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regulation of BdnF Expression by cocaine
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Brain-derived neurotrophic factor (BDNF†) is a member of the neurotrophin family of growth
factors. it is expressed throughout the nervous system. A unique feature of the BDNF gene
is the existence of multiple mRNA transcripts, all of which are translated into BDNF protein,
suggesting a multilevel regulation of expression. in particular, the BDNF exon iV promoter
region is a preferential target for epigenetic alterations, as it contains binding sites for CREB
and MeCP2, two transcriptional regulators known to mediate epigenetic changes. Exposure
to drugs of abuse is known to modulate epigenetic regulation of BDNF gene expression. This
review will discuss how exposure to cocaine, one of the most addictive drugs known to
mankind, can produce alterations in BDNF gene expression, especially in the mesolimbic
dopaminergic system, which lead to alterations in the reward-mediated behaviors involved
in addiction.

introduction

Brain-derived neurotrophic factor

(BDNF) is a member of a family of se-

creted proteins known as neurotrophins that

regulate the survival, development, and

function of neurons [1,2]. BDNF was iden-

tified and purified from pig brain by Yves

Alain Barde and colleagues in 1982 [3] and

is now recognized as the most widely and

abundantly expressed neurotrophin in the

nervous system [4]. BDNF is synthetized

as proBDNF (32kDa), a precursor protein,

and secreted as a mixture of proBDNF and

mature BDNF (14kDa). Both forms have
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been shown to play vital roles in learning,

memory, and other higher cognitive func-

tions [5-8]. BDNF also plays a role in the

regulation of normal development of the

nervous system. BDNF knockout mice dis-

play developmental defects in the brain and

sensory nervous system and usually die soon

after birth [9]. Thus, BDNF plays critical

roles in the regulation of the structure and

function of neuronal circuits throughout life

[7,8].

BDNF and other neurotrophins are en-

dogenous ligands for one or more members

of the tropomyosin-receptor kinase (Trk)

family of receptors. BDNF has the highest

affinity for the TrkB receptor, and BDNF-

TrkB binding at the cell surface initiates au-

tophosphorylation of the TrkB receptor

through one of at least three signaling cas-

cades: 1) The MAP kinase pathway, which

has been implicated in neuronal differentia-

tion and neurite outgrowth; 2) The PI3-Ki-

nase pathway, which enables cell survival;

and 3) The PLCγ pathway, which is in-

volved in synaptic plasticity and transmis-

sion [10].

The rodent BDNF gene consists of at

least eight untranslated 5’ exons that are

spliced onto a single 3’ coding exon and

driven by eight unique promoters [11,12]. Of

particular significance for this review is the

observation that BDNF exon IV expression is

induced by drugs of abuse within brain re-

gions associated with the reward circuitry

[13]. The promoter region of exon IV contains

specific binding sites for the transcriptional

regulators cAMP response element-binding

(CREB) and methyl CpG binding protein 2

(MeCP2), both of which have established as-

sociations with regulation of gene expression

at the epigenetic level.  

Epigenetics literally translates as

“above the genome,” and as such refers to

the chemical modifications of the DNA and

associated histone proteins promoting

changes in transcription without altering the

DNA sequence. Methylated DNA is typi-

cally condensed and transcriptionally re-

pressed. DNA methylation is tightly linked

to a variety of chemical modifications on the

tails of histone proteins [14,15], which can

also influence genomic condensation/si-

lencing by changing the charge of the DNA-

associated histone proteins. For the purpose

of this review, epigenetic regulation of gene

expression may be simplified by the follow-

ing two concepts: Acetylation of histones

H3/H4 in the promoter region of a gene is

correlated with “open” or transcriptionally

active DNA, whereas methylation of histone

H3K9 is correlated with repression. The

chemical changes associated with epigenetic

regulation can be transient or persistent, are

regulated throughout development, can con-

fer cell-specific or response-specific expres-

sion patterns and, when transmitted to the

germ line, can be heritable [16].  

Impaired BDNF signaling is associated

with a variety of neurological and psychi-

atric conditions, including depression, schiz-

ophrenia, obsessive-compulsive disorder,

Alzheimer’s disease, Huntington’s disease,

Rett syndrome, dementia, anorexia, depres-

sion, and epilepsy [2,17-19]. Recent studies

demonstrate that many neurological and be-

havioral changes associated with these dis-

orders and following drug exposure are

regulated at the epigenetic level [20]. In this

review, we focus on cocaine-induced epige-

netic changes in BDNF gene expression and

how these changes can play a role in medi-

ating addiction. In particular, we will focus

on synaptic plasticity and reward-mediated

behaviors in rodent models.

BdnF and addiction

Although roles for BDNF signaling in a

variety of physiological processes are well es-

tablished, its involvement in drug addiction is

a more recent revelation. To understand the

link between BDNF and drug addiction, one

must systematically examine the links be-

tween BDNF signaling and learning and be-

tween learning and drug addiction. Addiction,

or substance dependence, is characterized by

at least three phases: 1) the continued use of a

substance despite adverse consequences; 2)

the diminishing effectiveness of the substance

over time or the need for larger doses to

achieve the same desired effect (tolerance);

and 3) physical and psychological symptoms
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of distress, discomfort, or impairment upon

reduction or cessation of substance use (with-

drawal) [21]. These three phases of addiction

are associated with structural and functional

changes in the brain that can be explained col-

lectively as neuronal plasticity. Lasting

changes in synaptic strength underlie neuronal

plasticity, and these changes are necessary for

successful information storage and memory

formation. In fact, these synaptic changes are

critical for an organism’s adaptive responses

underlying various modifications in behavior,

including drug addiction, and are facilitated

by increased BDNF synthesis and release

[22,23]. Thus, a link between BDNF and drug

addiction emerges via a well-established link

between BDNF and neuronal plasticity.

The earliest studies of BDNF’s effects

on synaptic transmission in Xenopus [24]

demonstrated that acute exposure to BDNF

increased the frequency of miniature excita-

tory postsynaptic currents, a phenomenon

associated with development of long-term

potentiation (LTP), the core mechanism of

learning and memory. Induction of LTP is

dependent on NMDA-facilitated influx of

Ca2+ into a neuron, subsequent phosphory-

lation of AMPA receptors, and increased

sensitivity of the cell to depolarization. Ad-

ditionally, groundbreaking evidence for

BDNF’s role in LTP came from knockout

mouse models. In the mid-1990s, two

groups [25,26] independently reported im-

pairment of early LTP in homozygous or
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Figure 1: cocaine-induced alterations in BdnF expression within the mesolimbic

dopamine pathway. a. Cocaine-induced activation of gene expression at the promoter

region of BDNF exon iV is facilitated by phosphorylation of CREB and association of

phosphorylated CREB with CREB-binding protein. Subsequently, phosphorylated MeCP2

is dissociated from methylated DNA and histones become acetylated, resulting in tran-

scriptionally active chromatin (modified from [79]). B. Simplified example of cocaine-in-

duced changes in BDNF and dopamine at the synapse. Cocaine binds to the dopamine

transporter of the presynaptic terminal of dopaminergic neurons, blocking reuptake of

dopamine and an increased concentration of the neurotransmitter in the synaptic cleft. in-

creased BDNF release from dopaminergic neurons of the VTA has been associated with

enhanced drug seeking. c. Repeated exposure to cocaine leads to increased BDNF ex-

pression in the mesolimbic pathway. BDNF is released from the dopaminergic neurons of

the VTA (blue), glutamatergic neurons of the PFC (red) and GABAergic neurons of the

NAc (orange). Colored lines represent anterograde transport from a specific cell type and

dotted grey lines represent retrograde transport of BDNF (modified from [46]). 



heterozygous BDNF knockout mice, which

was restored by treatment with recombinant

BDNF. Thus, BDNF appears to play impor-

tant roles in mediating synaptic changes in-

volved in learning and memory, which in

turn underlies behavioral and structural

adaptations associated with drug addiction.

transcriptional rEgulation
oF thE BdnF gEnE ExprEssion

The promoter region of BDNF exon IV

contains specific binding sites for the tran-

scriptional regulators CREB and MeCP2

(Figure 1A). Both of these transcription

factors are known to play important roles

in the regulation of synaptic plasticity.

CREB is involved in the regulation of a

vast array of biological processes including

development of the nervous system, learn-

ing, and memory and can regulate tran-

scription of genes containing Ca2+-response

elements (CRE). Evidence from different

model organisms, such as the mollusk

Aplysia, the fruitfly Drosophilia, and the

mouse, shows that disruption of CREB

function in neurons is associated with de-

fects in LTP, thus memory [27]. MeCP2 is

another transcription factor that regulates

expression of a large number of genes, in-

cluding BDNF, through diverse mecha-

nisms. Predominantly recognized as a

transcriptional repressor and for its role in

the pathology of Rett syndrome [28], it has

recently emerged as a key modulator of

neural-activity related gene expression, as

well as learning and memory [28-31]. Ad-

ditionally, it has been shown to have a role

in neuroplasticity and drug addiction [32].

The link between cocaine and BDNF

gene expression is underscored by the find-

ing that CREB plays critical roles in estab-

lishing and/or maintaining drug-induced

behavioral alterations, including addiction to

opiates, cocaine, amphetamines, nicotine,

and alcohol [33]. CREB also associates with

CREB-binding protein (CBP), an enzyme

with histone acetyltransferase (HAT) activ-

ity [34]. Acetylation of histone H3 in CRE-

containing promoter regions by CBP

facilitates transcription and may be the

source of CREB’s identity as a “transcription

factor.” Regulation of CREB and its function

in addiction are variable and dependent on

the substance, nature of exposure, and region

of the brain involved [35]. Regardless, the

association between CREB, BDNF, and the

behavioral effects of exposure to addictive

drugs highlights the potential role for BDNF

in mediating drug addiction.

Further support for a link between

BDNF gene expression and neuronal activity

emerges from the finding that both CREB

and MeCP2 are phosphorylated in response

to Ca2+-mediated membrane depolarization

following neuronal activity [29,36]. Upon

phosphorylation, phosphorylated CREB

(pCREB) becomes associated with CRE ele-

ments in the exon IV promoter of BDNF,

while the MeCP2/HDAC/Sin3A complex

dissociates from it, thus inducing transcrip-

tion of the BDNF exon IV transcript (Figure

1A) [29,30,37]. Kinetics of these interactions

indicate that, although CREB phosphoryla-

tion occurs within minutes of depolarization

and MeCP2 up to 30 minutes later, transcrip-

tion of BDNF does not occur until MeCP2 is

phosphorylated, removed from the promoter,

and the DNA is demethylated [29]. Changes

in the DNA methylation status at the BDNF

exon IV promoter correspond with the re-

ported changes in BDNF transcript abun-

dance throughout development [12,38]. 

Recent studies have shown that cocaine

induces the transcription of several microR-

NAs, which, through interactions with

CREB and MeCP2, can either promote or

repress cocaine-induced BDNF expression

and reward [39,40]. Thus, regulation of

chromatin status and transcriptional activity

by CREB and MeCP2 have recently become

an area of considerable interest with respect

to BDNF gene expression and development

of potential treatment approaches for drug

addiction and psychiatric disorders [13].

cocainE-BdnF intEractions in
thE mEsolimBic dopaminE
pathway

Psychostimulant compounds such as co-

caine interfere with dopaminergic signaling
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by elevating dopamine levels at the synapse

(Figure 1B) [39-41]. Repeated administra-

tion of stimulant drugs can cause permanent

changes in dopamine levels as well as both

transient and permanent alterations in BDNF

and tyrosine hydroxylase expression, impli-

cating both BDNF and dopamine in drug-in-

duced long-term neuroadaptations [42-46].

A major CNS dopaminergic pathway is the

mesolimbic pathway (Figure 1C). In this

pathway, dopamine synthetized in the ven-

tral tegmental area (VTA) of the mid brain is

transported to the nucleus accumbens (NAc),

amygdala, hippocampus, and prefrontal cor-

tex (PFC) in the forebrain. The mesolimbic

dopaminergic pathway is also referred to as

the “reward pathway” because of its critical

involvement in mediating rewarding effects

of drugs such as cocaine. BDNF is expressed

robustly in the mesolimbic pathway. There-

fore, the mesolimbic pathway is the anatom-

ical substrate for intimate interactions

between cocaine, dopamine, and BDNF. 

Pyramidal neurons of the PFC are the

main source of BDNF in the caudate-putamen

and NAc [47]. BDNF potentiates dopamine

release in the NAc via activation of TrkB re-

ceptors on VTA dopaminergic neurons [48].

Synaptic plasticity in the VTA plays an essen-

tial role in early behavioral responses as well

as long-term adaptations to drug exposure

[49]. Although the underlying mechanisms of

drug addiction are complex, there is a strong

correlation between exposure to drugs of

abuse, such as cocaine, amphetamine, mor-

phine, and alcohol, and neuroadaptations in

the mesolimbic dopamine system. Animal

models, specifically rodent models, have pro-

vided exquisite insights into the behavioral

and pharmacological dimensions of drug

abuse. A common paradigm employed in such

studies is exposure of the mice or rats to an

addictive substance followed by analyses of

the animal’s behavioral, molecular, and neu-

rological changes. These studies show that

BDNF mRNA and protein are differentially

regulated in the different phases of addiction.

For example, acute exposure to cocaine results

in increased BDNF expression in the PFC,

VTA, striatum, and NAc as a result of a tran-

sient increase in pCREB [45,50-52]. These

changes are accompanied by corresponding,

region-specific epigenetic changes in the

BDNF gene. The increased expression of

BDNF following acute exposure to cocaine is

associated with cocaine-induced changes in

MeCP2/pCREB-association with the BDNF

exon IV promoter and transient histone mod-

ifications permitting transcription of the

BDNF gene [20]. In particular, H4 acetylation

and H3 phosphoacetylation are increased 30

minutes after an acute exposure and induce

the expression of around 100 genes, but ex-

pression and acetylation patterns return to nor-

mal by 3 hours [53]. In particular, H4

acetylation and H3 phosphoacetylation are

generally considered transient marks of gene

expression, and the subset of genes with these

marks has very little overlap with the genes

induced by repeated cocaine exposure. These

acute changes in BDNF expression may rep-

resent the initial stages of plasticity, or forma-

tion of a “drug memory,” which lay the

foundation for subsequent drug-induced al-

terations in behavior [54].

A time-dependent increase in BDNF

protein expression was observed in the

mesolimbic structures (VTA, NAc, and

amygdala) up to 90 days after withdrawal

from repeated self-administration of cocaine

[55]. During the same period, extracellular

glutamate, pMeCP2, pCREB, and H3 acety-

lation are increased, extracellular signal-reg-

ulated kinase (ERK) signaling and DNA

methylation are decreased, and expres-

sion/activity of the enzymes mediating these

changes are also altered [53,56,57]. These

observations raise the possibility that BDNF

is regulated differentially in regions of the

mesolimbic pathway during the withdrawal

or abstinence period following repeated co-

caine administration. 

Following repeated cocaine exposure,

there is an increased sensitivity to drug-as-

sociated cues that trigger cocaine cravings.

Since BDNF modulates synaptic plasticity,

increased BDNF following cocaine expo-

sure may cause synaptic changes that con-

tribute to enhanced drug seeking [58]. In the

PFC, there is a transient decrease in BDNF

mRNA 21 hours after the final exposure of a

series of repeated cocaine administrations.
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However, by 21 days post-cocaine, BDNF

mRNA levels returned to baseline [46]. Dur-

ing the 21-day withdrawal period, DNA

methylation and MeCP2 association are de-

creased,while H3 acetylation and pCREB

are increased at the BDNF exon IV pro-

moter in the PFC, thus promoting a permis-

sive transcriptional state. It is not yet entirely

clear whether the elevated BDNF expression

in the PFC following the 21-day withdrawal

period is solely due to increased local syn-

thesis by PFC neurons and/or an additional

increase in transport from other mesolimbic

brain regions. The variable expression of

BDNF within these interconnected brain re-

gions adds additional weight to a potential

role for BDNF as a critical component of co-

caine-induced plasticity [46].

In order to elucidate the role of cocaine-

induced changes in BDNF expression in

specific regions of the mesolimbic pathway,

exogenous BDNF was infused into the dif-

ferent regions in drug-naïve rats or rats ex-

periencing a period of cocaine abstinence. It

is important to note that the timing of BDNF

infusion (during or immediately following

the final administration or during the absti-

nence period) and the dose of BDNF (single

or repeated) are key to the behavioral out-

come and must be considered in the analysis

of BDNF’s region-specific effects. Prima-

rily, infusion of BDNF into the VTA pro-

moted transition from a drug-naïve to a

drug-dependent motivational state by induc-

ing an inhibitory to excitatory switch in the

GABAergic neurons [59]. In cocaine-expe-

rienced rats, infusion of BDNF into the VTA

or NAc reinstated cocaine seeking follow-

ing a period of abstinence [51,60-63] and led

to long-lasting changes in the mesolimbic

dopamine system [62] via the TrkB-MAPK

signaling cascade [64]. Alternatively, infu-

sion of BDNF into the PFC, which is a crit-

ical region for goal-directed behaviors and

impulse control, attenuated cocaine-seeking

behavior in rodents following a period of ab-

stinence. Infusion of BDNF into the PFC

following cocaine self-administration re-

stored pERK expression, basal glutamate

levels, and cocaine-induced increases in ex-

tracellular glutamate release in the NAc

[64,65], possibly associated with the ob-

served reduction of MeCP2 phosphorylation

in the PFC [66]. Although endogenous

BDNF expression is increased in all three

brain regions following acute and chronic

cocaine exposure and during the abstinence

period, the differing effects of BDNF infu-

sion into subcortical regions, such as the

VTA and NAc, or cortical regions, such as

the PFC, highlight region-specific roles for

BDNF signaling.

Collectively, these data indicate that

BDNF can have local effects at the site of

infusion/expression in addition to distant ef-

fects in target areas that are critical to co-

caine-induced neuroadaptations. Moreover,

these effects appear to mediate different

changes in neurotransmitter homeostasis, in-

tracellular signaling mechanisms, and asso-

ciated behaviors. While BDNF infusion into

the VTA and NAc may enhance the reward-

ing effects of cocaine, infusion of BDNF

into the PFC appears to normalize cocaine-

mediated changes in intracellular signaling

and drug-seeking behavior. More detailed

analyses of BDNF expression, epigenetic

regulation, uptake, secretion, and properties

of anterograde/retrograde transport in a

time-dependent, region-specific manner are

needed in order to fully understand the roles

of BDNF in response to cocaine exposure

and addiction. 

prEnatal cocainE ExposurE 

Cocaine abuse by pregnant women con-

tinues to be a major public health concern

throughout the world. Although the effects

of prenatal cocaine exposure are difficult to

interpret in individuals due to the possibil-

ity that pregnant women may also abuse

other stimulants and/or alcohol, it has been

reported that prenatally cocaine-exposed in-

dividuals show lasting changes in cognitive

functions, including learning and language

skills. Rodent models of prenatal cocaine

exposure also report cognitive abnormalities

in the offspring [67]. Additionally, BDNF

signaling is emerging as a mediator of the

effects of prenatal cocaine exposure on the

brain and behavior [68-71]. Recent studies
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report changes in BDNF expression, synap-

tic plasticity, and behavioral responses to ad-

ministration of cocaine or dopamine agonist

in adult rodents exposed to cocaine prena-

tally. Our recent work demonstrated a tran-

sient decrease in BDNF expression in the

striatum of the cocaine-exposed embryos

[69]. Cocaine-induced perturbations in the

level of BDNF during development may

have a long-term impact on multiple signal-

ing mechanisms including dopamine,

BDNF, and GABA receptor signaling mech-

anisms in the striatum, NAc [70], and the

PFC [72]. Such persistent changes may be

responsible for changes in LTP, reduced

GABAA receptor subunit expression, de-

creased cocaine locomotor sensitization, and

cocaine place preference [73-75].

Correlating the electrophysiological

and behavioral changes in the prenatally co-

caine-exposed adults with changes in BDNF

expression in the mesolimbic pathway has

been difficult. For example, there is no

change in the levels of BDNF at postnatal

day 60 in the PFC, NAc, VTA, and striatum

of the prenatally cocaine-exposed mice [70].

One explanation for the apparent lack of cor-

relation may be that the studies thus far have

not dissociated the effects of prenatal co-

caine exposure from the effects of postnatal

cocaine withdrawal. Time series studies are

necessary to reveal transient versus persist-

ent alterations in these parameters in specific

brain regions, in response to prenatal co-

caine exposure and the long period of with-

drawal during postnatal development. A

recent study of hippocampal neurons re-

vealed a reduction in global DNA methyla-

tion in prenatally cocaine exposed 3-day old

mice and an increase in 30-day old mice via

increased expression of DNMT1 and

DNMT3a, suggesting an epigenetic mecha-

nism for developmental regulation of gene

expression in response to prenatal cocaine

exposure [76]. Additionally, two recent stud-

ies in prenatal cocaine-exposed mice reveal

interactions among BDNF signaling, synap-

tic plasticity, and cognitive function using a

mouse model harboring a single nucleotide

polymorphism (SNP) in the BDNF gene

(Val66Met) commonly associated with vul-

nerability to drug-abuse and addiction

[71,77].

concluding rEmarks

This review proposes the idea that co-

caine exerts its effects upon the mesolimbic

dopamine pathway to stimulate reward and

addiction, in part by increasing synaptic plas-

ticity via epigenetic regulation of the BDNF

gene. A single exposure to cocaine has tran-

sient effects, which induce a small subset of

genes, including BDNF, through the actions

of several histone and DNA modifying en-

zymes. This increase in gene expression

drives the rewarding effects of cocaine, pre-

sumably by interfering with dopamine home-

ostasis following repeated cocaine exposure.

However, the histone modifications (H4

acetylation and phospho-acetylation) follow-

ing acute exposure to cocaine are short-lived.

After repeated administration of cocaine, a

larger subset of genes carry more permanent

chemical modifications (H3 acetylation and

H3K9 dimethylation), which shift the chro-

matin to a more permanent permissive state

and thus become sensitized to cocaine-in-

duced neuronal activation. Once the chro-

matin is maintained in this permissive state,

pCREB is poised to induce transcription of

BDNF and other plasticity-related genes.

This is believed to create a “genomic scar,”

locking the chromatin in the permissive or in-

ducible state, even after long periods of ab-

stinence. Prenatal exposure to cocaine also

changes the epigenetic status of a number of

genes throughout development. Evidence

from human studies indicates that children of

drug-using parents are more likely to seek

drugs, even when said children are adopted

and raised in a drug-free home [78]. While

the reward component of drug abuse and ad-

diction is becoming clear, the identity of

genes that may influence an individual to ini-

tially experiment with these harmful sub-

stances is still a mystery. However, the

changes in chromatin structure caused by

drug exposure, which render the genome vul-

nerable to further attacks by harmful stimuli,

may help explain the rise in developmental

neurological disorders such as depression,
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ADHD, autism, and substance abuse seen in

recent decades. Understanding the mecha-

nisms of genetic vulnerability to drug-seek-

ing and addictive behavior will aid in the

discovery of pharmacological treatments and

may help to minimize the heritable transmis-

sion of such susceptibilities in future genera-

tions.
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