
Galanin Protects Against Behavioral and Neurochemical
Correlates of Opiate Reward

Jessica J Hawes1,5, Darlene H Brunzell1,5, Roopashree Narasimhaiah1,5, U+ lo Langel2, David Wynick3,4

and Marina R Picciotto*,1

1Department of Psychiatry, Yale University School of Medicine, New Haven, CT, USA; 2Department of Neurochemistry, Stockholm University,

Stockholm, Sweden; 3Department of Pharmacology, School of Medical Sciences, University Walk, Bristol University, Bristol, UK; 4Department of

Clinical Sciences South Bristol, School of Medical Sciences, University Walk, Bristol University, Bristol, UK

The mechanisms underlying responses to drugs of abuse have been widely investigated; however, less is known about pathways normally

protective against the development of drug reinforcement. These pathways are also important since they may regulate individual

differences in vulnerability to addiction. The neuropeptide galanin and its binding sites are expressed in brain areas important for drug

reward. Previous studies have shown that centrally infused galanin attenuates morphine place preference and peripheral injection of

galnon, a galanin agonist, decreases opiate withdrawal signs. The current studies in galanin knockout (GKO) mice examined the

hypothesis that galanin is an endogenous negative regulator of opiate reward and identified downstream signaling pathways regulated by

galanin. We show that GKO mice demonstrate increased locomotor activation following morphine administration, which is inhibited by

acute administration of galnon. GKO mice also show enhanced morphine place preference, supporting the idea that galanin normally

antagonizes opiate reward. In addition, morphine-induced ERK1/2 phosphorylation was increased in the VTA of both wild-type and GKO

mice, but only the GKO mice showed increases in ERK1/2 and CREB phosphorylation in the amygdala or nucleus accumbens.

Furthermore, a single systemic injection of galnon in GKO mice was sufficient to reverse some of the biochemical changes brought about

by morphine administration. These data suggest that galanin normally attenuates behavioral and neurochemical effects of opiates; thus,

galanin agonists may represent a new class of therapeutic targets for opiate addiction.
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Keywords: galanin; addiction; morphine; ERK; place preference; CREB

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Although many genetic and molecular studies have
focused on molecules that predispose individuals to
drug abuse, it is equally important to determine which
genes and gene products may be protective against the
progression from drug use to addiction. The neuropeptide
galanin is an excellent candidate for an endogenous
protective factor against progression to opiate abuse.
Central infusion of galanin attenuates morphine place
preference in the mouse (Zachariou et al, 1999). Further,
galanin knockout (GKO) mice demonstrate increased
signs of opiate withdrawal, whereas transgenic overexpres-
sion of galanin or administration of the galanin agonist
galnon attenuates opiate withdrawal (Zachariou et al, 2003).
These findings suggest that galanin has the potential

to decrease abuse liability of opiates. The present
studies in GKO mice further explore the role of galanin
in morphine reward and identify signaling pathways
downstream of galanin by which galanin may act as a
neuromodulator.

Galanin binds to G protein-coupled receptors (GPCRs)
and can modulate intracellular signaling pathways that are
involved in addiction (Hawes et al, 2006a, b; Nestler, 2001;
Zachariou et al, 2003). All three galanin receptor subtypes,
as well as significant galanin binding, are found in the
ventral tegmental area (VTA), amygdala, nucleus accum-
bens (NAc), cingulate cortex, and locus coeruleus (LC)
(Burgevin et al, 1995; Gustafson et al, 1996; Hawes and
Picciotto, 2004; Kolakowski et al, 1998; Waters and Krause,
2000), areas of the brain known to contribute to drug
addiction and reward. Galanin also regulates the levels and
release of a number of neurotransmitters, including
dopamine, acetylcholine, and norepinephrine (Pieribone
et al, 1995; Tsuda et al, 1998; Wang et al, 1999). Acute
morphine administration increases locomotor activity and
results in a conditioned place preference (CPP) (Suzuki
et al, 1993; Wise, 1987) and these behaviors can be
modulated by dopaminergic agents (Chang et al, 2004;
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Zarrindast et al, 2006a), noradrenergic depletion, or
cholinergic receptor antagonists (Hikida et al, 2003; Olson
et al, 2006; Rezayof et al, 2006; Zarrindast et al, 2006b).
Thus, galanin may modulate the rewarding and locomotor-
activating effects through modulation of multiple neuro-
transmitter systems.

To study whether galanin may be an endogenous
protective factor able to attenuate reinforcing properties
of opiates, we measured morphine-induced locomotor
activity and morphine place preference in wild-type (WT)
mice and GKO mice lacking the neuropeptide galanin.
These studies further examined whether second messenger
signaling pathways that support these morphine-regulated
behaviors are modulated by galanin. At the molecular
level, morphine administration leads to enhanced
phosphorylation, and thus activation of extracellular-
regulated kinase (ERK1/2) in the VTA, hippocampus,
NAc, cingulate cortex, and amygdala (Berhow et al, 1996;
Valjent et al, 2004). Increased ERK1/2 phosphorylation
in the VTA is associated with morphine and psychostimu-
lant reward (Ozaki et al, 2004) and systemic inhibition
of ERK1/2 phosphorylation blocks expression of morphine
and cocaine CPP (Valjent et al, 2006a). To assess galanin
effects on changes in signaling, we measured the effects
of morphine administration on levels of total and phos-
phorylated ERK1/2 in the VTA, NAc, amygdala, cingulate
cortex, substantia nigra (SN), LC, caudate putamen,
and hippocampus of WT and GKO mice and assessed
whether the galanin receptor agonist galnon could reverse
these changes.

NAc CREB has also been implicated in modulating
motivational valance associated with drugs of abuse
(Carlezon et al, 2005; Chartoff et al, 2003; Pandey et al,
2005). A number of pathways are known to be responsible
for CREB activation (Carlezon et al, 2005; Chao and Nestler,
2004; Nestler, 2001). One second messenger pathway that
leads to CREB activation is the cAMP pathway. D1 and D2
dopamine receptors, respectively, couple to stimulatory
Gs proteins that via protein kinase A (PKA) enhance
CREB phosphorylation and inhibitory Gi/Go proteins
that inhibit cAMP production, and downstream CREB
activity (Girault and Greengard, 2004). Previous work in
Cath.a cells has shown that galanin administration attenu-
ates naloxone-precipitated increases in pCREB following
repeated morphine exposure, suggesting that galanin
regulates CREB during opiate withdrawal (Hawes et al,
2006a, b). The purpose of the current study was to
determine whether galanin might also regulate CREB
signaling in vivo, using a rewarding dosing regimen of
morphine. Opiate regulation of Go/Gq pathways may also
result in CREB activation (Chao et al, 2002; Widnell et al,
1996), potentially through activation of ERK signaling
cascades. Therefore, we also investigated whether opiate
administration leads to changes in levels of total CREB and
CREB phosphorylation following morphine exposure in
areas of the brain thought to support opiate reinforcement
in WT and GKO animals.

These studies support the hypothesis that galanin is
normally protective against the development of behaviors
related to opiate addiction and further identify neuronal
signaling pathways by which galanin might regulate
behaviors that support addiction.

MATERIALS AND METHODS

Animals

GKO mice were generated on the 129Ola/Hsd background
(Wynick et al, 1998). As described previously, exons one to
five of the galanin gene were replaced with a PGK-Neo
cassette in reverse orientation removing the signal peptide,
coding region, and the majority of the galanin-associated
peptide. Galanin expression was undetectable in all tissues
examined in homozygous GKO mice (Wynick et al, 1998).
Once generated, the chimeras were bred to co-isogenic
129Ola/Hsd WT mice. Mice used in the current study were
generated by crossing GKO mice to co-isogenic WT mice of
the 129Ola/Hsd background to generate mice heterozygous
for the GKO allele. These mice became the founders of the
new colony. In order to generate large numbers of animals
for behavioral studies, KO�KO and WT�WT offspring
of HET�HET mating pairs were bred together. GKO or
WT mice were then generated from several GKO�GKO or
WT�WT mating pairs. Experimental testing occurred
when mice were between the ages of 4 and 6 months. Mice
were matched for age and sex for all experiments. All animal
studies were conducted in accordance with guidelines from
the National Institutes of Health and approved by the Yale
Animal Care and Use Committee.

Morphine-Induced Locomotor Activation

Male mice (5–8 months of age) were habituated to injection
and the locomotor boxes for three consecutive days. Each
mouse was given two injections of 0.9% saline 15 min apart.
Following the second injection, each mouse was immedi-
ately placed into a locomotor box for 40 min. Locomotor
activity was measured using a video tracking system and
converted to distance traveled (cm) using Optimax soft-
ware. GKO and WT mice received a saline vehicle injection
followed 15 min later by either 0, 5, 10, or 20 mg/kg
morphine in a randomized latin square design on days 4,
6, 8, and 10. All animals received two saline injections on
days 5, 7, 9, and 11. On day 12, each mouse received an i.p.
injection of 2 mg/kg galnon (synthesized as described in
Saar et al, 2002) followed by an injection of 5 mg/kg
morphine 15 min later. On day 13, injection of 2 mg/kg
galnon was followed by an injection of saline 15 min later.
Significance was determined using repeated-measures
ANOVA followed by Tukey’s HSD post hoc test (po0.05).

Morphine CPP

For place preference experiments, male GKO or WT mice
were used and were generated as described above. Animals
were transported to the facility where behavioral training
would take place at least one week prior to behavioral
testing and were habituated to experimenter handling for a
minimum of three days. Med Associates place conditioning
boxes were modified for a nonbiased CPP paradigm. Two
conditioning chambers with retractable doors were sepa-
rated by a gray and white neutral chamber with a white
Plexiglas floor. One conditioning chamber had a wire mesh
floor and walls with black and white vertical stripes. The
second conditioning chamber had a grid floor and brown
marbled walls with black diagonal stripes. The location of
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each animal was recorded by photocell beam breaks and
time spent in each chamber was calculated using Med-PC IV
software.

During all phases of the experiment, mice were carried in
their homecage into the testing room, subjects were weighed
and injected, i.p., with 3.33 ml/kg of 0.9% saline vehicle or
morphine sulfate (0, 0.25, 3.0, or 5.0 mg/kg) just prior to
placement into the CPP apparatus. Doses of morphine were
selected to avoid possible ceiling effects that might preclude
observation of differences between genotypes. Baseline
preferences were determined prior to training. Following
vehicle injection, animals were placed inside the neutral
chamber and allowed to explore both conditioning cham-
bers for 15 min. Fourteen subjects were excluded from
further testing based on a bias greater than 70% for one
chamber. During the training phase of the experiment, mice
received two training sessions per day over 3 days of
training. During the AM session (beginning at approxi-
mately 1000 hours), mice were isolated in one conditioning
chamber for 30 min following vehicle injection (saline-
paired). During the PM session (beginning at approximately
1400 hours), animals were isolated in the opposite
conditioning chamber following an injection of morphine
(drug-paired). Control subjects of each genotype received
saline injections (0 mg/kg morphine) prior to placement in
either of the chambers. One of the chambers was randomly
designated as the drug-paired chamber for the saline-
treated animals for statistical purposes. Animals were
counterbalanced for drug-paired chamber according to
treatment dose, genotype, and baseline preference. On the
day after completion of training, animals were again
injected with vehicle, placed in the neutral, center
compartment of the CPP apparatus, and allowed access to
both conditioning chambers for a period of 15 min. Baseline
and CPP testing sessions took place at an intermediate time
between the AM and PM training sessions (approximately
1200 hours). Total time spent in each chamber during CPP
testing was observed and change from baseline preference
for the drug-paired chamber was used as a measure of
morphine CPP.

A 2� 2� 4 (chamber� genotype� treatment) ANOVA,
with conditioning chamber as a within-subject measure and
genotype and treatment as between-subjects measures, was
used to determine effects of galanin genotype and drug
dosage on morphine CPP. Given an a priori hypothesis
derived from locomotor data, post hoc one-tailed t-tests
were performed.

A second set of locomotor experiments was performed
using the 0.25 mg/kg threshold dose of morphine shown to
result in morphine CPP in GKO but not WT mice. Male
mice (6–8 months of age) received three daily 40 min
sessions of locomotor testing. Mice received either 0.25 mg/
kg morphine or saline immediately prior to placement in a
clear plastic locomotor box. Locomotor activity was
recorded by photocells that measured the number of beam
breaks and recorded as beam breaks per minute by a Dell
computer using Med-PC IV software (Med Associates, St
Albans, VT). On the third day, the brains were collected by
rapid decapitation, and punches were taken from brain
regions for biochemical analysis. Significance was deter-
mined using repeated-measures ANOVA followed by
Tukey’s HSD post hoc test (po0.05).

Western Blot Analysis

GKO and WT mice were administered saline or 2 mg/kg
galnon 15 min before injection of saline or 10 mg/kg
morphine. Male and female mice exactly balanced for
genotype were used for western blotting studies and
analyzed separately. Since no sex differences were observed,
data were combined for the analyses presented here. At
5 min after injection, brains were harvested by rapid
decapitation and tissue punches of VTA, SN, NAc,
amygdala, hippocampus, LC, cingulate cortex, and caudate
putamen were isolated and immediately frozen on dry ice
within 10 min of decapitation. Cell lysis buffer (20 mM
Hepes, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 5%
glycerol, 10 mM pyrophosphate, 1 mM NaVO3, 1 mM PMSF,
5 mg/ml aprotinin, and 5mg/ml leupeptin, pH 7.5, for CREB
and pCREB immunoblots; 50 mM Tris, pH 7.4, 1 mM EDTA,
1 mM EGTA 1% SDS, 1 mM PMSF for ERK and pERK
immunoblots) was added to each frozen tissue punch and
immediately pulse sonicated for 5 s, then cleared by
centrifugation for 15 min at 41C. Lowry reagents (Biorad,
Hercules, CA) were used to determine protein concentra-
tions according to the manufacturer’s instructions. In total,
5–10 mg of protein for each sample was separated on 8.5 or
10% poly-acrylamide gels by SDS-PAGE and transferred to
nitrocellulose membranes. Blots were blocked in 5% BSA/
TBS or 5% Milk/TBS-T for 1 h, then incubated overnight at
41C in primary antibody. Polyclonal antisera specific for
ERK1/2, and polyclonal or monoclonal antisera specific for
the phosphorylated form of ERK (Cell Signaling, Beverley,
MA) were used at a dilution of 1 : 1000 and 1 : 2000,
respectively. Polyclonal antisera specific for CREB or
phosphorylated serine 133 on CREB (Cell Signaling,
Beverley, MA) were used at dilutions of 1 : 1000. TH
immunoreactivity was used to verify the accuracy and
consistency of VTA tissue punches. Anti-TH polyclonal
antibody (Chemicon, Temecula, CA) was used at a dilution
of 1 : 2000. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) immunoreactivity was used as an internal
standard, by incubating the blots either alone for 30 min
at room temperature in anti-GAPDH monoclonal primary
antibody (Advanced ImmunoChemical Inc., Long Beach,
CA) diluted 1 : 2000 in 5% BSA/TBS following the overnight
incubation with CREB, or TH primary antibodies, or
overnight in a cocktail with the ERK or pERK antibodies.
Blots were washed three times for 5 min with TBS (pH 7.4)/
0.05% Tween (TBST), incubated with peroxidase-labeled
anti-rabbit IgG 1 : 2000 (Vector Laboratories, Inc., Burlin-
game, CA), or IR Dye 800-conjugated anti-rabbit IgG
(Rockland Inc., Gilbertsville, PA) and Alexa fluor 680-
conjugated anti-mouse IgG (Molecular Probes, Eugene, OR)
secondary antibodies for 1 h at room temperature and
washed five times with TBS-T. Bands were visualized by
enhanced chemiluminescence and exposure to Kodak
Biomax MR or AR film. Immunoblots incubated with
fluorescent-conjugated secondary antibodies were scanned
using the LI-COR Odyssey imager (LI-COR Biosciences,
Lincoln, NE). Protein loading was verified using Ponceau
staining and GAPDH immunoblotting. Bands were quanti-
fied using NIH Image software (URL:http//rsb.info.nig.gov/
nih-image), or the odyssey imaging software. Levels of
protein phosphorylation were determined by calculating the
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ratio of phosphorylated band intensity to total protein band
intensity. Data were normalized to the WT saline group to
allow comparison across multiple blots by dividing each
value by the average of the WT saline group and multiplying
by 100. Significance was determined using ANOVA followed
by the least significant difference post hoc test (po0.05).

RESULTS

Morphine-Induced Locomotor Activity and CPP

Most drugs of abuse, including morphine, can increase
locomotion when injected acutely (Wise, 1987). We there-
fore used locomotor activation as a behavioral measure of
sensitivity to opiates in mice lacking the neuropeptide
galanin and their WT controls (F(7, 97)¼ 9.082, po0.05;
Figure 1a). WT mice of the 129Ola/Hsd strain did not
show a significant increase in locomotor activity following
morphine injection at the doses we used (Figure 1a).
Morphine can both increase and depress locomotor activity
in different strains of mice (Eidelberg and Erspamer, 1975;
Oliverio et al, 1975), and the lack of locomotor activation in
WT mice in the current study may represent a strain
difference between 129Ola/Hsd mice and other strains,
such as C57BL/6 mice, that are more susceptible to the
locomotor-activating effects of morphine. In contrast, GKO
mice on the 129Ola/Hsd background showed a significant
increase in locomotor activity following morphine injection
as compared to saline-injected controls (po0.05, Tukey
HSD post hoc test; Figure 1a).

To further determine whether galanin signaling inhibits
morphine-induced locomotor activity directly, galanin WT
and GKO mice were treated with galnon, a galanin receptor
agonist. Galnon, 7-((9-fluorenylmethoxycarbonyl)cyclohex-
ylalanyllysyl)amino-4-methylcoumarin, is a low molecular
weight, non-peptide galanin receptor agonist that displaces
[125I]glanin from its binding sites and inhibits adenylyl
cyclase activity through activation of galanin receptors
(Saar et al, 2002; Wu et al, 2003). Galnon administration
reversed the morphine-induced increase in locomotor
activation seen in GKO mice (F(7, 99)¼ 6.513, po0.05;
Figure 1b); however, galnon did not further reduce
locomotor activity in WT mice and had no effect on its
own (p40.05, Tukey HSD post hoc test).

CPP for morphine was evaluated in GKO and WT mice
based on an earlier finding that infusion of galanin into the
brain attenuates morphine place preference in WT C57BL/6
mice (Zachariou et al, 1999). Consistent with the idea that
galanin normally antagonizes opiate reward, GKO mice
show increased sensitivity to morphine place preference
compared to WT mice. There was a significant interaction
of genotype and drug treatment F(3, 150)¼ 3.378, po0.05).
Post hoc t-tests showed that at the 0.25 mg/kg dose of
morphine, GKO subjects showed a greater increase in
preference for the drug-paired chamber than WT animals as
measured by a significantly larger change from baseline
(po0.05; Figure 2a). There was no significant difference in
change of preference for the drug-paired chamber between
WT and GKO subjects. There was also no effect of treatment
or genotype on baseline preference for the conditioning
chambers (Figure 2b). At the threshold dose for morphine
place preference (0.25 mg/kg), neither WT nor GKO mice
showed locomotor activation (Figure 2d).

Neurochemical Changes Downstream of Morphine
Signaling

Galanin modulates the release of a number of neurotrans-
mitters in brain areas involved in behavioral responses to
drugs of abuse (Pieribone et al, 1995; Tsuda et al, 1998;
Wang et al, 1999). We therefore evaluated the levels and
activity of signaling molecules known to be activated by
drugs of abuse in tissue punches from regions involved
in modulation of drug reward, including the VTA and
catecholaminergic projection areas. We measured changes
in total levels or phosphorylation state of CREB and ERK1/2
in GKO mice to identify galanin-associated neurochemical
changes resulting from acute morphine treatment.

At a dose of 10 mg/kg, morphine induced a significant
increase in the phosphorylation state of ERK1/2 (WT-Sal
vs WT-Mor: F(3, 19)¼ 6.09; po0.01; WT-Sal vs KO-Mor:
F(3, 20)¼ 22.8; po0.01; Tukey HSD post hoc test; Figure 3a),
but not CREB (WT-Sal vs WT-Mor: F(3, 19)¼ 2.96; p40.05;
WT-Sal vs. KO-Mor: F(3, 21)¼ 2.9; p40.5; Tukey HSD post
hoc test; Figure 3b), in the VTA of both galanin WT and
GKO animals. No changes in total ERK and CREB were
observed at any dose and no changes in P-ERK or P-CREB
were observed in animals of either genotype treated with
0.25 mg/kg morphine (not shown). Since inhibition of
ERK1/2 phosphorylation in the VTA blocks the rewarding
effects of morphine (Berhow et al, 1996; Ozaki et al, 2004),
the observed increases in ERK1/2 activation may regulate

Figure 1 Locomotor activity following acute morphine administration.
(a) Galanin wild-type (WT; n¼ 10) and knockout (GKO; n¼ 11) mice
were administered an acute i.p. injection of saline followed by 0, 5, 10, or
20 mg/kg morphine 15 min later. Locomotor activity was significantly
increased in GKO animals as compared to WT following acute morphine
administration. Significance was determined using repeated-measures
ANOVA followed by Tukey’s HSD post hoc test (F(7, 97)¼ 9.082,
po0.05). (b) I.p. injection of 2 mg/kg galnon 15 min prior to morphine
administration (5 mg/kg) significantly inhibited morphine-induced increases
in locomotor activity of GKO animals. Knockout animals receiving 5 mg/kg
morphine are the only group significantly different from baseline (*).
Significance was determined using repeated-measures ANOVA followed
by Tukey’s HSD post hoc test (F(7, 99)¼ 6.153, po0.05).
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morphine reward. A trend for slightly higher levels of
ERK1/2 phosphorylation in GKO mice (WT-Mor vs
KO-Mor: F(3, 19)¼ 2.4; p¼ 0.08) correlates with the ten-

dency for these animals to show increased behavioral
sensitivity to morphine. Together with studies showing that
ERK activity is necessary for place preference (Girault et al,
2007; Salzmann et al, 2003; Valjent et al, 2001, 2006a, b,
2004) and that galanin reduces morphine CPP (Zachariou
et al, 1999), these data suggest that galanin might regulate
morphine reward via regulation of ERK signaling in the
VTA. It is also possible that ERK activity in the VTA
regulates the ability of galanin to modulate morphine-
induced locomotor activation.

To identify changes in intracellular signaling that regulate
locomotor behavior, we evaluated the ability of galnon to
reverse neurochemical changes resulting from morphine
treatment in GKO mice. ERK activation in the VTA of
galnon-injected animals was significantly lower than
animals that received morphine alone (KO-Mor vs KO-Gal
+ Mor: F(3, 21)¼ 5.8; po0.01; Tukey HSD post hoc test;
Figure 3a); therefore, galnon attenuated the morphine-
induced ERK activation in the VTA of both WT and GKO
animals.

ERK phosphorylation in the NAc in response to treatment
with drugs of abuse is thought to be important for
locomotor activation and reward (Valjent et al, 2004).
Consistent with the propensity for GKO mice to show
morphine-induced locomotor activation and an augmenta-
tion of morphine CPP, levels of phosphorylated ERK1/2
were significantly increased in the NAc of GKO mice (WT-
Sal vs KO-Mor: po0.01; F(3, 19)¼ 9.56; Tukey HSD post hoc
test) but not in WT mice following morphine exposure
(WT-Sal vs WT-Mor: p40.05; F(3, 19)¼ 1.88; Tukey HSD

Figure 2 Morphine place preference. Morphine conditioned place
preference (CPP) in wild-type (WT) and galanin knockout (GKO) mice. (a)
Change from baseline preference for the drug-paired chamber is shown for
GKO and WT mice. GKO mice showed significantly greater morphine
preference than WT mice at the 0.25 mg/kg dose of morphine (*po0.05).
(b) Baseline levels of total time spent in the drug-paired and saline-paired
chambers. (c) Total time spent in the drug-paired and saline-paired
chambers is shown for mice after CPP training. Control animals of each
genotype (0 mg/kg) received saline vehicle prior to placement in either
chamber, with one chamber randomly designated the ‘drug-paired’
chamber for statistical analysis. (d) Galanin WT(n¼ 17) and GKO(n¼ 15)
mice were administered an acute i.p. injection of saline or 0.25 mg/kg
morphine. The total locomotor activity measured as beam breaks were
averaged over three days. There were no significant differences in
locomotor activity between genotypes that received either treatment.
Error bars represent standard error about the mean.

Figure 3 Changes in levels and phosphorylation state of CREB and ERK
in the VTA following administration of acute morphine alone or galnon
prior to morphine. Galanin wild-type and knockout mice were adminis-
tered an acute i.p. injection of 10 mg/kg morphine alone or were
administered morphine 15 min after an i.p. injection of galnon at a dose
of 2 mg/kg and killed 5 min after the morphine injection. (a, b) Tissue
punches from the ventral tegmental area (VTA) were immunoblotted for
ERK and phospho-ERK and CREB and phospho-CREB. *p-value o0.05
with respect to saline-treated WT controls. WT-Saline, n¼ 4; GKO-Saline,
n¼ 4; WT-Morphine, n¼ 8; GKO-Morphine, n¼ 8; WT-Galnon +
Morphine, n¼ 8; GKO-Galnon + Morphine, n¼ 9.
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post hoc test; Figure 4a). The lack of morphine-induced
ERK1/2 phosphorylation in the NAc of WT mice might
explain the absence of morphine-induced locomotor
activation in mice of the 129Ola/Hsd strain. Total ERK,
total CREB, and CREB phosphorylation levels were all
unchanged in the NAc of WT and GKO mice following
morphine administration (Figure 4a and b).

In the amygdala, both WT and GKO mice treated with
10 mg/kg morphine exhibited a significant increase in
ERK1/2 phosphorylation (WT-Sal vs WT-Mor: F(3, 21)
¼ 6.56; po0.01; WT-Sal vs KO-Mor: F(3, 20)¼ 9.6;
po0.01; Tukey HSD post hoc test; Figure 5a) that was
reversed by systemic galnon administration prior to
morphine injection. In contrast, CREB phosphorylation
was significantly increased by 150% in the amygdala of GKO
mice (WT-Sal vs KO-Mor: F(3, 20)¼ 19.67; po0.01; Tukey
HSD post hoc test), but not regulated in WT mice following
acute morphine injection (WT-Sal vs WT-Mor: F(3, 20)
¼ 1.9; p40.05; Tukey HSD post hoc test; Figure 5b).
Furthermore, a single injection of galnon did not attenuate
CREB phosphorylation in the amygdala of GKO mice.
At a threshold dose of 0.25 mg/kg morphine, there was no
CREB activation in the amygdala of WT or GKO mice
(Figure 5c).

There were no significant changes in levels of total
or phosphorylated ERK or CREB in the SN, hippocampus,
LC, caudate putamen, or cingulate cortex after acute
morphine treatment in either genotype (F’s o1.0) (data
not shown).

DISCUSSION

Galanin null mutant mice were more sensitive to morphine
than their WT counterparts in tests of locomotor activation
and morphine CPP. GKO mice, but not WT animals
exhibited increased locomotor activation following acute
morphine treatment. Galnon coadministration reversed the
morphine-induced increase in locomotor activity, suggest-
ing that morphine locomotor activation in GKO mice is not
due to a developmental difference in these animals, but that
galanin acutely inhibits the psychomotor stimulant proper-
ties of morphine in adulthood. Morphine place preference
was also enhanced in GKO mice compared to WT controls,
supporting neurochemical data suggesting that galanin
counters drug reward (Zachariou et al, 1999). GKO mice
also showed morphine-dependent increases in pERK in the
NAc and pCREB in the amygdala, areas of the brain that are

Figure 4 Changes in levels and phosphorylation state of CREB and ERK
in the NAc following administration of acute morphine alone or galnon
prior to morphine administration. Galanin wild-type and knockout mice
were administered an acute i.p. injection of 10 mg/kg morphine alone or
were administered morphine 15 min after an i.p. injection of galnon at a
dose of 2 mg/kg and decapitated 5 min after the morphine injection. (a, b)
Tissue punches from the nucleus accumbens (NAc) were immunoblotted
for ERK and phospho-ERK and CREB and phospho-CREB. *p-value o0.05
with respect to saline-treated WT controls. WT-Saline, n¼ 4; GKO-Saline,
n¼ 4; WT-Morphine, n¼ 8; GKO-Morphine, n¼ 8, WT-Galnon +
Morphine, n¼ 8; GKO-Galnon + Morphine-n¼ 9.

Figure 5 Changes in levels and phosphorylation state of CREB and ERK
in the amygdala following administration of acute morphine alone or galnon
prior to morphine administration. (a, b) Tissue punches from the amygdala
were immunoblotted for CREB and phospho-CREB and ERK and phospho-
ERK in galanin wild-type and knockout mice administered an acute i.p.
injection of 10 mg/kg morphine alone or administered morphine 15 min
after an i.p. injection of 2 mg/kg galnon and killed 5 min after the morphine
injection. (c) CREB and phospho-CREB signaling in mice injected with
0.25 mg/kg morphine, assessed for locomotor activation on three
successive days, and killed on the third day 5 min after morphine injection,
immediately after the last locomotor test; *p-value o0.05 with respect to
saline-treated WT controls. WT-Saline, n¼ 4; GKO-Saline, n¼ 3; WT-
Morphine, n¼ 8; GKO-Morphine, n¼ 8; WT-Galnon + Morphine, n¼ 8;
GKO-Galnon + Morphine, n¼ 9.
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critical for behavioral effects of morphine (Figure 6). In the
VTA and amygdala, both WT and GKO mice showed
elevated levels of pERK that were reversible by galnon, but
this effect was exaggerated in the VTA of GKO mice.
Morphine-dependent increases in levels of pERK but not
pCREB were reversible by systemic administration of
galnon, suggesting that galanin acutely regulates changes
in ERK signaling in the VTA, NAc, and amygdala. There was
no effect of morphine on ERK or CREB signaling in the SN,
hippocampus, LC, cingulate cortex, or caudate putamen,
demonstrating that morphine-associated effects on ERK
and CREB signaling were specific to the VTA, NAc, and
amygdala in these studies. These data support the hypoth-
esis that galanin antagonizes opiate reinforcement and
reward and identify ERK signaling in the VTA, NAc, and
amygdala as a potential downstream target for galanin
effects on opiate-dependent behavior.

Galanin, opioid, and DA receptors are GPCRs that
modulate many signaling pathways including those invol-
ving ERK1/2 (Belcheva et al, 2005, 2001; Hawes et al, 2006a;
Loh and Smith, 1990; Williams et al, 2001). Chronic
morphine exposure (Berhow et al, 1996) and stimulation
of several GPCRs, including opioid receptors, leads to ERK
activation in the VTA (Eitan et al, 2003) and inhibition of
ERK activity in the VTA suppresses the rewarding effects of
morphine (Ozaki et al, 2004). The current data support
these findings, showing significant morphine-CPP and
increases in phosphorylation of ERK1/2 in the VTA of both
galanin WT and GKO mice following acute administration
of a rewarding dose of morphine. These data collected 5 min
following 10 mg/kg morphine injection differ somewhat
from earlier findings (Berhow et al, 1996) that reported no
changes in ERK activation in the VTA 2 h following a single
injection of a higher dose of morphine, however they are
consistent with data showing that ERK phosphorylation
peaks approximately 5 min after drug administration
(Valjent et al, 2004). Similarly, we observed no change in

ERK signaling in the hippocampus or cingulate cortex at a
5 min time point, likely due to the fact that activation of
ERK signaling by morphine in these areas peaks at 20 min
post injection (Valjent et al, 2004). Other studies show that
inhibition of ERK during place conditioning blocks cocaine
CPP (Valjent et al, 2006a). ERK induction at the 5 min time
point indicates that stimulation of ERK would occur during
exposure to the training chamber during place condition-
ing. In addition to the finding that GKO mice showed
enhanced morphine CPP at low doses of morphine, there
was a tendency for GKO mice to show elevated levels of
phosphorylated ERK in the VTA in comparison to their WT
counterparts, suggesting that galanin-associated regulation
of ERK may modulate behavioral sensitivity to morphine.

Effects of morphine on ERK signaling and locomotor
activation were reversed by the galanin agonist, galnon.
Galnon only partially reversed morphine-induced elevations
of phosphorylated ERK in the VTA of GKO and WT mice,
suggesting that galanin exerts limited control over ERK
signaling in the VTA. By contrast, in the NAc, a single
galnon injection completely abolished morphine-induced
ERK activation. Galnon is a galanin agonist that is thought
to have some selectivity for GalR1 over GalR2 and GalR3
(Saar et al, 2002; Wu et al, 2003). Galnon can act as a
galanin receptor agonist in vivo in behavioral paradigms
modulated by the endogenous peptide galanin, including
opiate withdrawal (Zachariou et al, 2003), feeding behavior
(Abramov et al, 2004), seizures (Saar et al, 2002), and
anxiety (Rajarao et al, 2007). However, it should be noted
that galnon can also interact directly with some G proteins
(Flören et al, 2005), thus the action of galnon may not be
limited to activation of GalR1. GalR1 is negatively coupled
to adenylyl cyclase and activation of this receptor subtype
can therefore decrease PKA-mediated signaling as well as
neuronal excitability (Berthold et al, 1997). Thus, galnon-
mediated activation of GalR1 could reverse the effects of
morphine on ERK signaling either by decreasing the
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excitability of neurons in which these signaling pathways
were activated, or by decreasing the contribution of cyclic-
AMP-mediated pathways in those neurons through
activation of Gi. Interestingly, morphine-associated NAc
activation of ERK and locomotor activation were specific to
GKO mice. Unlike other strains that show robust morphine-
dependent locomotor activation, the 129Ola/Hsd mice in
these studies did not display locomotor hyperactivity in
response to morphine administration. GKO animals on the
129Ola/Hsd background, however, showed robust locomo-
tor activation in response to morphine. Together, these
data suggest that galanin is a negative modulator of the
behavioral and neurochemical signs of acute opiate admin-
istration in vivo.

Galanin may modulate responses to drugs of abuse
through multiple transmitter systems, either independently
or in combination, in the brain regions involved in these
behaviors. DA release in the NAc is thought to be critical for
locomotor activation and opiate reward (Di Chiara and
Imperato, 1988). Galanin decreases presynaptic DA release
in striatal slices (Tsuda et al, 1998) and one possible
explanation for the heightened sensitivity of GKO mice to
morphine-induced locomotion and CPP is that knockout of
the peptide may result in hyperactivation of DA signaling
following opiate administration. Whereas mRNA levels for
galanin receptors are low in the NAc, galanin receptor
binding is quite prominent (Burgevin et al, 1995; Gustafson
et al, 1996; Hawes and Picciotto, 2004; Kolakowski et al,
1998; Waters and Krause, 2000), indicating that localization
of galanin receptors on DA terminals might regulate DA
release. Galanin is also known to be a potent inhibitory
modulator of basal acetylcholine (ACh) release in the
striatum (Antoniou et al, 1997) and it has been demon-
strated that M1-muscarinic receptors and high-affinity
nicotinic receptors regulate the secondary rewarding effects
of cues paired with a primary reinforcer such as morphine
(Brunzell et al, 2006; Carrigan and Dykstra, 2007). Lack of
galanin may therefore increase availability of ACh, thus
increasing the sensitivity of GKO mice to opiates. Finally,
galanin has also been shown to decrease GABA release in
the cortex and striatum (Antoniou et al, 1997; Ellis and
Davies, 1994), potentially increasing excitability in these
brain areas and contributing to morphine’s behavioral
effects. The effects of galanin on morphine-related beha-
viors may therefore modulate reward pathways through
multiple neurotransmitter systems.

A dramatic increase in CREB phosphorylation was
detected in the amygdala of GKO mice treated with 10 mg/
kg morphine, but not WT mice. CREB is phosphorylated
and activated in the amygdala by several drugs of abuse
including opiates (Konradi et al, 1994; Olson et al, 2006;
Shaw-Lutchman et al, 2002). In addition, opiate withdrawal
induced by naloxone can also increase CREB phosphoryla-
tion in cultured neurons and in vivo (Chartoff et al, 2003),
an effect that is abolished by coadministration of galanin
(Hawes et al, 2006b). The behavioral implications of the
increased CREB phosphorylation in the amygdala in GKO
mice are unclear since, unlike morphine-induced locomotor
activation and ERK phosphorylation, which were reversed
by galnon administration in GKO mice, CREB activation in
the amygdala was not reversed following a single injection
of galnon. It is possible that lack of galanin during

development may result in changes in the amygdala that
make CREB activation in this brain area more sensitive to
opiate administration. Alternatively, it is possible that
galanin is important for drug-associated learning that
occurs during early exposure to morphine. Galanin can
block memory consolidation processes (Kinney et al, 2003)
and the amygdala is critical for cue-associated learning
(Robbins and Everitt, 1996). A low dose of morphine that
resulted in morphine CPP did not affect phosphorylation of
CREB in GKO mice, however. Thus, although activation of
CREB in the amygdala may contribute to drug-associated
learning, it is not essential for associating contextual cues
with reward.

The data presented here provide strong evidence
demonstrating that galanin normally acts as a negative
regulator of the acute behavioral response to morphine. In
addition, together with evidence indicating that phosphor-
ylation of ERK is necessary for drug reinforcement (Ozaki
et al, 2004; Valjent et al, 2001, 2006a, b, 2004, 2005), these
data suggest that galanin may modulate drug-dependent
behaviors via activation of ERK in brain areas such as the
VTA, NAc, and amygdala. Thus, galanin agonists may prove
useful in attenuating the rewarding properties of opiates.
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