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Abstract. There has been increasing interest in the
ability of neuropeptides involved in feeding to mod-
ulate circuits important for responses to drugs of
abuse. A number of peptides with effects on hypo-
thalamic function also modulate the mesolimbic
dopamine system (ventral tegmental area and nucleus
accumbens). Similarly, common stress-related path-
ways can modulate food intake, drug reward and
symptoms of drug withdrawal. Galanin promotes food
intake and the analgesic properties of opiates; thus it
initially seemed possible that galanin might potentiate
opiate reinforcement. Instead, galanin agonists de-
crease opiate reward, measured by conditioned place

preference, and opiate withdrawal signs, whereas
opiate reward and withdrawal are increased in knock-
out mice lacking galanin. This is consistent with
studies showing that galanin decreases activity-
evoked dopamine release in striatal slices and de-
creases the firing rate of noradrenergic neurons in
locus coeruleus, areas involved in drug reward and
withdrawal, respectively. These data suggest that
polymorphisms in genes encoding galanin or galanin
receptors might be associated with susceptibility to
opiate abuse. Further, galanin receptors might be
potential targets for development of novel treatments
for addiction. (Part of a Multi-author Review)
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Introduction

An emerging body of work has shown that neuro-
peptides that affect feeding can also affect drug
reward. For example, cocaine- and amphetamine-
regulated transcript (CART), corticotropin releasing
factor (CRF), melanocortins and neuropeptide Y
(NPY) all have reciprocal effects on feeding and drug
reward, such that CART, leptin and CRF decrease
feeding and promote drug reinforcement, whereas
melanocortins and NPY increase feeding and oppose
drug reward [1 – 7]. However, ghrelin and opiates both
increase feeding and are rewarding [6, 8], suggesting
that a simple reciprocal relationship cannot explain
neuropeptide effects on feeding and drug reinforce-
ment.
One site at which the interaction between feeding and
drug reward occurs is thought to be the mesolimbic
dopamine (DA) system. A number of recent studies
have shown that neuropeptides that regulate food
intake can regulate the function of the DA system. For
example, leptin, the most critical peptide mediating

feedback on metabolic state from peripheral tissues to
the hypothalamus, also stimulates DA neuron func-
tion [7, 9]. A number of hypothalamic peptides (and
their receptors) have been shown to be regulated by
administration of drugs of abuse, including galanin,
CART and NPY [1– 4]. Thus, the ability of galanin to
modulate both feeding and drug reward suggests that
the coordinated regulation of appetite and hedonic
aspects of food and drug intake may be co-regulated
by this peptide.

Behavioral studies: effects of galanin on opiate
locomotion and reward

One of the hallmarks of drugs that are abused by
human beings is that they increase locomotor activity
in rodents in a dopamine-dependent manner [10].
Thus, locomotor activation can provide a behavioral
measure of sensitivity to drugs of abuse. Interestingly,
knockout mice lacking the galanin peptide show
increased locomotor responses to morphine across a
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number of doses compared to their wild-type controls
[11]. Galnon is a non-peptide galanin receptor agonist
that can cross the blood-brain barrier [12, 13]. This
compound has been useful for determining whether
behavioral changes in galanin knockout mice are due
to adaptation to the loss of the peptide during
development or acute effects of galanin in the adult
behaving animal. Galnon administration was able to
reverse the morphine-induced increase in locomotor
activation seen in galanin knockout mice, suggesting
that even in the absence of galanin signaling through-
out development, replacement of galanin action in
adulthood could normalize morphine-induced loco-
motor activation [11].
Conditioned place preference is a contextual task that
is thought to measure drug reward and drug seeking
[14]. Local administration of galanin into the cerebral
ventricle attenuates the rewarding effect of morphine
in the mouse as measured by the place preference
paradigm by shifting the dose response curve such that
threshold doses are no longer rewarding in animals
receiving galanin [1]. Consistent with the possibility
that galanin signaling opposes opiate reward, galanin
knockout mice showed increased sensitivity to a low
dose of morphine in the place preference paradigm
compared to their wild-type controls [11]. The effect
of galanin on morphine-induced locomotion and
morphine place preference occurred at very different
doses, since at the threshold dose for morphine place
preference (0.25 mg/kg), no locomotor activation was
seen.

Regulation of the dopaminergic and cholinergic
systems by galanin

Three G-protein-coupled receptors for galanin have
been cloned [15 – 18]. GalR1 and GalR3 are generally
thought to be coupled to Gi proteins, and activation of
these receptors leads to inhibition of adenylyl cyclase
[19], whereas GalR2 can be coupled to phospholipase
C and can activate protein kinase C in neurons [19 –
21]. Similarly, there are three receptors for endoge-
nous opioids, m, d and k, which, like GalR1, are
coupled to Gi proteins and inhibit adenylyl cyclase
[22]. Knockout mouse studies show that the m-opioid
receptor is critical for reinforcing effects of morphine,
as well as opiate withdrawal [23]. Since galanin can
attenuate the rewarding and withdrawal actions of
morphine, galanin-morphine interactions may involve
the m receptor subtype.
GalR1 mRNA is expressed at high levels in the
amygdala, ventral hippocampus, thalamus and dorsal
horn of the spinal cord, and in moderate amounts in
the striatum, locus coeruleus (LC) and periaqueductal

grey (PAG) [24]. GalR2 mRNA is expressed in the
spinal cord, hippocampus, piriform and entorhinal
cortex, basal nucleus of the accessory olfactory tract,
amygdala, hypothalamic nuclei, ventral tegmental
area (VTA), PAG and LC [16, 20, 25, 26]. GalR3
mRNA is expressed in human testis, adrenal gland and
pancreas [20], with low levels in the hypothalamus and
pituitary gland [27]. High levels of galanin binding
sites have been measured in the dopaminergic regions
of the brain [28]; however, the receptor subtypes
mediating that binding cannot be identified conclu-
sively, since the antisera raised against the GalR1 and
GalR2 subunits still recognize bands on Western blots
of tissue from galanin receptor knockout (GalR-KO)
mouse lines [29]. Opioid receptor subtypes are also
widely expressed in the brain, although m-opioid
receptors in the VTA, amygdala and LC are thought
to be most critical for the rewarding effects of opiates
[30].
Local administration studies into the VTA, NAc and
prefrontal cortex (PFC) suggest that opiate reinforce-
ment is mediated through activation of the mesolim-
bic DA system [31], but it is clear that other neuro-
transmitters, for example norepinephrine (NE) [32]
and acetylcholine (ACh) [33, 34], can contribute to
opiate reward. Acute morphine administration in-
creases locomotor activity and can result in condi-
tioned place preference [35, 36]. These behaviors are
associated with DA release from neurons that origi-
nate in the VTA, have terminals in the nucleus
accumbens (NAc), PFC, hippocampus and amygdala
[35, 37], and can be blocked by both noradrenergic
depletion and cholinergic receptor blockers [32 – 34].
Although activation of the VTA-NAc pathway results
in increased locomotor activity and drug self-admin-
istration, lesions of the NAc alone are not sufficient to
abolish morphine self-administration or morphine-
induced locomotor activity completely [38, 39]. Thus,
the NAc is one important mediator of the reinforcing
effects of opiates, but other brain regions, such as the
nucleus of the tractus solitarius (NTS) [32] or dorsal
hippocampus [34], are also involved in opiate-induced
locomotion and place preference.
The amygdala and hippocampus receive dopaminer-
gic, noradrenergic and cholinergic projections, and are
thought to participate in the reinforcing effects of
drugs of abuse (for review see [40]). In addition to the
VTA, NAc and PFC, animals also self-administer
opiates into the dorsal hippocampus, central gray and
lateral hypothalamus [41]. Thus, galanin-opiate inter-
actions could take place in any of these brain
structures. The amygdala also plays a role in mor-
phine-induced locomotor activation [42], and amyg-
dala DA receptor blockade can block morphine-
induced locomotor activity in the rat [37, 43]. Finally,
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DAergic, GABAergic, noradrenergic and cholinergic
agents can all modulate morphine CPP [32, 43 – 45],
implicating multiple systems in opiate reinforcement.
As noted above, galanin receptor mRNAs [46] and
galanin binding sites [28] are expressed in neurons in
the mesolimbic DA system. In striatum, GalR1
mRNA is expressed in a pattern that suggests that it
is localized in cholinergic interneurons [47, 48], but
specific galanin binding sites are much more wide-
spread [28], suggesting that galanin receptors may be
represented on neuronal terminals in the striatum and
NAc. Consistent with the ability of galanin to decrease
morphine place preference, galanin has an inhibitory
effect on DA release in rat striatal slices [49]. Further,
administration of galanin into the VTA but not the
NAc increases DOPA accumulation (suggesting a
decrease in DA synthesis) throughout the striatum,
and decreases spontaneous locomotor activity [50]. It
is not clear, however, whether the ability of galanin to
modulate DA occurs because of direct effects on DA
neurons, or indirectly through modulation of other
neurotransmitters.
Both galanin and morphine can modulate ACh release
in the striatum/NAc, and the effects appear to be
somewhat complementary. Chronic morphine in-
creases extracellular levels of ACh in the NAc [51],
and knockout of the M5 muscarinic ACh receptor
decreases morphine CPP [52]. By contrast, galanin
inhibits spontaneous and potassium-stimulated ACh
release from both cortical slices and synaptosomes
through a Gi-mediated mechanism [53]. Galanin also
decreases ACh release in microdialysis studies in
awake rats [54], although it can increase ACh release
in striatum of anesthetized rats [54, 55], suggesting
that this effect is modulated by arousal. Accordingly,
galanin also decreases glutamate, but not GABA,
release in striatal slices [56]. These data suggest that
galanin normally decreases ACh and glutamate re-
lease in the striatum. Unfortunately, very little data is
available on the effects of galanin on the VTA, but it is
plausible that similar effects occur in this brain area.
For example, local infusion of galanin into the VTA
but not the NAc decreases locomotor activity and
modulates DA synthesis [50]. Thus, effects on chol-
inergic neurons in the VTA and/or the NAc could
underlie galanin-opiate interactions in the mesolimbic
system.

Galanin-mediated modulation of intracellular
signaling pathways following morphine
administration

Intracellular signaling downstream of DA release is
important for both locomotor activating and reward-

ing effects of opiates. DA release in the NAc following
treatment with drugs of abuse stimulates phosphor-
ylation of extracellular-signaling regulated protein
kinase (ERK) leading to increased activity of this
protein, and this is thought to be important for
locomotor activation and reward [57]. Indeed, inhib-
ition of ERK phosphorylation in the VTA blocks the
rewarding effects of morphine [58]. Morphine induces
a significant increase in the activity of ERK in the
VTA, NAc and amygdala of both galanin wild-type
and knockout animals, but the increase is significantly
greater in knockout mice lacking the galanin peptide
[11]. In the VTA, galnon administration decreased
morphine-induced ERK phosphorylation in both
wild-type and galanin knockout mice, suggesting that
activation of galanin receptors in the VTA can
attenuate activity of DA neurons and decrease signal-
ing related to opiate reward; however, the decrease in
P-ERK by galnon was not complete, suggesting that
morphine also regulates ERK activity independent of
the galanin system. In the NAc and amygdala, galnon
decreased ERK phosphorylation back to baseline
levels in galanin knockout mice, but had no effect on
the already low baseline in wild-type mice. Taken
together, these data demonstrate that the consequen-
ces of morphine administration on intracellular sig-
naling in the mesolimbic DA system are exacerbated
in the absence of galanin and attenuated by the
administration of a galanin agonist.
Behavioral responses to drugs of abuse depend on
persistent alterations in neuronal activity that occur
following induction of a number of intracellular
signaling cascades [59]. The ability of drugs of abuse
to recruit signaling pathways in DA neurons and their
downstream targets in the NAc, amygdala and PFC is
critical for neuronal plasticity leading to persistent
behavioral changes [60 – 62]. Thus, the ability of
galanin and morphine to modulate similar intracellu-
lar signaling cascades may underlie galanin-opiate
interactions at the behavioral level. As mentioned
above, both GalR1 and the m-opioid receptor are
coupled to Gi proteins and both can decrease cyclic
AMP (cAMP) levels, as well as downstream signaling
through cAMP-dependent protein kinase (PKA) [22,
63]. In the VTA, m-opioid receptors are thought to act
predominantly on GABAergic neurons [64]. By
contrast, GalR1 message may be found in cholinergic
neurons [46, 48]. Thus, morphine, acting through m-
opioid receptors, decreases activity of the cAMP
pathway in GABA neurons thereby disinhibiting DA
cell bodies and terminals [65]. By contrast, the effects
of galanin on this circuit are still relatively unknown,
but galanin can decrease ACh release [53], as well as
locomotor activity through actions in the VTA [50].
Thus, in a highly speculative model (Fig. 1), galanin
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could decrease either DA release in the VTA directly
or indirectly through decrease of ACh release, leading
to decreased cholinergic inputs to DA neuron cell
bodies. Therefore, circuit-level interactions between
galanin and opiates in the VTA or NAc could have
opposing effects on output of this system.

Galanin and alcohol

Alcohol, like other drugs abused by humans, increases
extracellular DA levels in the NAc [66]. A major
difference between alcohol and other drugs, however,
is that alcohol has caloric content. Thus, peptides that
regulate feeding as well as responses to drugs of abuse
could have extremely complex effects on alcohol
intake. Both pharmacological and genetic studies
have shown that galanin normally decreases opiate
and cocaine reward [1, 11, 67]. In contrast, galanin
increases intake of ethanol [68 – 70], increases hypo-
thalamic expression of the mRNA encoding galanin
[71, 72] and potentially decreases GalR1 [73]. The
ability of galanin signaling to regulate alcohol intake is
especially interesting given that single nucleotide
polymorphisms in the galanin gene and the GalR
gene have been associated with alcoholism [74, 75].

Ongoing studies should determine whether the effects
of galanin on alcohol intake are mediated through
similar or distinct mechanisms to regulation of food
intake and preference for other drugs of abuse.

Galanin and opiate withdrawal: behavioral studies

In addition to effects on opiate reward, galanin also
has effects on the consequences of chronic opiate
administration. Systemic administration of the galanin
agonist galnon significantly attenuates several opiate
withdrawal signs in mice [63]. In addition, activation
of galanin receptors by endogenous galanin normally
plays a protective role against opiate dependence and
withdrawal since knockout mice lacking the galanin
gene show significantly more withdrawal signs than
wild-type animals, and this increase can be reversed by
galnon as well. It should be noted that one report
showed that ventricular administration of galanin
failed to suppress somatic opiate withdrawal symp-
toms at doses that induced feeding [76], perhaps
because the peptide did not penetrate fully through
the brain stem. The noradrenergic system is an
important site of action for galnon or endogenous
galanin in attenuating opiate withdrawal since trans-
genic mice expressing galanin under the control of a
promoter that targets expression to noradrenergic
neurons [77] show significant decreases in several
withdrawal signs as compared to their wild-type
siblings. These data suggest that galanin�s effects on
opiate withdrawal signs may be mediated through
actions on the noradrenergic system.

Potential mechanisms underlying effects of galanin on
morphine withdrawal

Lesion of the LC, the major noradrenergic nucleus in
the brain, reduces a subset of opiate withdrawal
symptoms, suggesting that the LC is one brain area
that contributes to the expression of some physical
signs of opiate dependence [78]. Many studies of
galanin action have focused on modulation of phys-
iological properties of LC neurons. Galanin is found at
high levels in most norepinephrine-positive neurons
of the LC and can decrease the firing rate of LC
neurons in brain slices [79– 81]. Based on transgenic
mouse studies in which galanin is overexpressed in
noradrenergic neurons [63] as well as physiological
studies [80], a possible mechanism underlying galnon
antagonism of opiate withdrawal signs could be
decreased firing of noradrenergic neurons. Consistent
with this possibility, expression of c-fos, a marker of
neuronal activation, is greatly increased in the LC

Figure 1. Model for galanin-opiate interactions at the cellular
level. GalR1 and m-opioid receptors decrease both cAMP levels
and neuronal excitability. Thus, in cells co-expressing both receptor
subtypes (not shown), galanin could substitute for morphine,
perhaps explaining the ability of galanin to counteract some
somatic signs of opiate withdrawal. By contrast, in brain regions in
which GalRs and opioid receptors are on different neuronal
subtypes, galanin and morphine could have opposing actions. In the
hypothetical case depicted here, m-opioid receptors on GABA
neurons result in decreased GABA release onto DA neurons,
disinhibiting these neurons. Galanin results in decreased ACh
release, potentially decreasing cholinergic input to DA neurons
from the pedunculopontine tegmental area, an effect known to
decrease opiate reward [87, 88]. Connections between GABA and
ACh neurons would amplify this interaction [87]. The interaction is
depicted on the terminals here since galanin can modulate release
of neurotransmitters in slice preparations, but the effects of both
galanin and opiates would likely occur on cell bodies as well. DA,
dopamine; ACh, acetylcholine.
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during opiate withdrawal, and this increase is attenu-
ated following administration of galnon [63].
One potential mechanism underlying the decreased
firing rate of LC neurons reflected in c-fos measure-
ments is a decrease in cAMP levels as a result of
activation of galanin receptors coupled to Gi proteins.
It has been shown previously that serine 40 in TH is
specifically phosphorylated by PKA. Consistent with
this possibility, tyrosine hydroxylase phosphorylation
on a PKA-sensitive site, a measure of cellular cAMP
levels [82] in catecholaminergic neurons, is signifi-
cantly increased following morphine withdrawal, and
this increase is greatly reduced by galnon administra-
tion.

Galanin-mediated biochemical changes following
opiate withdrawal

The hypothesis that the mechanism underlying effects
of galanin on opiate withdrawal might involve inhib-
ition of cAMP-dependent signaling is supported by in
vitro studies. In Cath.a cells, an immortalized LC-like
cell line, as well as in primary striatal neurons, chronic
morphine, followed by naloxone challenge to simulate
opiate withdrawal, increases PKA-mediated phos-
phorylation of target proteins, and this is attenuated
by galanin administration [83].
There is also plasticity in the galanin system following
opiate administration and withdrawal that modulates
response to endogenous galanin. Galanin binding and
gene expression of GalR1 are increased in the LC
during opiate withdrawal [48]. Therefore, galanin
receptor regulation may play an important role in
galanin-influenced physiological functions of nora-
drenergic neurons. GalR1 contains promoter ele-
ments that are responsive to the cAMP-sensitive
transcription factor CREB [84]. GalR1 is upregulated
in a cAMP/CREB-dependent manner as part of a
negative feedback mechanism that does not extend to
GalR2 and GalR3 [85]. These observations suggest
that GalR1, but not GalR2 or GalR3, can be regulated
by events that alter cAMP-dependent signaling path-
ways in noradrenergic neurons, such as opiate with-
drawal.

Conclusions

In neurons expressing both GalR1 and the m-opioid
receptor there are likely to be similar consequences on
the cAMP pathway following stimulation with galanin
or morphine, such that both peptides would decrease
cAMP levels and decrease the firing rate of these
neurons. This may explain why galanin can oppose

opiate withdrawal. One hypothesis for the molecular
basis of opiate withdrawal is that chronic opiate
receptor activation, and the attendant activation of Gi

and decrease in cAMP levels, leads to compensatory
increases in adenylyl cyclase and PKA activity, such
that activity is normalized when the opiate is onboard
[86]. This hypothesis goes on to suggest that opiate
withdrawal relieves the tonic inhibition on the cAMP
system, resulting in greatly increased PKA activity
and increased firing of noradrenergic neurons by
decreasing a hyperpolarizing potassium current [22].
Since GalR1 is also coupled to Gi proteins, galanin
compensates for loss of opiate stimulation during
withdrawal and normalizes cAMP levels [63] and
firing rate [79].
While galanin substitutes for morphine in brain areas
involved in withdrawal, it is not rewarding on its own
[1], suggesting that the effects of galanin on opiate
withdrawal and reward are distinct. This is consistent
with the idea that opiate withdrawal and reward are
mediated through different brain regions, and that in
brain areas in which m-opioid receptors and GalR1 are
on different neuronal subtypes, the similar coupling to
downstream signaling pathways results in opposing
actions on neuronal excitability in the circuit (Fig. 1).
The studies reviewed here support the idea that
galanin normally acts to counteract opiate reward
and withdrawal, and that small-molecule GalR ago-
nists can diminish opiate reward and signs of with-
drawal. Many questions remain to be answered,
however. The effects of galanin on alcohol intake
are opposite to those on cocaine and morphine
seeking, perhaps because of the caloric content of
alcohol. Further studies are necessary to identify the
mechanisms underlying the two sets of effects. In
addition, while the effects of galanin on drug reward
are likely to be due to actions on the mesolimbic
system, it is not yet known whether the effects of
galanin on DA neurons are direct or indirect. The
cholinergic system is an attractive target for future
studies of galanin-mediated modulation of DA signal-
ing. Despite these open questions, GalRs may be
attractive targets for the development of novel
therapeutics for drug addiction.
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