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Abstract: Galanin (GAL) is a 29-amino-acid neuropeptide that serves multiple physiologi-

cal functions throughout the central and peripheral nervous system. Its role involves in

a range of physiological and pathological functions including control of food intake, neuro-

protection, neuronal regeneration, energy expenditure, reproduction, water balance, mood,

nociception and various neuroendocrine functions. The use of currently available antidepres-

sant drugs raises concerns regarding efficacy and onset of action; therefore, the need for

antidepressants with novel mechanisms is increasing. Presently, various studies revealed the

link between GAL and depression. Attenuation of depressive symptoms is achieved through

inhibition of GalR1 and GalR3 and activation of GalR2. However, lack of receptor selectiv-

ity of ligands has limited the complete elucidation of effects of different receptors in

depression-like behavior. Studies have suggested that GAL enhances the action of selective

serotonin reuptake inhibitors (SSRIs) and promotes availability of transcription proteins.

This review addresses the role of GAL, GAL receptors (GALRs) ligands including selective

peptides, and the mechanism of ligand receptor interaction in attenuating depressive

symptoms.
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Introduction
Galanin (GAL) is a neuropeptide with 29 amino acids in length (30 in humans) that

co-localize with noradrenaline in the locus coeruleus (LC) neurons and serotonin in

the raphe nucleus;1–4 it is found in a wider distribution in the central and peripheral

nervous systems.5 The receptors mediating its action have also a different distribu-

tion in the central nervous system and the peripheral nervous system as well as

distinctive signaling pathways with different biological and pathological effects.

Several studies so far, indicated that GAL is involved in numerous functions such as

metabolism, endocrine secretions, intestinal motility, nociception, cognition, feeding

behavior, hormone secretion (insulin), nerve regeneration, memory, neuroendocrine

release, gut secretion, contractility, and addiction.6–9 Pharmacological and genetic pre-

clinical data have also linked the neuroprotective and neuronal regenerative capacity of

this neuropeptide and to a range of physiological and pathological functions including

epilepsy, chronic anxiety, depression, and pain.9–11 These multitude regulatory effects are

mediated through interaction with three G-protein coupled receptors, namely Galanin

receptor 1 (GalR1), Galanin receptor 2 (GalR2) and Galanin receptor 3 (GalR3); their

roles have been the focus of intense investigation.12–14 The pertussis toxin (PTX) sensitive

guanine nucleotide binding proteins, inhibitoryG-proteins (Gi/Go) are chiefly involved in

the signal transduction mechanism of these receptors.15
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Investigations of the mechanism through which GAL

acts and the receptor subtypes may represent tremendous

potential in neuroscience research and novel drug lead

development.16 One of the areas of research interest is

depression.17 Stress induces the synthesis and release of

GAL with other co-transmitters including serotonin and

norepinephrine. A cohort study that enrolled a European

white population revealed that variants in genes for GAL

and its receptors conferred an increased risk of depression

and anxiety in subjects with a history of childhood adver-

sity or recent negative life events. According to the stu-

dies, the neuropeptide is involved in the pathogenesis of

depressive disorders by maximizing psychosocial stress

conditions.16

The role of GAL in learning and memory is implicated

by its co-localization in the nucleus basalis neurons of

acetylcholine and induction of hyperpolarization in these

neurons, accompanying decrease release of acetylcholine

in the ventral hippocampus. Centrally administered GAL

antagonists attenuate the inhibitory actions and their

potential role in dementia has been investigated.18 The

neuropeptide, which is thought to be an adrenergic neuro-

transmitter in the pancreas, potently inhibits insulin secre-

tion by activating ATP sensitive potassium channels.19

The prior addition of receptor antagonist, galantide (500

nmol/l) abolished the changes in [Ca2+] and insulin

concentrations.20

Galanin Receptors
Galanin receptors (GALRs) belong to G-protein-couple

receptor (GPCR) superfamily that consists of three sub-

families namely GalR1, GalR2 and GalR3.21 All the three

receptors are classified under rhodopsin like (class A)

GPCRs,17,22,23 alternatively named as seven trans mem-

brane receptors or 7TM based on the notion that seven

membrane spanning proteins are constituted in their gen-

eral structure.23 Their structure is composed of three inter-

cellular loops (ICLs), an extracellular N-terminus, three

intracellular loops and three extracellular loops

(ECLs).21,24 The helix eight at the C-termini which is

located parallel to the membrane is present in all

models;21 it is found in the structure of three receptors

and acts as a conformational switch.25

Although the three receptors show similarities in their

structure as GPCR subclass, distinctly different binding

properties to other molecules and effects on intracellular

signaling has been documented.21,24 For instance, the

lengths of C- and N-termini vary between the three

receptor subtypes. The residues in the C-terminal vary

within the three receptor subtypes ie, 37 residues in

GalR1, 30 residues in GalR2 and 13 residues in GalR3.

Likewise, N-terminal which plays an important role in

ligand binding is 80 residues long in GalR2, 62 residues

in GalR3 but only 47 residues long in GalR1. The receptor

subtype is determined by a region between ECL2 and TM

helix 7; this region is highly variable and affects ligand

binding, cavity size and changing the pattern of ligand

interacting residues. Visual inspection revealed the binding

cavity in GalR3 as much narrower than in the other two

Receptors.21

GalR1 was first cloned from human bowes melanoma

cells; it has 7TM domains with extracellular ligand bind-

ing N-terminus and intracellular C-terminus.15 Several

amino acid residues located in the first and second extra-

cellular TM domains (a pair of cysteine residues presumed

to form a disulfide), in the fourth (proline residue), in the

fifth and seventh TM domains are thought to introduce

a bend in the a-helical structure of the TM and participate

in the formation of the binding pocket.15,26 High levels of

receptor expression were observed in nucleus of the olfac-

tory tract and olfactory bulb of the olfactory system,

cerebral cortex, amygdaloid nucleus, dorsal dentate gyrus

and ventral subiculum of hippocampus, thalamus and in

some areas of the hypothalamus.

GAL binds to the extracellular N- terminus of GalR1

receptors and elicit conformational change to the signaling

molecule. The activated receptors will then bind to

G-proteins to form a ternary-complex with GAL and the

receptor. Then inhibition of adenyl cyclase (AC) produc-

tion via the Gi/0 pathway (PTX sensitive Gi/o-pathway)

follows and leads to decrease production of a second mes-

senger, cyclic Adenosine Monophosphate (cAMP).15,27 In

addition, receptors activation results in the stimulation of

the mitogen activated protein kinase (MAPK) pathway,

however, activation of the MAPK is independent of pro-

tein kinas C (PKC), rather the βγ-subunit is responsible for
activation of this pathway.27 This receptor regulates

G-protein coupled inwardly rectifying potassium

channels.27

Cloning of GalR2 was first done in rat hypothalamus

cells12 and then cloned from spleen cells in mice.28 More

recently, the receptors have been cloned from a variety of

human tissues. Molecular characterization of the receptor

indicated four residues, His252 and His253 located in

transmembrane domain 6 and Phe264 and Tyr271 in the

extracellular loop 3, to be of great significance in the
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interactions responsible for ligand binding and receptor

activation. Receptor occupancy by an agonist results in

activation of an effector, phospholipase C (PLC) by

which phosphatidylinositol, 4, 5-bisphosphate is converted

in to diacylglycerol (DAG) and inositol triphosphate (IP3).

IP3 mediated intracellular calcium increment promotes

calcium-calmodulin complex formation through which

subsequent substrates are activated. On the other hand,

DAG located in the cell membrane catalyzes the activation

of PKC.29 Generally, an increase in cAMP levels is asso-

ciated with activation of the stimulatory G-protein (Gs)

signaling pathway, leading to activation of AC followed

by increased cAMP levels.

By far, the highest levels of GALR2 mRNA expression

are observed in the dorsal root ganglia (DRG), hippocam-

pal formation (selectively distributed over the granule cell

layer of the dentate gyrus), hypothalamus (present vir-

tually in all hypothalamic nuclei), and cerebellar cortex.

Instead of Gs, the high concentrations of Ca2+ intracellu-

larly, βγ G-protein subunit and PKC were presented as

a possible candidate to be able to stimulate AC and

cause an increase in cAMP levels. GalR2 also mediates

a modest inhibition of cAMP Production, demonstrating

coupling to Gi.30

GalR3 was first isolated from cDNA libraries of the rat

hypothalamus by both homology and expression cloning

techniques.13,27,31 Rat GalR3 has 370 amino acids and

shares 52–54% and (35–36%) resemblance with GalR2

and GalR1 respectively. Whereas, human GalR3 is com-

prised of 368 amino acids and shares 90% sequence iden-

tity with rat GalR3. GalR3 is widely distributed

throughout the median, ventromedian, and ventrolateral

preoptic nuclei, medulla oblongata (at the level of the

dorsal paragigantocellular field [DPGi]), and medial pre-

optic region (in the subfornical organ).13,32

Galanin in Depression
Depression is among the most disabling of all medical

disorders33 and the most common of the affective

disorders.34 Although the exact cause is not exactly known,

genetic predisposition, psychosocial stressors and biologic

pathophysiology are associated with depressive disorders.35

The symptoms may range from a very mild condition border-

ing on normality to severe (psychotic) depression which may

be accompanied by hallucinations and delusions.34 The

pathophysiology of depression remains unclear, but accumu-

lated evidence implicates disturbances in monoaminergic

transmission (the monoamine hypothesis) in the brain.36

Currently available medications employed in the treatment

of major depression increase the synaptic concentration of

monoamines especially norepinephrine and serotonin. For

instance, selective serotonin reuptake inhibitors (SSRIs),

most widely used to treat depression, enhance the level of

a monoamine, serotonin, in the synaptic space.37 In addition

to the older idea that a deficit in function or amount of

monoamines, there is evidence that neurotrophic and

endocrine factors play a major role (the neurotrophic

hypothesis).38

Studies focused on the regulatory effects of antidepres-

sants on synaptic function and cellular proteins, less

emphasis has been placed on monoaminergic regulation

at a more global systemic level, or how such systemic

alterations in monoaminergic function might alleviate the

behavioral, cognitive, emotional and physiological mani-

festations of depression and anxiety disorders.39 Although

certain highly selective drugs may prove effective, and

remain indispensable in the experimental (and clinical)

evaluation of the significance of novel mechanisms,

a diversity of multi-target strategies are proposed for the

more efficacious and rapid control of core and co-morbid

symptoms of depression, together with improved tolerance

relative to currently available agents.40

Therefore, there is an ongoing search for new medica-

tions targeting different sites and potentially modify mood

disorders, such as major depression and anxiety.40,41

Neuropeptides and their receptors, the most diverse family

of neurotransmitters in the brain, have been extensively

explored.26,42 In this regard the neuropeptide GAL is

under extensive preclinical investigation.37

The neuropeptide, GAL, upon its action on its three

receptors (GalR1-3), participates in numerous physiological

and different disease conditions and thus represent tremen-

dous potential in neuroscience research and novel drug lead

development.6–8 One of the areas where GAL is involved is

depression.43–47 Recent studies have shown the interaction of

serotonergic system and neuropeptides to be a key aspect of

implication to treat major depression in rodents.48–50

In depression, the neuropeptide modulates the release

of neurotransmitters from the LC51 and raphe nucleus52,53

through signal transduction mediated by GalRs (1–3).54

Involvement of GalR1 was explored in a rat model of

depression based on chronic mild stress. GAL’s action on

GalR1 in ventral periaqueductal gray area was associated

with depressive like behavior, possibly representing

a novel target for antidepressant therapy.23 Moreover, it

modulates the function of serotonin receptor (5-HT1AR)
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at autoreceptor and postsynaptic levels in the brain

areas.53,55–59

As to previous studies, investigations were underway

to confirm the mechanism through which receptors med-

iate signal transductions.15,27,29 Interestingly, a recent

study confirmed the inhibitory action of GalR1 and

GalR3 on receptor knockdown from a brain slice of

Sprague Dawley rats after neurons failed to exhibit

a significant neural firing. In addition, the inhibitory effect

of GAL was abolished by treatment of PTX, indicating

that inhibitory g-protein (Gi) is required for GalR1

mediated hyperpolarization; its effect is also blocked by

GIRK blockers.29,51,54 Bai and colleagues also used

siRNA technique to knockdown GalR1 and GalR2 in

a rat's brain slice. They confirmed that induced hyperpo-

larization was significantly decreased in GalR1 knock-

down brain slices while there was not significant change

in hyperpolarization in GalR2 knockdown and the control

group.51

GalR2 induced excitatory signaling is mediated via cou-

pling to Gq/G11 thereby increasing neural reactivity in dif-

ferent brain regions.32 On the contrary, GalR1 and GalR3

couples to Gi/Go to induce cellular hyperpolarization.27,60

Gi/o induced hyperpolarization leads to increased potassium

conductance through inwardly rectifying potassium channels

and GIRK channels.51 Consequently, neural cell hyperpolar-

ization inhibits neurotransmitter release from the LC and

raphe nucleus, notably norepinephrine and serotonin.61,62

The pro-depressant effect of GalR1 is attributed to its

ability to modulate 5-Hydroxytryptamine-1A (5-HT1AR)

signaling owing to its hyperpolarizing and ability of form-

ing a complex with 5-HT1AR to inhibit release and bind-

ing, and reduction of serotonin metabolism in ventral

limbic cortex, the hippocampal formation, and frontal par-

ietal cortex.52 The interaction of GALRs with 5- HT1A

receptors was found in the paraventricular thalamic

nucleus, the nucleus reuniens and rhomboideus, the zona

incerta, the medial and the lateral hypothalamus, and the

medial and the lateral amygdaloid area, but not in the pars

compacta of the substantia nigra, which lacks 5-HT1AR

binding sites.63

The binding characteristics of the neuropeptide were

analyzed on 5-HT receptor subtypes in the ventral limbic

cortex of the rat;52 and it has been demonstrated that

GalR1-5-HT1AR heteromerize.64 It was found that GAL

markedly decreased the affinity value of 5-HT1AR

binding, while there were no effects on the binding char-

acteristics of the 5-HT1B or 5-HT2 radio ligands. This

GalR1-5-HT1AR interaction is located in dorsal raphe

5-HT1AR cells that innervate large parts of forebrain.52,53

Thus, GAL upon receptor–receptor interaction with

5-HT1AR induces hyperpolarization of serotonergic neurons

it reduces the binding affinity of post-junctional and serotonin

autoreceptor. Its binding to GalR1 receptor subtype causes

GalR1-5-HT1AR activation via Gi/o-AC-PKA cascades,

thereby decreasing the phosphorylation of cyclic AMP

response element binding protein (CREB) that leads to

a reduced gene transcription such as anti-apoptotic

proteins.23,64 Regulation of CREB expression by members

of the diverse family of neuropeptides, including GAL, are co-

expressed with noradrenaline and serotonin, modulates synap-

tic and other neuronal structure activities by enhancing the

firing, neurogenesis and neuronal plasticity.23

The implication of GAL in the regulation of affective

behavior, including modulation of 5-HT signaling was also

investigated in various central and peripheral nervous system

regions including, limbic and basal forebrain, hypothalamus/

mammillary bodies, midbrain, pons and medulla and lamina

I–V.65 The investigation of GAL on 5-HT level in specific

brain parts indicated a 79% decrease in serotonin levels in the

medial prefrontal cortex (mPFC) and the ventral hippocam-

pus (vHPC) to 72% after intracerebroventricular (ICV) infu-

sion. Local infusions caused a long-lasting decrease in 5-HT

levels in vHPC to 88%, and a moderate decrease in central

amygdaloid nucleus (CeA), whereas the 5-HT levels in

mPFC significantly increased to 121%. These effects of

ICV GAL correlated well with the density of 5-HT and

GALnerve terminals, and GALRs autoradiography in

mPFC, vHPC, and CeA. GAL was often found to coexist

in NA, but could never be detected in 5-HT terminals.66

Moreover, effects of receptor agonists on LC neurons are

significant for its role in participation of depressive

disorders.1,67 It can be synthesized in several ascending sys-

tems including cholinergic neurons, serotonergic dorsal raphe

neurons, and the noradrenergic LC systems. The LC neurons

express the highest levels of GAL and that in cortex and

hippocampus GAL peptide can only be detected in the nora-

drenergic projections.68,69 Electro-physiologic studies show

that the neuropeptide hyperpolarizes both serotonergic dorsal

raphe neurons and noradrenergic LC neurons at fairly very

high concentrations (106−10−7 M). In addition, it enhances the

5-HT and noradrenaline induced hyperpolarization at low

concentrations (10−9 M). Consequently, a receptor antagonist

could attenuate an inhibitory tone on both dorsal raphe and LC

neurons and thus perhaps exert antidepressant activity.67
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The inhibitory effect on LC neurons is mainly GalR1

receptor mediated. In in vitro recording technique, the

action of the two receptor agonists namely, AR-M961

and AR-M1896 was investigated. Accordingly, applica-

tion of AR-M961, an agonist both at GalR1, GalR2,

evoked a reversible membrane hyperpolarization and

inhibition of spike discharge in all LC neurons, whereas

AR-M961, the selective GalR2 agonist (AR-M1896) only

caused a slight hyperpolarization as compared to AR-

M961.70 Immunohistochemical staining of intracellular

filled neurons indicate that the neuropeptide exerts an

inhibitory effect on norepinephrine neurons of the LC

via increase in potassium conductance.71

Not only GAL, but also Galanin N-terminal frag-

ments like Galanin 1–15 (GAL1-15) are active at the

central level to elicit GAL like effects.47,49,72 Interaction

of GAL (1–15) with GalR1-GalR2 isoreceptor dimers

results in depression like and anxiogenic effects to

a greater extent than GAL.46,73 GALRs and neuropep-

tide Y Y1 (NPYY1) receptor interaction may also play

a role in the pathophysiology of mood disorders, includ-

ing depression and anxiety.9,74–76 Narvaez et al con-

firmed the interaction between GalR2 and NPYY1R in

the dentate gyrus (DG) with enhancement of the anti-

depressive-like behavior mediated by NPY Y1R77 and

anxiolytic behavior.78 Moreover, GalR1-GalR2 hetero-

mer interaction with Neuropeptide Y Y2 (NPYY2)

may be a key molecular mechanism for GAL and its

GAL1-15.79

Furthermore, GAL1-15 fragments facilitate GalR1-

5-HT1AR heteroreceptor complexes formation in the raphe-

hippocampal 5-HT neurons and affects serotonin release;

GAL1–15 induces stronger effects than GAL to cause

depression.72 The presence of these heteromers in the discrete

brain regions help to explore possible novel therapeutic stra-

tegies for treatment of depression by targeting the GalR1-

5-HT1AR heteromers.80 The inhibition of CREB by 50 nM

of GAL1–15 and GAL1–29 was fully counteracted by the

non-selective receptor antagonist M35 and the selective

GalR2 antagonist, M871.This misbalance in the signaling of

the GalR1–GalR2 heteroreceptor complexes induced by

GAL1–15 may contribute to depression-like actions since

GalR1 agonists produce such effects.79 The absence of an

additive or a synergistic interaction upon coactivation of the

two receptors suggests the existence of an allosteric inhibitory

communication in the interface between the two receptors of

the heteromer.79,80

Molecular studies showed that GAL1-15 increased post-

junctional mRNA levels of 5-HT1AR while the density of

autoreceptors is decreased.46,49,81 In line with this, the exis-

tence of GAL-5HT1AR heterorecptor complex dysfunction

leads to disturbance in mesolimbic neurotransmission of

5-HT.82,83 Indeed, the modulation of auto-receptor function

is distinctly regulated by the GalR1-GalR2-5-HT1AR het-

erotrimeric complex to elicit antidepressant effects.46,83

Besides increasing hippocampal mRNA levels of post

junctional serotonin receptors, co-administration of GAL1-15

and fluoxetine (FLX) help to enhance the agonist binding

affinity of FLX in the dentate gyrus.81 According to the find-

ings by Flores-Burgess et al the combination use of the three sc

injections of FLX (10 mg/kg) and a single ICV injection of

GAL1–15 (1 nmol) produced a significant increase in the

5-HT1AR mRNA levels in the median prefrontal cortex with

a significant increase in theKd value (F3,20= 14.36, p < 0.001;

post hoc p < 0.01) in mPFC (F3,19 = 6.418, p < 0.01; post hoc

p < 0.01).84

The existence of 5-HT1AR-5-HT2A isoreceptor com-

plexes has also been considered as a potential drug target

for antidepressants. 5-HT2A agonist, TCB2, significantly

reduced the binding affinity of ipsapirone (5-HT1AR ago-

nist); this action was blocked by the 5-HT2A antagonist

ketanserin.81 Of course, previous studies showed that some

antidepressants block 5-HT2A receptors while others elicit

antidepressant action via activation of 5-HT1AR.85 In line

with the aforementioned explanations, various ligands, mod-

els and their effects, including the action of synthetic peptide,

J1817 are presented in Table 1.

Conclusion
GAL produces mixed depressive and anti-depressant effects

in preclinical studies. The existence of iso and hetero receptor

dimers, and difference in the distribution of receptor subtypes

in discrete brain regions confers the neuropeptide inhibitory or

stimulatory actions on the function of neurons. GalR1 and

GalR3 mediate antidepressant action while GAL binding to

GalR2 elicits depressive like effects. Likewise, GAL1-15 has

been considered as a promising novel ligand in mood disor-

ders. It increases expression of 5-HT1R and enhance binding

affinity of SSRIs. Interaction between GalR2 and NPYY1R

results in enhancement of the antidepressive-like behavior

mediated by NPY Y1R and anxiolytic behavior. Moreover,

GalR1-GalR2 heteromer interaction with NPYY2 may be

a key molecular target for GAL and GAL1-15.
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