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BDNF-mediated regulation of ethanol consumption requires the
activation of the MAP kinase pathway and protein synthesis

Jerome Jeanblancl”, Marian L. Logripl#, Patricia H. Janak!2, and Dorit Ron1:2*
1The Gallo Research Center, University of California, San Francisco, Emeryville, CA, 94608, USA

2Department of Neurology, University of California, San Francisco, Emeryville, CA, USA

Abstract

We previously found that the brain-derived neurotrophic factor (BDNF) in the dorsolateral
striatum (DLS) is part of a homeostatic pathway that gates ethanol self-administration [Jeanblanc
et al. (2009). J Neurosci, 29, 13494-13502)]. Specifically, we showed that moderate levels (10%)
of ethanol consumption increase BDNF expression within the DLS, and that direct infusion of
BDNF into the DLS decreases operant self-administration of a 10% ethanol solution. BDNF
binding to its receptor, TrkB, activates the mitogen-activated protein kinase (MAPK),
phospholipase C-y (PLC-y) and phosphatidylinositol 3-kinase (PI3K) pathways. Thus, here, we
set out to identify which of these intracellular pathway(s) plays a role in the regulation of ethanol
consumption by BDNF. We found that inhibition of the MAPK, but not PLC-vy or PI3K, activity
blocks the BDNF-mediated reduction of ethanol consumption. As activation of the MAPK
pathway leads to the initiation of transcription and/or translation events, we tested whether the
BDNF-mediated reduction of ethanol self-administration requires de novo protein synthesis. We
found that the inhibitory effect of BDNF on ethanol intake is blocked by the protein synthesis
inhibitor cycloheximide. Together, our results show that BDNF attenuates ethanol drinking via
activation of the MAPK pathway in a protein synthesis-dependent manner within the DLS.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a growth factor that belongs to the nerve
growth factor (NGF) family (Huang & Reichardt, 2001). BDNF secretion depends on
neuronal depolarisation, and the growth factor is important for the survival, growth and
maturation of neurons (Huang & Reichardt, 2001). Importantly, BDNF also plays a crucial
role in synaptic plasticity, learning and memory (Kuipers & Bramham, 2006; Minichiello,
2009; Cowansage et al., 2010). The binding of BDNF to the receptor tropomyosin-related
kinase B (TrkB) results in the activation of the phospholipase C-y (PLC-v),
phosphatidylinositol 3-kinase (PI13K) and mitogen-activated protein kinase (MAPK)
pathways (Chao, 2003; Huang & Reichardt, 2003; Reichardt, 2006). Activation of these
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main pathways leads to intracellular events that underlie the functions of BDNF in the
central nervous system (CNS; Reichardt, 2006; Minichiello, 2009; Cowansage et a/., 2010).
For example, TrkB-mediated activation of Akt (also known as protein kinase B) by PI3K
plays a role in cell survival and protein translation (Huang & Reichardt, 2003; Yoshii &
Constantine-Paton, 2007), and activation of PLC-y and MAPK via TrkB contributes to
long-term potentiation in the hippocampus (Gartner et al., 2006; Minichiello, 2009). Finally,
activation of TrkB leads to the activation of the transcription machinery and to the
upregulation of gene expression (Huang & Reichardt, 2003; Kuipers & Bramham, 2006;
Minichiello, 2009; Wortzel & Seger, 2011).

BDNF has been shown to play both positive and negative roles in psychiatric disorders and
addiction (Berton ef a/., 2006; Russo et al., 2009; Ghitza et al., 2010; Ron & Messing,
2013). Studies in rodent models strongly support the possibility that BDNF is part of a
homeostatic pathway that controls some of the adverse effects associated with ethanol
exposure (Ron & Messing, 2013). Specifically, voluntary moderate ethanol consumption,
modeled in the two-bottle choice and operant self-administration paradigms, leads to an
increase in BDNF expression in the dorsal striatum of rodents (McGough et al., 2004;
Jeanblanc et al., 2009; Logrip et al., 2009). Global reduction of BDNF levels (Hensler et al.,
2003; McGough et al., 2004), inhibition of the BDNF pathway (Jeanblanc et a/., 2006) and
knockdown of BDNF expression specifically in the dorsolateral striatum (DLS) augment
ethanol-drinking behaviors (Jeanblanc et a/., 2009). Conversely, global as well as dorsal
striatal elevation of BDNF levels reduce ethanol intake (McGough et al., 2004; Jeanblanc et
al., 2006, 2009). Similarly, infusion of BDNF into the medial amygdala also decreases
ethanol intake, while inhibition of BDNF production via antisense oligonucleotides in either
the medial or central nucleus of the amygdala increases ethanol preference (Pandey ef al.,
2006). Finally, alcohol-preferring rat lines show reduced central and medial amygdala
BDNF levels (Prakash et al., 2008) and decreased synaptic density in those regions (Moonat
et al., 2011) as compared with alcohol non-preferring rats. Together these data support a
beneficial role for BDNF in the negative modulation of ethanol intake. Here, we set out to
identify the downstream pathway(s) mediating the regulation of ethanol consumption
induced by activation of BDNF-TrkB signaling.

Materials and methods

Animals

Reagents

Male Long—Evans rats (400-450 g at the time of surgery) were obtained from Harlan
(Indianapolis, IN, USA). Animals were individually housed under a 12-h light:dark cycle,
with lights on at 07:00 h, and food and water available ad /ibitum. All animal procedures in
this report were approved by the Gallo Center Institutional Animal Care and Use Committee
and were conducted in agreement with the Guide for the Care and Use of Laboratory
Animals, National Research Council, 1996.

Recombinant BDNF, U0126, wortmannin, U73122 and cycloheximide (CHX) were
purchased from Sigma—Aldrich, Inc. (Saint Louis, MO, USA).

Operant self-administration of ethanol

Rats were trained to self-administer ethanol as described previously (Jeanblanc et a/., 2009).
Briefly, rats were habituated to drink ethanol (10% v/V) mixed with decreasing
concentrations of sucrose (10, 5 and 0%, w/v) over 3 weeks in their home cages. Rats were
then trained to self-administer a solution of 10% ethanol (v/v) in an operant self-
administration procedure. The self-administration chambers contained two levers: an active
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lever (the ethanol-paired lever), for which presses resulted in delivery of 0.1 mL ethanol,
and an inactive lever, for which presses were counted but no programmed events occurred.
Rats were trained on an FR3 schedule (three presses are required to receive one reward) for
60-min sessions 5 days a week for a month. During the self-administration sessions, the
number of lever presses and the number of ethanol deliveries were recorded using MED-PC
IV software (Med Associates Inc., St. Albans, VT, USA).

Cannulae implantation into the DLS

Surgery was conducted after 1 month of operant self-administration training. Rats were
continuously anaesthetised with isoflurane (Baxter, IL, USA) during the surgery. Four holes
were drilled for screws and two additional holes were drilled for the placement of the
cannulae (single cannula C315GA; 26G diameter; PlasticsOne, Roanoke, VA, USA). The
coordinates for the DLS were +1.2 mm anterior to bregma and 3.5 mm lateral to the medial
suture. The cannulae were implanted into the lateral part of the dorsal striatum (-4.2 mm
from the skull surface; Fig. 1) and fixed with dental cement. Subject weights were
monitored daily after the surgery to ensure the healthy recovery of each rat. One week after
recovery, subjects returned to self-administration training and were habituated to the
microinfusion procedure with two sham injections. Experimental microinjections began
upon re-acquisition of a stable level of responding. The injectors used for each group
extended 0.5 mm below the tip of the cannula.

BDNF and kinase inhibitor treatments

The MAPK/ERK kinase (MEK) inhibitor U0126 was dissolved in PBS containing 5%
DMSO and 6% Tween-80 at a concentration of 1 ug/ul (Carnicella et a/., 2008). The PLC-y
inhibitor U73122 was dissolved in DMSO at a concentration of 0.2 pg/ul (Carnicella et al.,
2008). The PI3K inhibitor wortmannin was dissolved in PBS containing 25% DMSO at a
concentration of 0.1 ug/ul (Neasta et a/., 2011). BDNF was dissolved in PBS at a
concentration of 0.75 pg/ul (Jeanblanc et a/., 2009). One microlitre of the inhibitor, or its
vehicle control, was infused 30 min before the injection of 1 ul of BDNF (0.75 pg/ul) or
PBS. Each infusion lasted 2 min and the injectors remained in position for an additional 2
min. Rats were then returned to the home cage until the beginning of the self-administration
session. Two hours after BDNF administration, rats underwent a 1-h self-administration
session. The order of injections (inhibitor vs. vehicle and BDNF vs. PBS) was
counterbalanced across all subjects over the 4-week, period with one injection per week.

BDNF and protein synthesis inhibitor treatments

Histology

The protein synthesis inhibitor CHX (1 pl of a 10 pg/pl solution) or its vehicle (PBS) was
infused into the DLS immediately before the infusion of BDNF (1 pl of a 0.75 pg/ul
solution). Infusions lasted 2 min with the injector kept in position for an additional 2 min,
then the rats were returned to their home cages until the self-administration session. Three
hours after the infusion of BDNF, rats underwent a 1-h self-administration session.

Rats implanted with cannulae were perfused transcardially with fixative (4% PFA), and 75-
pm coronal slices were cut and examined for cannula placements (Fig. 1). As all cannula
placements were appropriately located, no animals were omitted from the study.

Data analysis

Behavioral data were analysed by two-way anova With repeated measures, followed by the
Student—-Newman—Keuls test when indicated by significant effects of treatments or
interactions. Significance for all tests was set at £< 0.05.

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.
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Activation of the TrkB receptor leads to the activation of the MAPK, PI3K-Akt and PLC-
PKC pathways (Huang & Reichardt, 2003; Reichardt, 2006). To address which signaling
cascade mediates the inhibitory actions of BDNF on ethanol intake, we first tested the
contribution of PI3K to the action of BDNF on ethanol intake. To do so, the specific PI3K
inhibitor wortmannin (Bain et a/., 2003) was infused at a concentration that attenuates
ethanol intake when infused into the nucleus accumbens of rats (Neasta et a/., 2011). We
found that intra-DLS administration of wortmannin (0.1 pg per side) by itself did not affect
ethanol self-administration, nor did it alter the BDNF (0.75 pg per side)-mediated inhibition
of ethanol intake (Fig. 2). Specifically, infusion of wortmannin prior to the infusion of
BDNF did not alter the number of ethanol deliveries (Fig. 2A); a two-way axova With
repeated measures revealed a main effect of the factor BDNF (£ 19 = 13.76; £< 0.01), with
no effect of the factor wortmannin (£ 19 = 2.28; ns) and no interaction between the two
factors (F1 10 = 0.03; ns). Post hoc analysis revealed a significant difference in the number
of deliveries between the Vehicle-PBS and Vehicle-BDNF groups (P < 0.01) and between
wortmannin—PBS and wortmannin—-BDNF groups (£ < 0.01). Wortmannin infusion also did
not alter ethanol consumption (Fig. 2B); a two-way anova With repeated measures revealed a
main effect of the factor BDNF (1 10 = 11.17; < 0.01) but no effect of the factor
wortmannin (£ 19 = 2.15; ns) and no interaction between the two factors (/7 19 = 0.44; ns).
Post hoc analysis showed a significant difference in the number of deliveries between the
Vehicle-PBS and Vehicle-BDNF groups (P < 0.05) and between the wortmannin-PBS and
wortmannin—-BDNF groups (P < 0.05).

Next, we tested the contribution of PLC-+y in the DLS to the action of BDNF in reducing
ethanol self-administration. We used the PLC-y inhibitor U73122 (Bleasdale et a/., 1990),
which we previously found to inhibit ethanol self-administration upon infusion into the
ventral tegmental area (VTA) of rats (Carnicella et a/., 2008). Administration of U73122
(0.2 ug per side) prior to the infusion of BDNF (0.75 ug per side) into the DLS did not
reverse the inhibitory effect of BDNF on ethanol intake, but by itself decreased ethanol self-
administration (Fig. 3A); a two-way anova With repeated measures revealed a main effect of
the factor BDNF (£, g = 5.97; £< 0.05), with no effect of the factor U73122 (£ g = 5.10;
ns) but an interaction between the two factors (F1 g = 7.90; < 0.05). Post hoc analysis
revealed a significant difference in the number of deliveries between the Vehicle-PBS and
U73122-PBS groups (P < 0.01) and between the Vehicle-PBS and Vehicle-BDNF groups
(P<0.01). Ethanol intake in the presence and absence of U73122 revealed similar pattern
(Fig. 3B); a two-way anova With repeated measures revealed a main effect of the factor
BDNF (£ g = 5.65; £<0.05), with no effect of the factor U73122 (£ g = 2.10; ns) but an
interaction between the two factors (/1 g = 9.86; £< 0.05). Post hoc analysis showed a
significant difference in the number of ethanol deliveries between the Vehicle-PBS and
U73122-PBS groups (P < 0.01). Post hoc analysis also revealed a significant difference
between the Vehicle-PBS and Vehicle-BDNF groups (P < 0.01)).

Finally, we set out to test the involvement of the MAPK pathway in the inhibitory actions of
BDNF on operant self-administration of ethanol. To do so we used U0126, a specific
inhibitor of the MEK, the kinase directly upstream of MAPK (Sweatt, 2001). We previously
found that U0126 inhibits the actions of glial cell line-derived neurotrophic factor (GDNF)
on ethanol intake in the VTA of rats (Carnicella et a/., 2008). Intra-DLS infusion of U0126
(1 pug per side) prior to the infusion of BDNF (0.75 pg per side) reversed the BDNF-induced
decrease in earned ethanol deliveries (Fig. 4A); a two-way repeated-measures avova revealed
a main effect of the factor BDNF (£ 7 = 12.95; £< 0.01), no effect of the factor U0126
(F1,7=0.71; ns) but an interaction between the two factors (£ 7 = 24.86; £< 0.01). Post hoc
analysis revealed a significant difference between the PBS-PBS and PBS-BDNF groups (P

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.
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< 0.001) and a difference between the PBS-BDNF and U0126—BDNF groups (P < 0.05). As
a correlate, the amount of ethanol consumed was reduced after intra-DLS BDNF infusion,
but this decrease was blocked when U0126 was co-infused with BDNF (Fig. 4B); a two-way
anova With repeated measures revealed a main effect of BDNF (/7 = 12.4, £=0.01) and an
interaction between BDNF and U0126 (£ 7 = 21.9, £< 0.01) but no main effect of the
factor U0126 (F; 7 = 0.8, ns). Similarly, post hoc analysis revealed a significant difference
between the PBS-PBS and PBS-BDNF groups (£ < 0.001) and a difference between the
PBS-BDNF and U0126-BDNF groups (£ < 0.05). These results suggest that only the
activation of MAPK, but not of PI3K or PLC-y, in the DLS is required for the BDNF-
mediated control of ethanol self-administration.

The main action of the MAPK pathway is to increase gene expression, accomplished by the
translocation of a MAPK, such as the extracellular signal-regulated kinase 1/2 (ERK1/2), to
the nucleus and the activation of the transcription machinery (Cargnello & Roux, 2011). We
previously observed that the reduction in ethanol self-administration following BDNF
infusion requires a 3-h delay (Jeanblanc et a/., 2009), suggesting a transcription and/or
translation mechanism. We therefore hypothesised that the synthesis of new proteins is
required for BDNF to alter ethanol intake. To test this possibility, the protein synthesis
inhibitor CHX (10 pg/ul; Kesner et al.,, 1981) was infused into the DLS immediately before
BDNF (0.75 pg per side) administration. We found that CHX blocked the decrease in the
number of rewards delivered in response to BDNF (Fig. 5A); a two-way avova With repeated
measures revealed a marginal effect of BDNF (£ g = 4.32, = 0.08), with no main effect of
CHX (F1,6 = 1.7, ns) but an interaction between BDNF and CHX (£, 6= 7.7, P< 0.05). Post
hoc analysis showed a significant difference between the PBS-PBS and PBS-BDNF groups
(P<0.01), demonstrating the effect of BDNF on the number of ethanol deliveries, as well as
a significant difference between the PBS-BDNF and CHX-BDNF groups, revealing a
blockade by CHX of the BDNF-induced reduction in ethanol deliveries (P< 0.05). As a
consequence, the decrease in ethanol intake induced by BDNF was similarly blocked by
CHX microinfusion (Fig. 5B); a two-way anova With repeated measures revealed marginal
effect of BDNF (£ 6 = 4.75, = 0.07), no main effect of the injection of CHX (F ¢ = 1.62,
ns) but an interaction between BDNF and CHX (F1 6 = 7.7, < 0.05). Post hoc analysis
revealed similar differences between the PBS-PBS and PBS-BDNF groups (£ < 0.01) and
between the PBS-BDNF and CHX-BDNF groups (P < 0.05). These results suggest that the
effect of BDNF on ethanol consumption requires protein synthesis.

Discussion

Here, we have shown that the inhibitory actions of BDNF on ethanol consumption require
the activation of the MAPK pathway and the synthesis of new proteins. Thus, while BDNF
infusion into the DLS consistently reduced ethanol self-administration, it lost efficacy when
either MAPK activity or protein synthesis was inhibited. These results are in agreement with
previous studies in primary striatal neurons in which we observed BDNF-dependent ERK1/2
activation and nuclear translocation (Logrip et al., 2008).

MAPK is required for the BDNF-mediated reduction of ethanol intake

We have demonstrated here that the MAPK pathway in the DLS mediates the beneficial
actions of BDNF on ethanol intake. Whitfield ef a/. (2011) showed that MAPK activity in
the dorsomedial prefrontal cortex (dmPFC) is required for the inhibitory actions of BDNF
on cocaine-seeking. These authors blocked the suppressive BDNF effect on cue- and prime-
induced reinstatement by microinfusing the MEK inhibitor U0126 into the dmPFC
(Whitfield et al.,, 2011). Moreover, the authors show that the BDNF-induced normalisation
of the decreased phosphorylation levels of CREB and ERK following cocaine self-
administration is blocked by U0126 (Whitfield ef a/,, 2011). Together, these results suggest

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.
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that the MAPK pathway is responsible for the BDNF-mediated reduction of ethanol
consumption as well as cocaine-seeking.

We have previously demonstrated an important role of the MAPK pathway in the regulation
of ethanol consumption induced by another growth factor, GDNF, within the VTA
(Carnicella et al., 2008). Specifically, administration of GDNF directly into the VTA
produces a rapid activation of the MAPK pathway, which underlies the reduction of ethanol
consumption (Carnicella et al., 2008). Thus, the same signaling pathway by two different
neurotrophic factors in different brain regions produces a robust decrease in ethanol self-
administration.

We found that inhibition of the PI3K pathway in the DLS does not alter the BDNF-mediated
reduction in ethanol consumption, nor does it affect the level of intake when infused alone.
In contrast, the PI3K pathway contributes to the development and/or maintenance of ethanol
intake in the nucleus accumbens (Cozzoli et al., 2009; Neasta et al., 2011). It is also
noteworthy that the inhibition of the PLC pathway in the DLS decreased ethanol self-
administration, and a similar effect of PLC inhibition on ethanol self-administration was also
observed in the VTA (Carnicella et al., 2008). PLC is an upstream activator of protein
kinase C (PKC). The PKC family includes nine isozymes, some of which have been
implicated in phenotypes related to ethanol exposure, including ethanol intake (Ron &
Messing, 2013). It is plausible that ethanol, by activating the PLC-PKC pathway in the
DLS, contributes to the mechanisms that underlie ethanol intake. Alternatively, a basal level
of activity of the PLC-PKC pathway may be necessary for the actions of ethanol in the DLS
and other brain regions.

Interestingly, BDNF-induced activation of PLC-y within the shell of the nucleus
accumbens, but not within the dorsal striatum, has been shown to contribute to relapse in
cocaine-seeking behavior (Graham et al., 2007). Nevertheless, together these results suggest
that specific activation of the MAPK pathway within the nigrostriatal system plays a role in
the intake of drugs of abuse, whereas within the mesocorticolimbic system PLC-y seems to
be the key player.

The mechanism underlying the specificity of the BDNF-MAPK cascade in the DLS to
reduce ethanol intake should be explored further. It is plausible that the
compartmentalisation of the TrkB receptors with enzymes that participate in the MAPK, but
not PI13K or PLC-vy, pathways in the DLS could account for the specificity of the BDNF-
MAPK activity. Another possibility is that molecular adaptations in the DLS in response to
long-term ethanol exposure may determine whether a signaling pathway is available to be
activated in response to an exogenous application of BDNF. Finally, a recent study showing
that arginine methylation determines the level and duration of ERK1/2 activation in
response to different growth factors (Andreu-Perez er al., 2011) may add another dimension
to the brain region-specific actions of BDNF on ethanol and cocaine self-administration.

De novo protein synthesis is required for BDNF-mediated reduction of ethanol
consumption

BDNF infused 10 min prior to the ethanol self-administration session did not modify the
levels of ethanol consumption; however, when given 3 h prior to the session the growth
factor significantly decreased ethanol self-administration (Jeanblanc et a/., 2009). This delay
between the time of BDNF treatment and the effect on ethanol consumption suggests a
transcriptional and/or translational mechanism. In support of this possibility, we have shown
that the synthesis of protein(s) is necessary for BDNF to produce its effect on levels of
ethanol intake. It is thus plausible that the MAPK pathway in the DLS initiates gene
transcription followed by the synthesis of specific gene products. Our previous data

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.
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demonstrating that an increase in the expression of dynorphin and dopamine D3 receptors in
the dorsal striatum contributes, at least in part, to the actions of BDNF on ethanol intake
(Jeanblanc et al., 2006; Logrip et al., 2008) support this option. Alternatively, the MAPK
pathway in the DLS may directly control translation events which, in turn, mediate the
reduction of ethanol intake by BDNF. Interestingly, BDNF plays an important role in
dendritic translation of genes (Kuipers & Bramham, 2006), and this intriguing possibility
should be further explored.

Taken together, these data strongly suggest that the MAPK signaling pathway is a key
player in neurotrophic factor-induced decreases in the consumption of various drugs and
within several brain regions, such as DLS, dmPFC and VTA. Thus, better understanding of
how drug consumption could be altered by inhibition of this pathway is of great interest.

Alcoholism is a devastating chronic disease resulting in a large human and economic burden
on society (Spanagel, 2009; Nutt et a/., 2010; Collins et al., 2011). Here, we provide
evidence that BDNF-mediated activation of the MAPK pathway, resulting in increased
protein synthesis, is the molecular pathway underlying the beneficial regulation of ethanol
intake by BDNF. The development of BDNF mimetics has been gaining interest (Nagahara
& Tuszynski, 2011) and thus molecules that mimic the actions of BDNF by activating the
BDNF signaling pathway, such as the TrkB receptor agonist 7,8-dihydroxyflavone (Jang et
al., 2010), may provide an attractive target for the development of medications to prevent
alcohol use disorders.
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Abbreviations

BDNF brain-derived neurotrophic factor

CHX cycloheximide

CNS central nervous system

DLS dorsolateral striatum

dmPFC dorsomedial prefrontal cortex

GDNF glial cell line-derived neurotrophic factor
MAPK mitogen-activated protein kinase

MEK MAPK/ERK kinase

NGF nerve growth factor

PI3K phosphatidylinositol 3-kinase PLC-vy, phospholipase C-y
TrkB tropomyosin-related kinase B

VTA ventral tegmental area.

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeanblanc et al.

Page 8

References

Andreu-Perez P, Esteve-Puig R, de Torre-Minguela C, Lopez-Fauqued M, Bech-Serra JJ, Tenbaum S,
Garcia-Trevijano ER, Canals F, Merlino G, Avila MA, Recio JA. Protein arginine methyltransferase
5 regulates ERK1/2 signal transduction amplitude and cell fate through CRAF. Sci. Signal. 2011;
4:ra58. [PubMed: 21917714]

Bain J, McLauchlan H, Elliott M, Cohen P. The specificities of protein kinase inhibitors: an update.
Biochem. J. 2003; 371:199-204. [PubMed: 12534346]

Berton O, McClung CA, Dileone RJ, Krishnan V, Renthal W, Russo SJ, Graham D, Tsankova NM,
Bolanos CA, Rios M, Monteggia LM, Self DW, Nestler EJ. Essential role of BDNF in the
mesolimbic dopamine pathway in social defeat stress. Science. 2006; 311:864-868. [PubMed:
16469931]

Bleasdale JE, Thakur NR, Gremban RS, Bundy GL, Fitzpatrick FA, Smith RJ, Bunting S. Selective
inhibition of receptor-coupled phospholipase C-dependent processes in human platelets and
polymorphonuclear neutrophils. J. Pharmacol. Exp. Ther. 1990; 255:756—768. [PubMed: 2147038]

Cargnello M, Roux PP. Activation and function of the MAPKSs and their substrates, the MAPK-
activated protein kinases. Microbiol. Mol. Biol. Rev. 2011; 75:50-83. [PubMed: 21372320]

Carnicella S, Kharazia V, Jeanblanc J, Janak PH, Ron D. GDNF is a fast-acting potent inhibitor of
alcohol consumption and relapse. Proc. Natl. Acad. Sci. USA. 2008; 105:8114-8119. [PubMed:
18541917]

Chao MV. Neurotrophins and their receptors: a convergence point for many signalling pathways. Nat.
Rev. Neurosci. 2003; 4:299-309. [PubMed: 12671646]

Collins PY, Patel V, Joestl SS, March D, Insel TR, Daar AS, Anderson W, Dhansay MA, Phillips A,
Shurin S, Walport M, Ewart W, Savill SJ, Bordin IA, Costello EJ, Durkin M, Fairburn C, Glass Rl,
Hall W, Huang Y, Hyman SE, Jamison K, Kaaya S, Kapur S, Kleinman A, Ogunniyi A, Otero-
Ojeda A, Poo MM, Ravindranath V, Sahakian BJ, Saxena S, Singer PA, Stein DJ. Grand challenges
in global mental health. Nature. 2011; 475:27-30. [PubMed: 21734685]

Cowansage KK, LeDoux JE, Monfils MH. Brain-derived neurotrophic factor: a dynamic gatekeeper of
neural plasticity. Curr. Mol. Pharmacol. 2010; 3:12-29. [PubMed: 20030625]

Cozzoli DK, Goulding SP, Zhang PW, Xiao B, Hu JH, Ary AW, Obara I, Rahn A, Abou-Ziab H,
Tyrrel B, Marini C, Yoneyama N, Metten P, Snelling C, Dehoff MH, Crabbe JC, Finn DA,
Klugmann M, Worley PF, Szumlinski KK. Binge drinking upregulates accumbens mGIuR5-
Homer2-PI3K signaling: functional implications for alcoholism. J. Neurosci. 2009; 29:8655-8668.
[PubMed: 19587272]

Gartner A, Polnau DG, Staiger V, Sciarretta C, Minichiello L, Thoenen H, Bonhoeffer T, Korte M.
Hippocampal long-term potentiation is supported by presynaptic and postsynaptic tyrosine
receptor kinase B-mediated phospholipase Cgamma signaling. J. Neurosci. 2006; 26:3496-3504.
[PubMed: 16571757]

Ghitza UE, Zhai H, Wu P, Airavaara M, Shaham Y, Lu L. Role of BDNF and GDNF in drug reward
and relapse: a review. Neurosci. Biobehav. Rev. 2010; 35:157-171. [PubMed: 19914287]

Graham DL, Edwards S, Bachtell RK, DiLeone RJ, Rios M, Self DW. Dynamic BDNF activity in
nucleus accumbens with cocaine use increases self-administration and relapse. Nat. Neurosci.
2007; 10:1029-1037. [PubMed: 17618281]

Hensler JG, Ladenheim EE, Lyons WE. Ethanol consumption and serotonin-1A (5-HT1A) receptor
function in heterozygous BDNF (+/-) mice. J. Neurochem. 2003; 85:1139-1147. [PubMed:
12753073]

Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and function. Annu. Rev.
Neurosci. 2001; 24:677-736. [PubMed: 11520916]

Huang EJ, Reichardt LF. Trk receptors: roles in neuronal signal transduction. Annu. Rev. Biochem.
2003; 72:609-642. [PubMed: 12676795]

Jang SW, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y, Wilson WD, Xiao G, Blanchi B, Sun
YE, Ye K. A selective TrkB agonist with potent neurotrophic activities by 7,8-dihydroxyflavone.
Proc. Natl. Acad. Sci. USA. 2010; 107:2687-2692. [PubMed: 20133810]

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeanblanc et al.

Page 9

Jeanblanc J, He DY, McGough NN, Logrip ML, Phamluong K, Janak PH, Ron D. The dopamine D3
receptor is part of a homeostatic pathway regulating ethanol consumption. J. Neurosci. 2006;
26:1457-1464. [PubMed: 16452669]

Jeanblanc J, He DY, Carnicella S, Kharazia V, Janak PH, Ron D. Endogenous BDNF in the
dorsolateral striatum gates alcohol drinking. J. Neurosci. 2009; 29:13494-13502. [PubMed:
19864562]

Kesner RP, Partlow LM, Bush LG, Berman RF. A quantitative regional analysis of protein synthesis
inhibition in the rat brain following localized injection of cycloheximide. Brain Res. 1981;
209:159-176. [PubMed: 7214160]

Kuipers SD, Bramham CR. Brain-derived neurotrophic factor mechanisms and function in adult
synaptic plasticity: new insights and implications for therapy. Curr. Opin. Drug Discov. Devel.
2006; 9:580-586.

Logrip ML, Janak PH, Ron D. Dynorphin is a downstream effector of striatal BDNF regulation of
ethanol intake. FASEB J. 2008; 22:2393-2404. [PubMed: 18310464]

Logrip ML, Janak PH, Ron D. Escalating ethanol intake is associated with altered corticostriatal
BDNF expression. J. Neurochem. 2009; 109:1459-1468. [PubMed: 19453942]

McGough NN, He DY, Logrip ML, Jeanblanc J, Phamluong K, Luong K, Kharazia V, Janak PH, Ron
D. RACK1 and brain-derived neurotrophic factor: a homeostatic pathway that regulates alcohol
addiction. J. Neurosci. 2004; 24:10542-10552. [PubMed: 15548669]

Minichiello L. TrkB signalling pathways in LTP and learning. Nat. Rev. Neurosci. 2009; 10:850-860.
[PubMed: 19927149]

Moonat S, Sakharkar AJ, Zhang H, Pandey SC. The role of amygdaloid brain-derived neurotrophic
factor, activity-regulated cytoskeleton-associated protein and dendritic spines in anxiety and
alcoholism. Addict. Biol. 2011; 16:238-250. [PubMed: 21182574]

Nagahara AH, Tuszynski MH. Potential therapeutic uses of BDNF in neurological and psychiatric
disorders. Nat. Rev. Drug. Discov. 2011; 10:209-219. [PubMed: 21358740]

Neasta J, Ben Hamida S, Yowell QV, Carnicella S, Ron D. AKT signaling pathway in the nucleus
accumbens mediates excessive alcohol drinking behaviors. Biol. Psychiatry. 2011; 70:575-582.
[PubMed: 21549353]

Nutt DJ, King LA, Phillips LD. Drug harms in the UK: a multicriteria decision analysis. Lancet. 2010;
376:1558-1565. [PubMed: 21036393]

Pandey SC, Zhang H, Roy A, Misra K. Central and medial amygdaloid brain-derived neurotrophic
factor signaling plays a critical role in alcohol-drinking and anxiety-like behaviors. J. Neurosci.
2006; 26:8320-8331. [PubMed: 16899727]

Prakash A, Zhang H, Pandey SC. Innate differences in the expression of brain-derived neurotrophic
factor in the regions within the extended amygdala between alcohol preferring and nonpreferring
rats. Alcohol. Clin. Exp. Res. 2008; 32:909-920. [PubMed: 18445109]

Reichardt LF. Neurotrophin-regulated signalling pathways. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2006; 361:1545-1564. [PubMed: 16939974]

Ron D, Messing RO. Signaling pathways mediating alcohol effects. Curr. Top. Behav. Neurosci. 2013;
13:87-126. [PubMed: 21877259]

Russo SJ, Mazei-Robison MS, Ables JL, Nestler EJ. Neurotrophic factors and structural plasticity in
addiction. Neuropharmacology. 2009; 56(Suppl 1):73-82. [PubMed: 18647613]

Spanagel R. Alcoholism: a systems approach from molecular physiology to addictive behavior.
Physiol. Rev. 2009; 89:649-705. [PubMed: 19342616]

Sweatt JD. The neuronal MAP kinase cascade: a biochemical signal integration system subserving
synaptic plasticity and memory. J. Neurochem. 2001; 76:1-10. [PubMed: 11145972]

Whitfield TW Jr, Shi X, Sun WL, McGinty JF. The suppressive effect of an intra-prefrontal cortical
infusion of BDNF on cocaine-seeking is Trk receptor and extracellular signal-regulated protein
kinase mitogen-activated protein kinase dependent. J. Neurosci. 2011; 31:834-842. [PubMed:
21248106]

Wortzel |, Seger R. The ERK Cascade: Distinct Functions within Various Subcellular Organelles.
Genes. Cancer. 2011; 2:195-209. [PubMed: 21779493]

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeanblanc et al.

Page 10

Yoshii A, Constantine-Paton M. BDNF induces transport of PSD-95 to dendrites through PI3K-AKT
signaling after NMDA receptor activation. Nat. Neurosci. 2007; 10:702-711. [PubMed:
17515902]

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Jeanblanc et al.

Page 11
A Uo126 Wortmannin
+1.70 mm +1.70 mm
@ \> 7/ 9@ e /&
Hip o
+1.20 mm +1.20 mm
éb R ¥ Q @ > &
bl ¢
+ 0.70 mm + 0.70 mm
& Yy @ & )y ( @
C U73122 CHX
+1.70 mm +1.70 mm
&\ /% &\ @
MH M
+1.20 mm +1.20 mm
& N\ B ® &
+ 0.70 mm + 0.70 mm
o 7 ( o 6 ) ( o)
Fig. 1.

Schematic representation of coronal sections of the rat brain showing the placement of the
injectors in the DLS corresponding to the experiments which used (A) U0126, (B)
wortmannin, (C) U73122 and (D) CHX. No animals had to be excluded due to
misplacement of the cannulae.
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Fig. 2.

Inhibition of PI3K within the DLS did not block the effect of BDNF on ethanol self-
administration. The PI3K inhibitor wortmannin (1 pl of a 0.1 ug/ul solution) was infused
into the DLS 30 min prior to intra-DLS BDNF administration (1 pl of a 0.75 pg/pl solution),
and lever presses were recorded 3 h later. (A) Results are expressed as mean £ SEM number
of ethanol deliveries. (B) Results are expressed as mean + SEM ethanol consumed (g/kg in 1
h). *P<0.05, **P<0.01, n=11.
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Fig. 3.

Inhibition of PLC-y within the DLS did not block the effect of BDNF on ethanol self-
administration. The PLC-y inhibitor U73122 (1 ul of a 0.2 pg/ul solution) was infused into
the DLS 30 min prior to intra-DLS BDNF administration (1 pl of a 0.75 pg/ul solution). (A)
Results are expressed as mean + SEM number of ethanol deliveries. (B) Results are
expressed as mean + SEM ethanol consumed (g/kg in 1 h). **P< 0.01, n=09.
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Fig. 4.

The MAPK pathway in the DLS was required for BDNF-mediated reduction of ethanol self-
administration. The MEK inhibitor U0126 (1 ul of a 1 pg/ul solution) was infused into the
DLS 30 min prior to intra-DLS infusion of BDNF (1 pl of a 0.75 pg/pl solution) and lever
presses were recorded 3 hrs later. A, Results are expressed as mean £ SEM number of
ethanol deliveries. B, Results are expressed as mean = SEM ethanol consumed (g/kg in 1 h).
*P<0.05, **P<0.01, ***P<0.001, n=8.
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Fig. 5.

Protein synthesis within the DLS was necessary for BDNF to decrease ethanol self-
administration. The protein synthesis inhibitor CHX (1 pl of a 10 pg/ul solution) and BDNF
(1 ul of a 0.75 pg/ul solution) were co-infused into the DLS 3 h before the beginning of the
operant self-administration session. (A) Results are expressed as mean £ SEM number of
ethanol deliveries. (B) Results are expressed as mean = SEM ethanol consumed (g/kg in 1
h). *P<0.05, **P<0.01, n=17.

Eur J Neurosci. Author manuscript; available in PMC 2014 February 01.





