti EF, Mavroforou A, Mylonakis P, Michalodimitrakis M.
Lethal self administration of propofol (Diprivan). A case
report and review of the literature. Forensic Sci Int 2007;167:
56-58.

Guo L, Zhou H, Wang R, Xu J, Zhou W, Zhang F, Tang S, et al.
DBS of nucleus accumbens on heroin seeking behaviors in
self-administering rats. Drug Alcohol Depen 2013;129:70-81.

RIGHTS LI N Hiy



Am J Drug Alcohol Abuse Downloaded from informahealthcare.com by University of Connecticut on 10/10/14

For personal use only.

10 J. K. Ruffle

122.

123.

124.

Li J, Sun Y, Ye JH. Electroacupuncture decreases excessive
alcohol  consumption involving  reduction of  FosB/
DeltaFosB levels in reward-related brain regions. PloS One
2012;7:e40347.

Lhuillier L, Mombereau C, Cryan JF, Kaupmann K. GABA(B)
receptor-positive modulation decreases selective molecular and
behavioral effects of cocaine. Neuropsychopharmacol 2007;32:
388-398.

Velazquez-Sanchez C, Ferragud A, Renau-Piqueras J, Canales JJ.
Therapeutic-like properties of a dopamine uptake inhibitor in

125.

126.

Am J Drug Alcohol Abuse, Early Online: 1-10

animal models of amphetamine addiction. Int J Neuropsychoph
2011;14:655-665.

Radwanska K, Valjent E, Trzaskos J, Caboche J, Kaczmarek L.
Regulation of cocaine-induced activator protein 1 transcription
factors by the extracellular signal-regulated kinase pathway.
Neuroscience 2006;137:253-264.

Ferguson D, Koo JW, Feng J, Heller E, Rabkin J, Heshmati M,
Renthal W, et al. Essential role of SIRT1 signaling in the nucleus
accumbens in cocaine and morphine action. J Neurosci 2013;33:
16088-16098.

RIGHTS LI N Hiy



	Molecular neurobiology of addiction: what’s all the (Δ)FosB about?
	Introduction
	ΔFosB
	Differential transcription factor expression in acute and chronic drug exposure
	Behavioral responses to ΔFosB induction
	Molecular effects of ΔFosB and consequential behavioral changes
	Psychological addiction
	Epigenetic alterations
	ΔFosB as a therapeutic biomarker
	Conclusions
	Acknowledgements
	Declaration of interest
	References



<<
	/PreserveCopyPage true
	/MonoImageDownsampleType /Bicubic
	/MonoImageDict <<
		/K -1
	>>
	/ParseICCProfilesInComments true
	/PreserveHalftoneInfo false
	/TransferFunctionInfo /Preserve
	/GrayImageMinResolution 150
	/EncodeColorImages true
	/AutoFilterGrayImages true
	/ImageMemory 1048576
	/PDFXRegistryName ()
	/EmbedJobOptions true
	/MonoImageFilter /CCITTFaxEncode
	/PDFXNoTrimBoxError true
	/ASCII85EncodePages false
	/DefaultRenderingIntent /Default
	/GrayImageAutoFilterStrategy /JPEG
	/PDFXCompliantPDFOnly false
	/ColorImageResolution 150
	/GrayImageFilter /DCTEncode
	/DownsampleMonoImages true
	/PreserveDICMYKValues false
	/ColorImageFilter /DCTEncode
	/EncodeGrayImages true
	/GrayImageMinDownsampleDepth 2
	/ParseDSCComments true
	/ColorImageAutoFilterStrategy /JPEG
	/EmbedOpenType false
	/AntiAliasMonoImages false
	/JPEG2000ColorImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/CreateJDFFile false
	/PreserveEPSInfo false
	/PDFXSetBleedBoxToMediaBox true
	/DSCReportingLevel 0
	/NeverEmbed [
	]
	/Optimize true
	/Description <<
		/DEU <>
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/NOR <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/ESP <>
		/FRA <>
		/SUO <>
		/JPN <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/DAN <>
		/PTB <>
		/SVE <>
	>>
	/CreateJobTicket false
	/EndPage -1
	/MonoImageDepth -1
	/GrayImageResolution 150
	/AutoFilterColorImages true
	/AlwaysEmbed [
	]
	/ColorImageMinResolution 150
	/ParseDSCCommentsForDocInfo true
	/sRGBProfile (sRGB IEC61966-2.1)
	/AutoRotatePages /All
	/MonoImageResolution 600
	/AllowTransparency false
	/GrayACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DoThumbnails false
	/GrayImageDepth -1
	/CompressObjects /Tags
	/ColorImageDownsampleThreshold 1.5
	/AntiAliasGrayImages false
	/AntiAliasColorImages false
	/EmbedAllFonts true
	/ColorImageMinResolutionPolicy /OK
	/PDFXOutputConditionIdentifier ()
	/PreserveFlatness true
	/DownsampleColorImages true
	/MonoImageDownsampleThreshold 1.5
	/PDFXOutputIntentProfile ()
	/GrayImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/UsePrologue false
	/ColorACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/JPEG2000GrayACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorConversionStrategy /sRGB
	/EmitDSCWarnings false
	/MonoImageMinResolutionPolicy /OK
	/UCRandBGInfo /Remove
	/DetectCurves 0.1
	/ColorSettingsFile (None)
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/GrayImageDownsampleThreshold 1.5
	/CropColorImages true
	/JPEG2000ColorACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/MonoImageMinResolution 600
	/CalRGBProfile (sRGB IEC61966-2.1)
	/CompressPages true
	/Binding /Left
	/PDFXTrapped /False
	/PDFX3Check false
	/DetectBlends true
	/JPEG2000GrayImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/CompatibilityLevel 1.6
	/GrayImageDownsampleType /Bicubic
	/PDFXOutputCondition ()
	/PassThroughJPEGImages false
	/CannotEmbedFontPolicy /Warning
	/AllowPSXObjects true
	/LockDistillerParams true
	/ConvertImagesToIndexed true
	/GrayImageMinResolutionPolicy /OK
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoPositionEPSFiles true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/DownsampleGrayImages true
	/PDFX1aCheck false
	/CropGrayImages true
	/CalGrayProfile (Gray Gamma 2.2)
	/CropMonoImages true
	/SubsetFonts true
	/ColorImageDownsampleType /Bicubic
	/CheckCompliance [
		/None
	]
	/PreserveOPIComments false
	/PreserveOverprintSettings true
	/EncodeMonoImages true
	/MaxSubsetPct 100
	/ColorImageMinDownsampleDepth 1
	/ColorImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/OPM 1
	/StartPage 1
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


