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A B S T R A C T

Brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) are

neurotrophic factors that are critical for the growth, survival, and differentiation of developing neurons.

These neurotrophic factors also play important roles in the survival and function of adult neurons,

learning and memory, and synaptic plasticity. Since the mid-1990s, investigators have studied the role of

BDNF and GDNF in the behavioral effects of abused drugs and in the neuroadaptations induced by

repeated exposure to drugs in the mesocorticolimbic dopamine system. Here, we review rodent studies

on the role of BDNF and GDNF in drug reward, as assessed in the drug self-administration and the

conditioned place preference procedures, and in drug relapse, as assessed in extinction and

reinstatement procedures. Our main conclusion is that whether BDNF or GDNF would facilitate or

inhibit drug-taking behaviors depends on the drug type, the brain site, the addiction phase (initiation,

maintenance, or abstinence/relapse), and the time interval between site-specific BDNF or GDNF

injections and the reward- and relapse-related behavioral assessments.

Published by Elsevier Ltd.

Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews

journa l homepage: www.e lsev ier .com/ locate /neubiorev
* Corresponding authors.

E-mail addresses: yshaham@intra.nida.nih.gov (Y. Shaham), linlu@bjmu.edu.cn (L. Lu).
1 Equally contributed to this paper.

0149-7634/$ – see front matter . Published by Elsevier Ltd.

doi:10.1016/j.neubiorev.2009.11.009

mailto:yshaham@intra.nida.nih.gov
mailto:linlu@bjmu.edu.cn
http://www.sciencedirect.com/science/journal/01497634
http://dx.doi.org/10.1016/j.neubiorev.2009.11.009


U.E. Ghitza et al. / Neuroscience and Biobehavioral Reviews 35 (2010) 157–171158
3.3. Extinction, reinstatement, and incubation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

3.3.1. Cocaine and methamphetamine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

3.4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

3.4.1. Drug reward. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

3.4.2. Drug relapse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

4. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

1. Introduction

Drug addiction is characterized by compulsive drug use despite
adverse consequences and high relapse rates during abstinence
periods (Hunt et al., 1971; Wikler, 1973). Results from neurobio-
logical studies in laboratory animals demonstrate that neuronal
activity in the mesocorticolimbic dopamine system mediates drug
reward (Pierce and Kumaresan, 2006; Wise and Rompre, 1989) and
relapse to drug seeking (See, 2002; Shalev et al., 2002); this
dopamine system comprises of cell bodies in VTA (ventral
tegmental area) that project to several brain areas, including the
medial prefrontal cortex (mPFC), nucleus accumbens (NAc),
amygdala, bed nucleus of stria terminalis (BNST), and hippocam-
pus (Fallon and Moore, 1978; Ungerstedt, 1971). A current popular
hypothesis is that compulsive drug seeking and long-term relapse
vulnerability are due to drug-induced neuroadaptations in the
mesocorticolimbic dopamine system and glutamatergic cortico-
limbic circuitry in which the dopamine projections are embedded
(Kalivas and Volkow, 2005; Nestler, 2001b; Wolf, 1998).

This drug-induced neuroadaptation hypothesis has inspired
studies on the role of cellular events and signaling cascades that
underlie SYNAPTIC PLASTICITY (Box 1) processes of learning and memory

Box 1. Glossary of terms.

CONDITIONED PLACE PREFERENCE (CPP): A classical (Pavlovian) condi-

tioning procedure used to study the rewarding effects of

unconditioned stimuli (e.g., food, drugs). During training,

one area of a test chamber is associated with a stimulus

and another area is not. During testing, in the absence of

the stimulus, the subject is allowed to choose between the

two areas. An increase in preference for the stimulus-paired

area serves as a measure of its Pavlovian rewarding effects

repeated drug (e.g., cocaine) administration (Post and

Kopanda, 1976). Typically, psychomotor sensitization studies

include two phases: an initial phase (often referred to as

‘DEVELOPMENT OF PSYCHOMOTOR SENSITIZATION’ phase) in which labo-

ratory subjects are injected repeatedly with drugs over days,

and a subsequent test for ‘EXPRESSION OF PSYCHOMOTOR SENSITIZA-

TION’ during which the subjects are injected acutely with drugs

at different withdrawal days after the end of the ‘development’

phase and sensitized locomotor activity or stereotypy is

assessed (Vanderschuren and Kalivas, 2000).

LONG-TERM POTENTIATION (LTP): A form of synaptic plasticity de-

fined by a persistent increase in synaptic strength. It is often

induced by an experimenter-delivered train of synaptic stimuli

that produces a strong postsynaptic depolarization lasting up

to several seconds (Bliss and Lomo, 1973).

REINSTATEMENT PROCEDURE (MODEL): An animal model of relapse to

drug use. In the operant conditioning version, animals are

trained to respond for drug infusions (or oral solutions in the

case of alcohol), typically by pressing a lever; then, following

extinction of the responding, non-reinforced pressing on the

drug-associated lever is induced by drug priming injections

(de Wit and Stewart, 1981; Self et al., 1996; Spealman et al.,

1999), drug cues (Crombag et al., 2008; Meil and See, 1996;

Weiss et al., 2000), or stressors (Lu et al., 2003; Shaham et al.,

2000). In the classical conditioned version, CPP is induced by a

drug, extinguished, and then induced again by drug priming

injections (Mueller and Stewart, 2000) or stressors (Wang et

al., 2006).

RELAPSE: A term used to describe the resumption of drug-taking

behavior during periods of self-imposed or forced abstinence

in humans (Wikler, 1973).

SYNAPTIC PLASTICITY: A term that refers to activity-dependent,

direct or indirect modifications of the strength of synaptic

transmission at preexisting synapses (Citri and Malenka,

2008).
(Bardo and Bevins, 2000; Mucha et al., 1982).

INCUBATION OF COCAINE CRAVING: A hypothetical motivational pro-

cess inferred from the findings of time-dependent increases in

cue-induced cocaine seeking after withdrawal from cocaine

self-administration in rats (Grimm et al., 2001; Lu et al., 2004b).

In studies on the role of BDNF in incubation of cocaine craving,

cue-induced cocaine seeking was assessed in extinction tests

in which rats were exposed to contextual cues previously

associated with drug availability and lever presses lead to

contingent presentations of a discrete tone-light compound

cue previously paired with cocaine injections. COCAINE CRAVING

refers to an affective state that can be induced in human

cocaine users by acute exposure to cocaine, cocaine-associat-

ed cues, or stress.

DRUG SELF-ADMINISTRATION: A procedure in which laboratory ani-

mals perform a voluntary, or operant, response (e.g., lever

press, nose-poke) to obtain a drug. The premise of this proce-

dure is that drugs (or non-drug rewards) control behavior by

functioning as positive reinforcers (Schuster and Thompson,

1969; Weeks, 1962). A stimulus is defined as a positive reinforcer

in operant conditioning if its presentation following a response

increases or maintains the likelihood of the response.

PSYCHOMOTOR SENSITIZATION: A term that often refers to the pro-

gressive increase in locomotor activity or stereotypy with
in the behavioral effects of drugs (Nestler, 2001a; Thomas et al.,
2008; Wolf et al., 2004). Within this framework, since the mid-
1990s (Altar et al., 1992; Berhow et al., 1995; Berhow et al., 1996;
Martin-Iverson et al., 1994), investigators have explored the effect
of exposure to abused drugs on the expression and function of
BDNF and GDNF in the mesocorticolimbic dopamine system, and
the effect of manipulating their function on the behavioral effects
of drugs (Bolanos and Nestler, 2004; Carnicella and Ron, 2009;
McGinty et al., 2009; Pierce and Bari, 2001; Ron and Janak, 2005;
Russo et al., 2009a).

BDNF and GDNF are well known for their role in growth,
survival, and differentiation of developing neurons (Bespalov and
Saarma, 2007; Chao, 2003; Chao et al., 2006). Over the last two
decades, results from many studies have implicated BDNF and
GDNF in the survival and function of adult dopamine neurons,
learning and memory, and synaptic plasticity (Airaksinen and
Saarma, 2002; Andressoo and Saarma, 2008; Bekinschtein et al.,
2008; Chiocco et al., 2007; Lu et al., 2008; Poo, 2001). Here, we
review studies on the role of BDNF and GDNF in drug reward, as
assessed in the CONDITIONED PLACE PREFERENCE (CPP, Box 1) (Mucha et al.,
1982) and the DRUG SELF-ADMINISTRATION (Schuster and Thompson,



the TGF-beta super-family (Bespalov and Saarma, 2007). GDNF

is a basic and dimeric molecule and it acts through the receptor

tyrosine kinase Ret, which is also activated by other members of

the GDNF family (Durbec et al., 1996; Jing et al., 1996; Treanor

et al., 1996; Trupp et al., 1996). GDNF binds first to its corre-

sponding GDNF family receptor-a1 (GFRa1). Homodimeric

GDNF binds to either monomeric or dimeric GFRa1; the com-

plex brings two RET molecules together, and tyrosine residues

in the intracellular domains of the RET proteins are autopho-

sphorylated (Bespalov and Saarma, 2007). GFRa1 and RET are

also expressed at high levels in the VTA and substantia nigra

(Golden et al., 1998; Trupp et al., 1997). RET activation is induced

by the GDNF/GFRa1-complex and tyrosine residues in the

intracellular domains of the RET proteins are autophosphory-

lated (Sariola and Saarma, 2003). RET activation is involved in

neuronal survival, differentiation and proliferation, neurite out-

growth, and synaptic plasticity (Sariola and Saarma, 2003).

Activation of RET leads to activation of a series of intracellular

signaling cascades, including ERK, PI3K, and PLC-g (Fisher et al.,

2001; Fukuda et al., 2002; Sariola and Saarma, 2003). In addition,

protein kinase A dependent Ser696 is involved in GDNF-induced

RET activation (Fukuda et al., 2002). Independent of RET activa-

tion, GDNF also activates a neural cell adhesion molecule

(NCAM) (Paratcha et al., 2003). The neural cell adhesion mole-

cule (NCAM) functions as an alternative signaling receptor for

GDNF (Paratcha et al., 2003; Paratcha and Ledda, 2008). Mid-

brain dopamine neurons express NCAM (Chao et al., 2003).

NCAM is involved in several developmental processes, includ-

ing neurite outgrowth and cell migration (Povlsen et al., 2008;

Schmid and Maness, 2008). Loss of NCAM function leads to

impairments in spatial learning and reduction in long-term

potentiation (LTP) (Cremer et al., 1994; Luthl et al., 1994). In

vivo, the RET-independent signaling of GDNF is supported by
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1969; Weeks, 1962) procedures, and in drug relapse as assessed in
the REINSTATEMENT procedure (Epstein et al., 2006; Shaham et al.,
2003; Stewart and de Wit, 1987). We also review studies on the
role of BDNF and GDNF in INCUBATION OF COCAINE CRAVING (Grimm et al.,
2001; Lu et al., 2004b).

The focus of our review is the role of BDNF and GDNF in drug
reward and relapse. Thus, we do not discuss results on the role of
GDNF and BDNF in the acute effects of drugs on locomotor activity
(Airavaara et al., 2004, 2007; Gerlai et al., 2001; Martin-Iverson et
al., 1994) or drug psychomotor sensitization (for reviews see
Carnicella and Ron, 2009; Niwa et al., 2007a; Pierce and Bari, 2001).
In Tables S1 and S2 (supplementary online material) we
summarize results on the effect of exposure to different regimens
of different drugs on BDNF and GDNF expression in different
components of the mesocorticolimbic dopamine system. In
keeping with the focus of our review, with a few exceptions these
results are not discussed, because in many of these studies,
investigators did not attempt to connect the drug-induced
expression changes of BDNF and GDNF to behavioral measures
of drug reward or relapse.

Our review complements previous reviews on the role of
neurotrophic factors in psychomotor sensitization (Pierce and Bari,
2001) and signaling pathways underlying their role in drug-
induced changes in synaptic plasticity and behavior (Bolanos and
Nestler, 2004; Russo et al., 2009a), and GDNF’s role in alcohol-
taking behavior (Carnicella and Ron, 2009; Ron and Janak, 2005),
and methamphetamine sensitization and reward (Niwa et al.,
2007b). In Box 1, we provide a glossary of terms that appear in the
text in CAPITAL LETTERS and in Box 2 and Fig. 1, we provide a general
overview of BDNF and GDNF signaling mechanisms.
Box 2. Overview of the molecular biology of BDNF and GDNF

signal transduction mechanisms.

BDNF belongs to the family of neurotrophins. The cellular

actions of BDNF are mediated through tyrosine kinase receptor

B (TrkB) and by p75NTR (Chao, 2003). Binding of dimeric BDNF

causes dimerization of TrkB receptor and autophosphorylation

of intracellular tyrosine residues. Activation of TrkB receptor

leads to signaling cascades involving activation of Ras/ERK

pathway, phosphoinositide 3-kinase (PI3K) and Phospholipase

Cg (PLC-g) (Roux and Barker, 2002). The Ras pathway regu-

lates neuronal survival and differentiation through down-

stream signaling that includes c-RAF/B-Raf/ERK1/ERK2.

BDNF signaling through PI3K plays an important role in sur-

vival of neurons and the downstream signaling includes ser-

ine/threonine kinases 3-phosphoinositide-dependent kinase-1

(PDK1) (Vanhaesebroeck and Alessi, 2000) and Akt (Jones et

al., 1991). Akt activated by PDK1 in turn activates substrates

involved in neuronal survival such as Bcl-2, Caspase-9, IkB,

kinase glycogen synthase kinase-3, and Forkhead family mem-

bers (Roux and Barker, 2002). PLC-g activation leads to in-

creased levels of inositol triphosphate (IP3) and diacylglycerol

(DAG) (Vetter et al., 1991). IP3 increases cytoplasmic Ca2+

concentrations and DAG activates PKCd (Corbit et al., 1999).

p75NTR receptor signaling is involved in cell survival, neuro-

genesis, cell cycle effects, and apoptosis during developmen-

tal cell death and after nervous system injury (Roux and Barker,

2002). Pro-apoptotic p75NTR triggered cell death has been

observed during stress, inflammation and injury conditions

(Chao et al., 2006). p75NTR receptor signaling cascades include

JNK (c-Jun N-terminal kinase), NF-kB (nuclear factor kB),

NADE and RhoA (Roux and Barker, 2002).

GDNF is a secreted protein (Lin et al., 1993), which plays an

important role in vivo in maintenance and survival of adult

dopamine neurons (Boger et al., 2006; Granholm et al., 2000;

Hoffer et al., 1994; Pascual et al., 2008; Tomac et al., 1995).

GDNF is one of the GDNF family ligands (GFLs) and is part of

the findings that GFRa1 is more widely expressed in the central

nervous systemthan RET (Golden etal., 1998; Trupp etal., 1997).

Studies with cells lacking RET have shown that GDNF, in the

presence of GFRa1, binds to NCAM, and causes activation of

Fyn and focal adhesion kinase (FAK) (Paratcha et al., 2003). The

presence of GFRa1 downregulates NCAM-NCAM interaction,

but promotes GDNF binding to NCAM (Paratcha et al., 2003). As

GDNF, GFRa1 and NCAM are involved in synaptic plasticity and

mutant mice lacking these molecules have learning deficits, it

has been hypothesized that GDNF, GFRa1 and NCAM function

in cooperation to promote trans-synaptic adhesion (Paratcha

and Ledda, 2008).
2. BDNF

Horger et al. (1999) provided one of the most dramatic
illustrations of the role of accumbens BDNF in cocaine’s behavioral
effects. It is well established that systemic or accumbens injections
of psychostimulant drugs potentiate the rat’s response to cues
previously paired with non-drug rewards (Robbins, 1975; Taylor
and Robbins, 1984). Horger et al. (1999) showed that chronic
delivery of BDNF into the accumbens (via minipumps) profoundly
increased systemic cocaine-induced potentiation of responding for
a conditioned cue previously paired with water in thirsty rats. This
effect lasted up to 5 weeks after cessation of BDNF administration.
This study was the inspiration for subsequent work on the role of
BDNF in drug self-administration, reinstatement, and incubation of
drug craving. In Table 1 we summarize results from studies
described below on the role of BDNF in drug reward and relapse, as
assessed in animal models.

2.1. Conditioned place preference

2.1.1. Cocaine and amphetamine

Hall et al. (2003) reported that the cocaine dose–response curve
in BDNF heterozygote knockout mice in the CPP procedure is



Fig. 1. General overview of BDNF and GDNF signaling mechanisms. GDNF binds to GFRa1 and activates Ret tyrosine kinase receptor. Alternatively, GDNF can activate the

neural adhesion molecule (NCAM) signaling pathway. BDNF physiological effects are mediated through the signaling cascades of the trkB and the p75 neurotrophin receptor.
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shifted to the right, suggesting decreases in cocaine reward. The
interpretation of these data, however, is not straightforward. First,
a main limitation of this study (and other constitutive knockout
studies described below) is that when a gene is deleted or partially
deleted throughout development, it is unknown whether the
observed changes in behavior are reflective of a given gene’s
normal role in behavior or some unknown compensatory changes
that result from the gene deletion (Routtenberg, 1996). Second,
CPP is a contextual learning task and there is evidence that
hippocampal BDNF plays a role in contextual learning (Tyler et al.,
2002). Thus, decreased cocaine CPP in heterozygote BDNF
knockout mice may be due to learning deficits. This possibility
is unlikely, because while the heterozygote BDNF knockout mice
showed impaired CPP with 10 mg/kg of cocaine, they demonstrat-
ed normal CPP with 20 mg/kg cocaine (Hall et al., 2003). Third, in
the absence of data demonstrating lack of decreases in CPP induced
by non-drug rewards, a potential interpretation of the data of Hall
et al. (2003) is that decreased cocaine CPP in heterozygote BDNF
knockout mice reflects a more general reward deficit.

Bahi et al. (2008) studied the role of accumbens BDNF and TrkB in
cocaine-induced CPP and locomotor activity using lentiviral gene
delivery and siRNA (small (short) interfering RNA) procedures to
increase and decrease gene expression, respectively. Lentiviral gene
delivery and siRNA procedures were used in the locomotor activity
study (not described here) while lentiviral gene delivery to over-
express accumbens BDNF and TrkB was used in the CPP study. Their
main finding was that BDNF and TrkB accumbens over-expression
increased cocaine (5 or 20 mg/kg) CPP. These findings (and other
findings from this report, see below) are compelling but in
interpreting them, as well as results from other studies described
below on the effect of exogenous or viral delivery of BDNF, several
issues should be considered. The first is that the demonstration that
strong over-expression (or activation) of a given molecule increases
drug reward (or other behaviors) may not necessarily reflect an
endogenous role of the molecule in reward. This is because viral
over-expression typically increases gene expression to a greater
degree than that induced by drug (or cue) exposure (for a discussion
of this issue see Harvey et al., 2007). The second issue is the
anatomical specificity of Bahi et al. (2008) findings, which were
derived from a study in which the authors used a large injection
volume (4 mL); in studies using intracranial injections into the
accumbens and other brain areas the injection volume is typically
about 0.25–0.5 mL per site (Wise and Hoffman, 1992). While
intracranially injected viruses do not spread as much as small
molecule drugs, when foreign substances are locally injected, they
can diffuse away from the injection site and act on nearby areas
(Wise and Hoffman, 1992). Additionally, when cannulae penetrate
the ventricles (as is often the case with accumbens injections)
injected drugs can diffuse into the ventricular system and act at
distal sites (Johnson and Epstein, 1975).

Graham et al. (2009) provided additional evidence for a role of
accumbens (and VTA) BDNF and TrkB in cocaine CPP. They used an
adeno-associated virus (AAV) approach to decrease BDNF and TrkB
expression in accumbens and VTA and found that decreased BDNF
expression in both brain areas decreases cocaine (10 mg/kg) CPP
while decreased TrkB expression in the accumbens but not VTA
decreased this CPP.

Shen et al. (2006) provided potential evidence for a role of BDNF
in amphetamine CPP. They first showed that amphetamine CPP is
associated with increased expression of TrkB in hippocampus
(CA3/dentate gyrus) and accumbens shell. These authors then
showed that amphetamine CPP is blocked by CA3/DG injections of
K-252a, a non-selective Trk inhibitor (Shen et al., 2006). In the
context of hippocampus BDNF’s role in amphetamine CPP, a
question for future research is whether the effect of K-252a would
be mimicked by a manipulation that more selectively interferes
with BDNF signaling (e.g., an anti-BDNF monoclonal antibody
Graham et al., 2007), but not the signaling of other neurotrophic
factors that act on other Trk receptors.

2.1.2. Morphine

Recent evidence implicates mesocorticolimbic BDNF in mor-
phine’s rewarding effects in the CPP procedure (Vargas-Perez et al.,
2009). In this study, the authors explored the role of VTA BDNF in
the shift from a dopamine-independent to a dopamine-dependent
morphine CPP that occurs when rats are repeatedly exposed to
heroin (to induce opiate dependence) and then withdrawn from
the drug (Bechara et al., 1998). In their studies, Van Der Kooy and
colleagues demonstrated that morphine CPP in previously drug-
naı̈ve rats is not blocked by the neuroleptic blocker flupenthixol
(i.e., dopamine-independent). In contrast, in heroin-exposed and
withdrawn rats, morphine CPP is blocked by flupenthixol (i.e.,
dopamine-dependent) (Bechara et al., 1998; Laviolette et al., 2004).
Vargas-Perez et al. (2009) first demonstrated that repeated heroin
exposure (0.5 mg/kg/day for 8 days) increased BDNF protein and
mRNA expression in the VTA. They then demonstrated that in



Table 1
Effect of experimental manipulations of BDNF function on drug-taking behavior.

Abbreviations: SA: self-administration; CPP: conditioned place preference; NAc: nucleus accumbens; VTA: ventral tegmental area; DG: dentate

gyrus; CA3, hippocampal CA3 field; PR: progressive ratio; DLS: dorsolateral striatum; DMS: dorsomedial striatum. Symbols: (~) increase; (!)

decrease; ( ) no effect.
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previously drug-naı̈ve rats a single BDNF VTA injection caused a
shift from a dopamine-independent to a dopamine-dependent
morphine CPP, similar to that observed in the dependent-
withdrawn heroin-exposed rats. Subsequently, the authors dem-
onstrated that BDNF VTA injections also cause a switch in VTA
GABA-A receptors from inhibitory to excitatory signaling, similar
to that previously observed in dependent-withdrawn heroin-
exposed rats (Laviolette et al., 2004). A potential interpretation
issue in this study (and other studies where exogenous BDNF is
injected into the brain) is that BDNF can undergo retrograde and
anterograde transport from the injection site and act in distal brain
areas to control behavior (Altar and DiStefano, 1998). However,
based on previous work of van der Kooy and colleagues where they
identified the VTA as the critical site in the switch from dopamine-
independent to dopamine-dependent morphine CPP (Laviolette et
al., 2004), it is unlikely that BDNF effects in sites distal to the VTA
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can account for the results of Vargas-Perez’s (2009). Finally, it
should be noted Vargas-Perez’s (2009) finding that repeated
exposure to heroin, a mu opiate receptor agonist, increased BDNF
expression in VTA is somewhat surprising. This is because
investigators previously reported that chronic morphine (also a
mu opiate receptor agonist) exposure either has no effect on VTA
BDNF expression (Numan et al., 1998) or decreases this expression
(Chu et al., 2007), and that morphine exposure also decreases
BDNF-dependent intracellular signaling and cell morphology in
VTA (Russo et al., 2007; Sklair-Tavron et al., 1996).

2.2. Drug self-administration

2.2.1. Cocaine

Results from two excellent studies of Graham et al. (2007, 2009)
indicate that accumbens BDNF and TrkB play an important role in
the rewarding effects of cocaine, as assessed in the drug self-
administration procedure. In the first study, they trained rats to
self-administer cocaine and then injected BDNF or anti-BDNF
antibody into the accumbens shell of rats immediately after
cocaine self-administration training for 5 days (Graham et al.,
2007). Three to seven days after the last injection, BDNF-exposed
rats self-administered more cocaine over a range of cocaine doses
(an upward shift in the dose–response curve), suggesting increases
in cocaine’s rewarding effects. In contrast, exposure to anti-BDNF
had a modest effect in the opposite direction. Injections of BDNF,
but not anti-BDNF, also potently increased the rats’ motivation to
work for cocaine when the response requirement for each
successive injection exponentially increased under a progres-
sive-ratio (PR) reinforcement schedule (Richardson and Roberts,
1996). Graham et al. (2007) also locally injected an AAV vector to
knockdown local BDNF expression in mice accumbens shell. This
manipulation caused a modest downward shift in the dose–
response curve, suggesting a decrease in cocaine’s reward. In the
second study, Graham et al. (2009) used the AAV approach to
decrease accumbens TrkB expression in mice and found that this
manipulation decreased cocaine self-administration under a fixed-
ratio 1 (FR1) reinforcement schedule over a range of unit doses
(63–500 mg/kg). The same manipulation had no effect on
acquisition of cocaine self-administration or on lever responding
for sucrose, indicating that performance deficits cannot account for
the decreases in cocaine self-administration.

2.2.2. Alcohol

In an initial study, Hensler et al. (2003) reported increased home-
cage alcohol (3–20%) consumption in heterozygote BDNF knockout
mice. These mice demonstrated normal intake of oral saccharin or
quinine, suggesting that the changes in alcohol intake are not due to
taste differences between the wild-type and the heterozygote
knockout mice. The authors interpreted their data to suggest
increased pharmacological and rewarding effects of alcohol in the
heterozygote knockout mice. However, several issues should be
considered in the interpretation of home-cage drug consumption
results from genetically modified mice. First, as discussed above
when a gene is deleted or partially deleted throughout development,
it is unknown whether the observed changes in behavior are
reflective of a given gene’s normal role in behavior or some unknown
compensatory changes that result from the gene deletion. Second,
genetic differences in alcohol consumption may be due to
differences in drug metabolism in the genetically modified mice,
an issue that was not addressed by Hensler et al. (2003). Third,
increased drug intake may reflect a decrease in the drug rewarding
effects (Yokel, 1987). While this possibility is rarely considered in the
alcohol field, Olive et al. (2003) reported that genetic deletion of
corticotropin-releasing factor (CRF) results in a phenotype that
consumes twice as much alcohol as wild-type mice but, unlike the
wild-type, the CRF-deficient mice were insensitive to the rewarding
effects of alcohol in the CPP procedure and the locomotor stimulant
effects of alcohol.

In an impressive series of studies, Dorit Ron and colleagues
reported data that are consistent with the notion that activation of
BDNF signaling pathways in the dorsal striatum decreases alcohol
intake and reward. McGough et al. (2004) reported that acute
alcohol injections (2 mg/kg) increased BDNF expression in
hippocampus and dorsal striatum but not PFC. They also reported
increased alcohol CPP and home-cage intake in BDNF heterozy-
gote knockout mice. These CPP data, together with the alcohol
intake data, suggest that increased alcohol intake in the
heterozygote BDNF knockout mice likely reflects increased
alcohol reward. Another main finding in McGough et al. (2004)
study is that BDNF effects on alcohol intake are mediated by the
scaffolding protein, RACK1 (Yaka et al., 2003). In a subsequent
study, Jeanblanc et al. (2006) reported that the inhibitory effect of
BDNF–TrkB signaling (via activation of RACK1) on both home-
cage alcohol intake and operant alcohol self-administration
involves dopamine D3-receptor activation in the dorsal striatum.
Additionally, Logrip et al. (2008) used a striatal slice preparation
to perform mechanistic experiments that their results suggest
that the inhibitory effect of BDNF on alcohol intake also involves
activation of the extracellular-regulated kinase (ERK) signaling
pathway and the endogenous opioid dynorphin. A question raised
by Logrip et al. (2008) study is whether this molecular mechanism
identified in striatal slices exposed to alcohol is also operating in
the dorsal striatum of the intact rat or mouse. In this regard,
missing pieces of evidence to support Logrip et al. (2008) dorsal
striatum cellular model (p. 2400) is that local injections of BDNF,
kappa opioid receptor agonists, and ERK antagonists decrease
alcohol intake.

Most recently, Jeanblanc et al. (2009) provided initial critical
evidence to support the model of Logrip et al. (2008). They reported
that alcohol self-administration increases BDNF expression in the
dorsolateral striatum and that locally decreasing endogenous
BDNF by viral-mediated siRNA increases alcohol self-administra-
tion. Additionally, they reported that local BDNF injections (3 h
before the test sessions) profoundly decrease alcohol self-
administration. Jeanblanc et al. (2009) also studied the role of
BDNF in the dorsomedial striatum. They reported that alcohol self-
administration increases BDNF expression in the dorsomedial
striatum but to a lesser degree than in the dorsolateral striatum.
Additionally, while dorsomedial striatum BDNF injections mim-
icked the effect of dorsolateral striatum injections on alcohol self-
administration, this was not the case with the viral-mediated
siRNA manipulation to decrease endogenous BDNF expression.
Taken together, the authors’ findings indicate that alcohol-induced
activation of endogenous BDNF in the dorsolateral striatum results
in inhibition of alcohol self-administration.

2.3. Extinction, reinstatement, and incubation

2.3.1. Cocaine

Results from several studies indicate that mesocorticolimbic
BDNF plays an important role in cocaine craving and relapse, as
assessed in rat models. In an initial study on the mechanisms of
incubation of cocaine craving, we reported that the time-
dependent increase in cue-induced cocaine seeking after with-
drawal (incubation) is associated with time-dependent increases
in BDNF protein expression in VTA, accumbens, and amygdala
(Grimm et al., 2003). Based on these findings, we injected BDNF
acutely into VTA and assessed cue-induced cocaine seeking in
extinction tests after 3, 10 or 30 withdrawal days (Lu et al., 2004a).
We found that these BDNF injections enhanced responding for
cocaine cues for up to 30 days after cessation of cocaine self-
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administration, an effect that was reversed by the MEK inhibitor
U0126, which blocks ERK activity (phosphorylation). The finding of
reversal of BDNF effects by U0126 is consistent with results from
previous studies on the role of ERK signaling in BDNF physiological
effects (Poo, 2001). We also found that acute VTA BDNF injections
2 h before testing had no effect on cue-induced cocaine seeking (Lu
et al., 2004a), suggesting that BDNF effects on responding to cues
involve stable long-term synaptic alterations rather than acute
effects on synaptic transmission or short-term plasticity.

Graham et al. (2007) reported that 5-daily accumbens BDNF
injections during training, which increased cocaine self-adminis-
tration (see Section 2.2), also potently increase extinction
responding and subsequent reinstatement of cocaine seeking
induced by cocaine priming injections, discrete cues previously
paired with cocaine injections, or a footshock stressor. In contrast,
accumbens injections of anti-BDNF antibody during training had
effects in the opposite direction. The recent findings of Bahi et al.
(2008) are in agreement with those of Graham et al. (2007). They
reported that lentiviral gene delivery to over-express accumbens
BDNF and TrkB (see Section 2.2) increases resistance to the
extinction of previously acquired cocaine CPP (suggesting en-
hanced responding to cocaine cues) and also increases cocaine-
priming-induced reinstatement of the extinguished cocaine CPP.

In apparent contrast with the findings of Graham et al. (2007)
and Bahi et al. (2008), Berglind et al. (2007) reported that mPFC
BDNF injections, which increased BDNF levels in accumbens a day
later [presumably via anterograde transport (Altar et al., 1997)],
decrease extinction responding after 1 or 6 withdrawal days, and
also decrease discrete cue- and cocaine-priming-induced rein-
statement after 6 withdrawal days. These behavioral findings were
replicated by Berglind et al. (2009) in a study in which they showed
that the mPFC BDNF injections also prevented cocaine self-
administration-induced reduction in basal extracellular glutamate,
as well as cocaine-priming-induced increases in accumbens
extracellular glutamate levels. Based on previous studies on the
role of accumbens glutamate transmission in cocaine-priming-
induced reinstatement (Baker et al., 2003; Cornish and Kalivas,
2000), the authors suggested that these effects of mPFC BDNF
injections mediate the inhibitory effect of this manipulation on
cocaine seeking (McGinty et al., 2009).

The reasons for the potentially discrepant findings between
Berglind et al. (2007) results and those of Graham et al. (2007) and
Bahi et al. (2008) results are unknown. One possibility is that the
release of BDNF into the accumbens following mPFC injections in
the study by Berglind et al. (2007) more closely mimic spatially
localized, activity-dependent release of BDNF relative to the
pharmacological or viral manipulations made by Graham et al.
(2007) and Bahi et al. (2008) directly into the accumbens.
Furthermore, a methodological issue in these three studies, and
in our study (Lu et al., 2004a), is that it is unknown whether the
effect of exogenous injections of local high doses of BDNF mimics
cocaine-induced neuroplasticity of endogenous BDNF systems
(Grimm et al., 2003). In this regard, however, the data of Graham et
al. (2007) of opposite effects of accumbens injections of BDNF
versus anti-BDNF antibody and the AAV vector manipulation to
knockdown BDNF expression are very important for interpreting
BDNF’s roles in cocaine-seeking behaviors. This is because the anti-
BDNF antibody and the viral vector interfere with the ability of
endogenous BDNF to regulate these behaviors, indicating a role of
endogenous BDNF in cocaine seeking.

2.4. Conclusions

2.4.1. Drug reward

The data reviewed above indicate that BDNF within the
mesocorticolimbic dopamine system is a positive modulator of
psychostimulant and opiate reward. In the VTA, BDNF–TrkB
transmission contributes to cocaine and morphine CPP (Graham
et al., 2009; Vargas-Perez et al., 2009). In the accumbens, BDNF–
TrkB transmission contributes to both cocaine CPP and cocaine
self-administration (Bahi et al., 2008; Graham et al., 2007, 2009), In
the hippocampus, BDNF–TrkB transmission contributes to am-
phetamine CPP (Shen et al., 2006). In contrast, published data that
BDNF within the mesocorticolimbic dopamine system contributes
to alcohol reward do not exist. The data reviewed, however,
suggest that central BDNF likely serves as a negative modulator of
alcohol reward (Hensler et al., 2003; McGough et al., 2004) and
that the critical brain site is the dorsal striatum (Jeanblanc et al.,
2006, 2009; Logrip et al., 2008). A question for future research is
the reasons for the opposite modulatory effects of BDNF on
psychostimulant and opiate reward versus alcohol reward.

One possibility is that this is due to the opposite effects of BDNF
on reward in the mesoaccumbens versus the nigrostriatal
pathway; as mentioned above, BDNF signaling is associated with
increased cocaine reward in the accumbens and decreased alcohol
reward in the dorsal striatum. This possibility is unlikely for two
reasons. First, in BDNF heterozygote knockout mice, alcohol
reward is increased and cocaine reward is decreased (Hall et al.,
2003; Hensler et al., 2003). Second, Graham et al. (2007) reported
that the same BDNF injection procedure that in the accumbens
increased cocaine self-administration did not have an opposite
effect in the dorsal striatum where BDNF injections were merely
ineffective. A more likely possibility for the drug-specific opposite
role of BDNF is that differences in BDNF modulation of
psychostimulant and opiate reward versus alcohol reward reflect
differences in the neurobiological substrates underlying the
rewarding effects of these drugs. In this regard, while there is
strong evidence that the mesocorticolimbic dopamine system is
critical for psychostimulant reward (Pierce and Kumaresan, 2006;
Roberts et al., 1980; Wise and Rompre, 1989), this is not the case
for alcohol reward. Results from several studies demonstrate
normal alcohol intake after mesocorticolimbic dopamine lesions or
dopamine receptor blockade (Amit and Brown, 1982; Goodwin
et al., 1996; Rassnick et al., 1993).

2.4.2. Drug relapse

Activation of BDNF–TrkB signaling in both the VTA and
accumbens strongly potentiates extinction responding, and
reinstatement induced by cocaine priming, cocaine cue, and
intermittent footshock stress (Graham et al., 2007; Lu et al., 2004a).
An important characteristic of this effect is that it is time-
dependent: the effect of acute BDNF injections on cocaine seeking
begins to manifest several days after the injections and lasts for
several weeks. In contrast, at least in the VTA, acute BDNF
injections 2 h prior to an extinction test for cue-induced cocaine
seeking are ineffective (Lu et al., 2004a). The enhancing effect of
activation of BDNF–TrkB signaling in the accumbens on extinction
responding and reinstatement by cocaine priming is also observed
in the CPP procedure (Bahi et al., 2008). In contrast to the VTA and
accumbens, mPFC BDNF injections decrease cocaine seeking,
potentially via the effect of these injections on glutamate
transmission in the accumbens (Berglind et al., 2007, 2009). An
adequate explanation for this region-specific effect of BDNF
injections on cocaine seeking does not exist and this state of
affairs is particularly surprising, because the major source of
accumbens BDNF is from the mPFC (Altar et al., 1997).

Finally, the observation that the time-dependent increases in
cue-induced cocaine seeking (incubation) are associated with
time-dependent increases in BDNF in mesocorticolimbic areas
(Grimm et al., 2003), that acute BDNF VTA and accumbens
injections cause long-lasting potentiation of cocaine seeking
(Graham et al., 2007; Lu et al., 2004a), and that inhibition of
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accumbens BDNF signaling decreases cocaine seeking (Graham et
al., 2007), support the notion that cocaine-induced BDNF-mediat-
ed long-term neuroplasticity contributes to cocaine craving and
relapse (Thomas et al., 2008). Based on the data of Pu et al. (2006)
that VTA BDNF contributes to cocaine-induced long-term potenti-
ation (LTP) in VTA neurons, it is tempting to speculate that cocaine-
induced BDNF-mediated synaptic plasticity in VTA dopamine
neurons causes enhanced responsiveness of these neurons to
drugs, drug cues, or stress. In this regard, VTA neuronal activity is
critical for relapse to drug seeking induced by drug priming, drug
cues, or intermittent footshock stress (Bossert et al., 2004; Stewart,
1984; Wang et al., 2005).
Table 2
Effect of experimental manipulations of GDNF function on drug-taking be

Abbreviations: SA: self-administration; CPP: conditioned place preference; N

ratio. Symbols: (~) increase; (!) decrease; ( ) no effect.
3. GDNF

Over the last decade investigators have assessed the role of
GDNF in drug reward and relapse, as assessed in animal models.
The results from these studies are summarized in Table 2 and are
discussed below.

3.1. Conditioned place preference

3.1.1. Cocaine and methamphetamine

In an initial study on the role of GDNF in cocaine CPP, Messer et
al. (2000) reported that heterozygote GDNF knockout mice
havior.

Ac: nucleus accumbens; VTA: ventral tegmental area; PR: progressive
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demonstrated increased sensitivity to cocaine CPP: the minimal
effective dose in the knockout mice and the wild-type mice was 5
and 10 mg/kg, respectively. Additionally, they reported that
chronic delivery of GDNF via minipumps into the VTA decreased
cocaine CPP while local chronic delivery of GDNF neutralizing
antibody increased cocaine-induced CPP. Messer et al. (2000) also
reported that cocaine exposure decreases the phosphorylation of
Ret (the protein kinase mediating GDNF signaling) in the VTA. They
interpreted their results to suggest that cocaine exposure
decreases GDNF signaling in the VTA, which causes increased
sensitivity to subsequent drug exposure. An issue to consider with
this interpretation is that a large body of research indicates that
exogenous administration of GDNF into midbrain dopamine cell
body areas (substantia nigra and VTA) facilitates both local and
striatal dopamine-mediated synaptic transmission and increases
spontaneous and psychostimulant-induced locomotor activity
(Bourque and Trudeau, 2000; Hebert et al., 1996; Hebert and
Gerhardt, 1997; Hudson et al., 1995; Martin et al., 1996). Thus,
based on these previous findings and the literature on the role of
midbrain dopamine in drug reward (Wise, 2004) it is surprising
that a manipulation that typically increases VTA dopamine
transmission (GDNF administration) decreases cocaine CPP.
However, Messer et al. (2000) reported that under their
experimental conditions, GDNF VTA injections reversed cocaine-
induced increases in the local expression of tyrosine hydroxylase
(TH, the rate-limiting enzyme for dopamine synthesis), and the
glutamate receptor subunit NMDAR1, whose activation increases
dopamine release in terminal areas (Westerink et al., 1996). These
effects of GDNF should lead to reversal of cocaine-induced
increases in dopamine transmission and consequently to de-
creased cocaine CPP.

The role of GDNF in methamphetamine CPP was assessed in
several studies by Nabeshima and colleagues (Niwa et al., 2007b).
They reported that a low dose of methamphetamine (0.3 mg/kg)
caused CPP in GDNF heterozygote mice but not in wild-type mice
(Niwa et al., 2007c). Additionally, they reported that repeated Leu-
Ile exposure, which leads to increased GDNF mRNA expression in
the NAc, decreases methamphetamine CPP (Niwa et al., 2007c).
Leu-Ile is a hydrophobic di-peptide that up-regulates GDNF
expression by activating signal transduction through the heat
shock protein 90/Akt/cyclic adenosine 30,50-monophosphate re-
sponse element binding protein (Cen et al., 2006). The brain sites
involved in the effects of Leu-Ile on methamphetamine CPP are
unknown. Additionally, there are interpretation issues with these
studies, including the use of conventional knockout mice (see
discussion of this issue in Section 2), and the fact that it cannot be
ruled out that the effect of Leu-Ile is mediated by non-GDNF
mechanisms. Thus, in the absence of additional studies in which
GDNF function is directly manipulated, the observation that Leu-
Ile increases GDNF expression and decreases methamphetamine
CPP does not necessarily imply that increased GDNF expression
causes decreased drug CPP.

3.1.2. Morphine

The results of the studies on the role of GDNF on morphine CPP
are mixed. Niwa et al. (2007a) reported enhanced morphine (3 mg/
kg) CPP in heterozygote GDNF knockout mice. In contrast,
Airavaara et al. (2007) reported that morphine (5 or 10 mg/kg)
CPP was similar in heterozygote GDNF knockout mice and wild-
type mice. They also reported shorter retention of the expression of
morphine CPP after training in the knockout mice, an effect
potentially related to subtle learning deficits in these mice (Gerlai
et al., 2001). The reasons for the different results of Niwa et al.
(2007a) versus Airavaara et al. (2007) may be due to the different
drug doses and the use of unbalanced (morphine injections in the
non-preferred side in Niwa et al. study) versus balanced (morphine
injections in both non-preferred and the preferred side in
Airavaara et al., 2007 study) CPP procedures. Finally, Niwa et al.
(2007a) reported that as in the case of methamphetamine CPP (see
above) repeated Leu-Ile exposure, which leads to increased GDNF
mRNA expression in the NAc, decreases morphine CPP (Niwa et al.,
2007c). As discussed above, the degree to which these findings
implicate GDNF in the behavioral effects of Lue-Ile is unknown.

3.1.3. Alcohol

In a recent study, Carnicella et al. (2009b) reported that GDNF or
GDNF family receptor-a1 (GFRa1, Fig. 1 and Box 2) heterozygote
mice demonstrate stronger alcohol (1.8 g/kg, i.p.) CPP than wild-
type mice. The heterozygote mice did not differ from the wild-type
mice in their response to the locomotor stimulating effects of
alcohol.

3.2. Drug self-administration

3.2.1. Cocaine and methamphetamine

Gal Yadid and colleagues reported that experimental manip-
ulations that increase GDNF expression in the dorsal striatum and
NAc (injections/minipump delivery targeted both brain areas)
decreased the acquisition of intravenous cocaine self-administra-
tion under limited access conditions (1 h per day) (Green-Sadan
et al., 2003, 2005). In the first study, the experimental manipula-
tions were striatal transplantation of simian virus-40 glial cell that
produce GDNF or chronic delivery of GDNF via minipumps (Green-
Sadan et al., 2003). In the second study, the experimental
manipulation was striatal injections of GDNF-conjugated nano-
particles (Green-Sadan et al., 2005). However, interpretation of
these data in reference to striatal GDNF’s role in cocaine reward is
not straightforward. Green-Sadan et al. (2003, 2005) used a fixed-
ratio 1 (FR1) reinforcement schedule and a cocaine dose (1 mg/kg)
that is on the descending limb of the cocaine dose–response curve.
Under these conditions, dopamine receptor agonists typically
decrease cocaine-reinforced responding while dopamine receptor
antagonists increase responding (Yokel, 1987). Thus, decreased
cocaine self-administration after increasing striatal GDNF levels
may reflect a leftward-shift in the dose–response curve, or
increases in cocaine rewarding effects. Another interpretation
issue in the studies of Green-Sadan et al. (2003, 2005) is the site of
action of GDNF, because these authors used a very high infusion
volume (8 mL) and implanted cannulae in very close vicinity to the
lateral ventricles (1.6 lateral to bregma).

Nabeshima and colleagues assessed GDNF’s role in metham-
phetamine self-administration by using heterozygote GDNF knock-
out mice (Yan et al., 2007). They reported that, in these mice, the
dose–response curve for self-administered methamphetamine is
shifted upward and to the left and that responding on progressive-
ratio reinforcement schedule is higher, suggesting enhanced
methamphetamine reward in GDNF heterozygote knockout mice.
It is unknown, however, how to interpret these data in reference to
GDNF’s normal role in psychostimulant reward, because of potential
compensatory developmental changes. In this regard, a compensa-
tory change that may be relevant to enhanced methamphetamine
reward in GDNF heterozygote mice is increased striatal dopamine
levels (Airavaara et al., 2004, 2007).

3.2.2. Alcohol

In several comprehensive studies, Dorit Ron and colleagues
have explored the role of GDNF in operant alcohol self-
administration and in alcohol home-cage consumption. Carnicella
et al. (2009b) reported that over a range of alcohol concentrations
(2.5–20%) GDNF and GFRa1 heterozygote mice and wild-type mice
did not differ in their home-cage alcohol intake or preference
(alcohol versus water) during 4-h daily sessions. However, both
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types of heterozygote mice consumed higher amounts of alcohol
when it became available after 7 days of abstinence. Thus, under
the authors’ experimental conditions the alcohol deprivation effect
– the increase in alcohol consumption after a period of abstinence
(Sinclair and Senter, 1967; Sinclair, 1972) – was only observed in
GDNF and GFRa1 heterozygote mice. In control experiments,
Carnicella et al. (2009b) demonstrated that saccharin or quinine
intake was similar in GDNF and GFRa1 heterozygote mice and
wild-type mice. These data suggest that GDNF is a negative
modulator of alcohol consumption. However, an interpretation
issue with these data is that the typical alcohol deprivation effect
(Le and Shaham, 2002) was only observed in the heterozygote mice
but not in the wild-type mice, a finding that questions the findings’
generality.

In three studies Ron and colleagues demonstrated that the VTA
is a critical site for the negative modulatory effect of GDNF on
alcohol self-administration and home-cage alcohol consumption
(Carnicella and Ron, 2009). In the first study, He et al. (2005)
reported that VTA GDNF injections (5 mg/side) 10 min before an
ethanol self-administration session decreased limited access (1 h)
operant alcohol self-administration. Additionally, they reported
that the drug ibogaine, which decreases alcohol self-administra-
tion after systemic or VTA injections, increases GDNF VTA
expression and that chronic delivery via minipumps of anti-GDNF
monoclonal antibodies into the VTA reverses ibogaine’s systemic
effect on alcohol self-administration. However, a question that
remained unresolved from this study is the role of endogenous
GDNF in VTA in alcohol self-administration, because 14 days of
chronic delivery of anti-GDNF monoclonal antibodies into the VTA
had no effect on alcohol self-administration.

In the second study, Carnicella et al. (2008) reported that VTA,
but not substantia nigra, GDNF injections (5 or 10 mg/side)
decrease operant alcohol self-administration, and reacquisition
of the operant response for alcohol after extinction of the drug-
reinforced responding. This acute inhibitory effect of GDNF
occurred when GDNF was injected into the VTA either 10 min or
3 h prior to the self-administration sessions. The authors also
reported that acute VTA GDNF injections increase ERK activity
(phosphorylation) and that injections of U0126, which inhibits ERK
activity, reverse the inhibitory effect of GDNF on alcohol self-
administration. In contrast, VTA injections of PI3K inhibitor
wortmannin or the PLC inhibitor U73122 did not reverse the
effect of GDNF on alcohol self-administration. These data suggest
that inhibition of alcohol self-administration by GDNF is mediated
by the ERK signaling pathway, but not the PLC or the PI3K
pathways.

In the third study, Carnicella et al. (2009c) assessed the effect of
VTA GDNF injections on alcohol intake in a home-cage alcohol
drinking procedure in which repeated periods of deprivation lead
to escalated alcohol intake (Wise, 1973). They reported that VTA
injections of GDNF (10 mg) 10 min before the alcohol intake
sessions (24 h) reduced escalated alcohol consumption in the
alcohol escalation model developed by Wise (1973). This effect
was most pronounced in the first 30 min of the sessions. Finally,
Carnicella et al. (2009a) recently reported evidence suggesting
that, as in the case of ibogaine (see above) the inhibitory effect of
the D2-family receptor agonist cabergoline on alcohol intake is
likely mediated by GDNF signaling in the VTA.

3.3. Extinction, reinstatement, and incubation

3.3.1. Cocaine and methamphetamine

In a comprehensive study, Yan et al. (2007) assessed metham-
phetamine self-administration (data discussed above), extinction
responding, and reinstatement induced by discrete infusion cues,
and methamphetamine-priming injections in GDNF heterozygote
knockout mice and wild-type mice. The drug priming test (0.2–
3 mg/kg) was performed once after extinction, and the cue tests
were performed after initial extinction training, and 3 and 6 months
after extinction; before each late cue test, the rats underwent several
extinction sessions. The authors reported that both the priming- and
cue-induced reinstatement were significantly more pronounced in
the GDNF heterozygote knockout mice than in the wild-type mice.

In a recent study, we assessed the role of VTA GDNF in incubation
of cocaine craving in rats that were trained to self-administered
cocaine for 6 h/day for 10 days and tested for cue-induced cocaine
seeking in extinction tests after 3–4, 10–11, or 30 days of withdrawal
from the drug (Lu et al., 2009). We found that VTA injections of an
AAV vector containing rat GDNF cDNA (but not red fluorescent
protein) on withdrawal day 1 increased cue-induced cocaine
seeking on withdrawal days 11 and 31. Additionally, VTA, but not
substantia nigra, GDNF injections (12.5 mg/side) immediately after
the last cocaine self-administration session increased cue-induced
drug seeking on withdrawal days 3 and 10; this effect was reversed
by local inhibition of ERK activity by U0126. Finally, interfering with
VTA GDNF function by chronic delivery of anti-GDNF monoclonal
neutralizing antibodies via minipumps during withdrawal days 1–
14 prevented the time-dependent increases in cue-induced cocaine
seeking on withdrawal days 11 and 31. We interpret these data to
indicate that during the first weeks of withdrawal from cocaine self-
administration, GDNF-dependent neuroadaptations in midbrain
VTA neurons play an important role in the development of
incubation of cocaine craving.

It is unlikely that our results are due to non-specific effects of
GDNF VTA on spontaneous locomotor activity (Gash et al., 1998),
because our experimental manipulations had had no effect on
inactive lever responding, a putative measure of non-specific
increases in spontaneous activity and/or response generalization
(Shalev et al., 2002). Additionally, our VTA GDNF injections had no
effect on spontaneous locomotor activity in a non-drug context (Lu
et al., 2009). It is also unlikely that GDNF diffusion to nearby brain
areas or axonal transport to distal brain areas can account for our
data. We found that GDNF injections into the substantia nigra had
no effect on cue-induced cocaine seeking and that our viral GDNF
delivery was localized to the VTA and was not transported to
substantia nigra or the accumbens (Lu et al., 2009).

In reconciling the differences between the knockout mice data
of Yan et al. (2007) and our data, two main issues should be
considered. First, the constituent GDNF knockout manipulation
changes GDNF function in the entire brain (and periphery) and
affects multiple systems in addition to the VTA neurons that we
studied. Second, as mentioned above, compensatory changes in
GDNF heterozygote mice, including increased striatal dopamine
levels (Airavaara et al., 2004, 2007), may alter drug-seeking
behaviors independent of the normal role GDNF in these behaviors.

3.4. Conclusions

3.4.1. Drug reward

The data reviewed above lead to the surprising conclusion that
GDNF – a neurotrophic factor that is critical for the survival and
function of midbrain dopamine neurons (Airaksinen and Saarma,
2002) that are known to be involved in drug reward (Wise, 2004) –
is a negative modulator of psychostimulant and alcohol reward.
GDNF heterozygote knockout mice demonstrate increased alcohol
intake (Carnicella et al., 2009b; Hensler et al., 2003), cocaine CPP
(Messer et al., 2000), methamphetamine CPP and self-administra-
tion (Niwa et al., 2007c; Yan et al., 2007), and morphine CPP (Niwa
et al., 2007a), but see (Airavaara et al., 2007). A critical site for the
inhibitory effect of GDNF on drug reward is the VTA where local
GDNF injections decrease cocaine CPP (Messer et al., 2000), alcohol
self-administration (Carnicella et al., 2008; He et al., 2005), and
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alcohol home-cage consumption (Carnicella et al., 2009c). The
studies of Ron and colleagues indicate that the ERK signaling
pathway plays a critical role in the inhibitory effect of GDNF on
alcohol self-administration and intake (Carnicella and Ron, 2009).
There is also less definitive evidence for a role of the striatum in
GDNF effects on cocaine self-administration. Yadid and colleagues
reported that increased striatal GDNF expression by transplanta-
tion of simian virus-40 glial cell that produce GDNF, chronic
delivery of GDNF via minipumps, and GDNF-conjugated nano-
particles led to decreased cocaine intake (Green-Sadan et al., 2003,
2005). However, as discussed above, because a single high cocaine
dose was used in these studies it is unknown whether decreased
cocaine intake by increasing striatal GDNF expression reflects an
increase or a decrease in cocaine rewarding effects.

3.4.2. Drug relapse

The data on the role of GDNF in drug relapse, as assessed in
rodent models, are mixed. Yan et al. (2007) reported that the
magnitude of cue- and methamphetamine-priming-induced rein-
statement is stronger in GDNF heterozygote knockout mice than in
wild-type mice. In contrast, we found that VTA GDNF injections or
local viral over-expression of GDNF strongly potentiate the time-
dependent increases in cue-induced cocaine seeking (incubation of
cocaine craving) while chronic delivery of anti-GDNF monoclonal
antibodies into the VTA has an opposite effect.

A question that deserves discussion is the reasons of the
different effects of manipulations of GDNF on the initiation of
cocaine self-administration (Green-Sadan et al., 2003, 2005) and
cocaine CPP (Messer et al., 2000) versus cue-induced cocaine
seeking after withdrawal (incubation of craving). In reconciling
these differences several issues should be considered. One issue is
that Messer et al. (2000) and Green-Sadan et al. (2003, 2005)
assessed the role of mesolimbic GDNF in the initial rewarding
effects of cocaine, as assessed by the CPP procedure or by a limited
access (1 h) drug self-administration procedure, respectively. In
these studies rats were exposed to small amounts of daily cocaine
(1.25–10 mg/kg, i.p. or �12 mg/kg, i.v.) and GDNF function was
manipulated before and during drug exposure. In contrast, we
assessed VTA GDNF’s role in cue-induced cocaine seeking in rats
given extended access to cocaine (6 h/day) that leads to
substantially larger daily cocaine intake (�45 mg/kg, i.v.) (Lu et
al., 2009); we also manipulated GDNF function after withdrawal
from cocaine rather than prior to or during exposure to cocaine. In
this regard, there is evidence for differences in the mechanisms
underlying the acute initial rewarding effects of cocaine versus
those underlying cue-induced drug seeking after withdrawal from
the drug (Kalivas and Volkow, 2005; Shaham et al., 2003; Shalev et
al., 2002). Additionally, extended daily cocaine exposure leads to
drug-taking patterns and drug-induced neuroadaptations that are
not observed under conditions of limited access (Ahmed et al.,
2005; Bozarth and Wise, 1985; Mutschler et al., 2000; Van-
derschuren and Everitt, 2004).

Finally, an issue to consider in reconciling the different
behavioral effects of VTA GDNF on incubation of cocaine craving
versus alcohol self-administration is the time of GDNF injections in
reference to the behavioral assessments. Thus, in the studies of Ron
and colleagues (Carnicella et al., 2008; He et al., 2005), acute effects
of GDNF were studies as GDNF was injected 10 min to 3 h prior to
the test sessions. In contrast, in our study (Lu et al., 2009), delayed
effects of GDNF were studied as the GDNF was injected acutely 3–
10 days prior to the test sessions. Thus, while there are many other
differences among these studies, one possibility for their different
results is that acute and delayed GDNF injections have opposite
effects on drug-taking behaviors. In this regard, as RET receptors
are also located on VTA GABAergic neurons (Sarabi et al., 2001), a
potential mechanism for the inhibitory effect of acute GDNF
injections on drug-taking behavior is the activation of inhibitory
GABAergic neurons. In contrast, the delayed effects of GDNF would
consist of increased midbrain and striatal dopamine transmission
(Hebert et al., 1996; Hebert and Gerhardt, 1997; Hudson et al.,
1995; Martin et al., 1996), leading to increased responding to
cocaine cues in our incubation studies.

4. Concluding remarks

We reviewed results from studies on the role of BDNF and GDNF
in drug reward and relapse, as assessed in rodent models. Our main
conclusion is that whether BDNF or GDNF would facilitate or inhibit
drug-taking behaviors is dependent on the drug type, the brain site,
the addiction phase (initiation, maintenance, or abstinence/relapse),
and the time interval between site-specific BDNF or GDNF injections
and the reward- and relapse-related behavioral assessments. This is
an unexpected conclusion, because both neurotrophic factors
provide trophic support to midbrain dopamine neurons (Airaksinen
and Saarma, 2002; Chao, 2003), which play a critical role in drug
reward (Wise, 2004, 2009) and relapse (Bossert et al., 2005; Schmidt
et al., 2005; Self, 2004; Weiss, 2005). Nonetheless, divergent and
often opposite results were obtained after manipulations of BDNF
and GDNF signaling and function in midbrain dopamine neurons
and their terminal projection regions.

In the case of alcohol, activating BDNF or GDNF signaling
consistently decreases alcohol self-administration and alcohol
intake, but the brain sites involved in these effects are different:
the VTA for GDNF and the dorsal striatum for BDNF (Carnicella and
Ron, 2009; Jeanblanc et al., 2009; Logrip et al., 2008). Interestingly,
in both cases activation of the ERK pathway plays a critical role in
the effect of the neurotrophic factors on alcohol self-administra-
tion and intake (Carnicella et al., 2008; Logrip et al., 2008). In the
case of cocaine, an unexpected potential conclusion is that VTA
BDNF and GDNF have opposite effects on the initial cocaine
rewarding effects: facilitation by BDNF (Bahi et al., 2008; Graham
et al., 2007; Graham et al., 2009) and inhibition by GDNF (Messer et
al., 2000). On the other hand, at least in wild-type rats, after
withdrawal from self-administered cocaine, BDNF and GDNF
actions in the VTA both potentiate cocaine seeking via activation of
the ERK pathway (Lu et al., 2004a, 2009) (Fig. 2). However, in
terminal mesocorticolimbic dopamine regions, BDNF’s actions in
the accumbens potentiate cocaine seeking (Graham et al., 2007),
while BDNF’s actions in the mPFC have opposite effects (McGinty
et al., 2009). As mentioned above, these opposite effects of BDNF
are particularly surprising, because the mPFC is the major source of
accumbens BDNF (Altar et al., 1997).

Despite many years of research, a key question that for the most
part has remained unanswered is what role endogenous BDNF or
GDNF in mesocorticolimbic dopamine areas (and other brain
areas) play in drug reward and relapse. This is a largely open
question, because in only a few cases (Graham et al., 2007, 2009;
Jeanblanc et al., 2009; Lu et al., 2009; Messer et al., 2000)
conclusions are based on studies in which the experimental
manipulations (e.g., anti-BDNF or anti-GDNF blocking antibodies,
or viral-mediated site-specific decreases in BDNF or TrkB expres-
sion) targeted endogenous BDNF or GDNF. Most of the studies
reviewed above involved either constituent knockout gene
deletion that can lead to compensatory developmental changes
or exogenous administration of BDNF or GDNF that may or may not
mimic the normal or drug-induced physiological effects of the
neurotrophic factors.

Another unresolved question is whether BDNF or GDNF
signaling is a viable target for medication development for treating
drug addiction, as suggested by several authors (Carnicella and
Ron, 2009; Graham et al., 2007; Niwa et al., 2007b). In our view,
however, it is unlikely that this approach would lead to effective



Fig. 2. Ventral tegmental area (VTA) injections of BDNF or GDNF potentiate cue-

induced cocaine seeking after withdrawal from the drug. Data are mean � SEM

responses per 2 h on the previously active lever during extinction tests for cue-

induced cocaine seeking that were performed on withdrawal days 3 and 10. During

the test sessions, cocaine was not available and lever presses resulted in the delivery

of the tone-light cue previously paired with cocaine injections. Vehicle, BDNF or

GDNF was injected bilaterally into the VTA 1–2 h after the last training session. (A)

Timeline of the experiment, (B and C) VTA vehicle, BDNF, or GDNF injections.

*Different from vehicle condition, p < 0.05. SA, self-administration. Data were

redrawn from Lu et al. (2004a, 2009).
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treatments for drug addiction, especially with systemic drug
administration and for addicts who use more than one drug (e.g.,
heroin + cocaine or nicotine + alcohol). As the effects of BDNF and
GDNF administration on drug-taking behavior are drug-specific,
brain site-specific, and time-dependent, it is unlikely that a single
small molecule that targets TrkB, RET or other BDNF or GDNF signal
transduction mechanisms can serve as an effective medication for
the treatment of drug addiction.

Finally, as both BDNF and GDNF are known to be involved in
synaptic and structural plasticity (Chao, 2003; Poo, 2001), a
question for future research is what role these neurotrophic factors
play in drug-induced synaptic plasticity changes that potentially
contribute to drug-taking behaviors. These include, among others,
cocaine-induced LTP and long-term depression (LTD) in VTA and
accumbens (Jones and Bonci, 2005; Mameli et al., 2009; Thomas et
al., 2001), drug-induced experience-dependent structural plastici-
ty of dendrites and dendritic spines in mesocorticolimbic
dopamine areas (Robinson and Kolb, 1997, 2004; Russo et al.,
2009b; Shen et al., 2009), drug- and cue-induced activation of the
ERK signaling pathway in the accumbens and amygdala (Girault
et al., 2007; Lu et al., 2006), and long-lasting drug-induced changes
in glutamate receptor expression (Conrad et al., 2008; Wolf et al.,
2004) and synaptic and non-synaptic transmission in the
accumbens (Baker et al., 2003; Kalivas, 2004).
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