Biomedicine & Pharmacotherapy 153 (2022) 113508

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomsdiigie
journal homepage: www.elsevier.com/locate/biopha

ELSEVIER

Check for

Galanin N-terminal fragment (1—15) reduces alcohol seeking and alcohol = [&&s
relapse in rats: Involvement of mesocorticolimbic system

Noelia Cantero-Garcia®, Antonio Flores-Burgess“, Juan Pedro Pineda-Gémez®, Laura Orio b
Antonia Serrano ¢, Zaida Diaz-Cabiale ® , Carmelo Millén >
& Universidad de Malaga, Instituto de Investigacion Biomédica de Malaga, Facultad de Medicina, Campus de Teatinos s/n, 29071 Malaga, Spain

b Departamento de Psicobiologia y Metodologia en Ciencias del Comportamiento, Facultad de Psicologia, Universidad Complutense de Madrid, Spain
€ Unidad de Gestién Clinica de Salud Mental e Instituto de Investigacion Biomédica de Malaga, Hospital Regional Universitario de Malaga, Malaga 29010, Spain

ARTICLE INFO ABSTRACT

Keywords: Alcohol Use Disorder (AUD) is among the most prevalent mental illnesses, and due to the low efficacy of the
Alcohol current medication, it is essential to find new biological targets that could modulate alcohol consumption. Since
Galanin

Galanin (1-15) [GAL(1-15)] produces a loss of motivational behaviour by an artificial reinforcer and decreases
the preference an alcohol consumption in a voluntary alcohol intake, we have studied the role of GAL(1-15) in
alcohol-seeking behaviour and the involvement of the corticomesolimbic system as well as the role of GAL(1—-15)
in context-induced alcohol relapse. In rats, we have studied GAL(1—15)-effects on alcohol-seeking in self-
administration, in fixed-ratio (FR1) and progressive-ratio (PR), and the involvement of GAL receptors using
siRNA GALR1 or GALR2 knockdown animals. We have analysed the transcriptional changes of C-Fos, dopamine
receptors, GAL receptors and SHT1A receptors in the corticomesolimbic system. Also, we have examined the
effect of GAL(1-15) in context-induced alcohol relapse. GAL(1—15) substantially reduced alcohol-seeking
behaviour in the operant self-administration model in an FR1 protocol and at the breaking point in a PR
schedule. GALR1and GALR2 were involved in these effects, as indicated by the analysis by GALR2 antagonist and
GALR1 and GALR2 knockdown animals. Notably, the mechanism of GAL(1—15)-mediated actions involved
changes in C-Fos, Dopamine receptors and SHT1A expression in the ventral tegmental area, accumbens nucleus
and prefrontal cortex. Significantly, GAL(1—15) reduced the context-induced alcohol relapse. These results open
up the possibility to use GAL(1—15) as a novel strategy in AUD.

Galanin (1-15)
Alcohol seeking
Relapse

1. Introduction the main trigger the stressful events, the drug-associated cues and

context, or the re-exposure to a small amount of alcohol [7,8].

Alcohol Use Disorder (AUD) is among the most prevalent mental
illnesses worldwide [1]. The total alcohol per capita consumption in the
world’s population over 15 years of age rose from 5.55.5 litres of pure
alcohol in 2005-6.4 litres in 2016, resulting in some 3 million deaths
(5.3% of all deaths) worldwide [2]. In 2016, 2.3 billion people were
current drinkers.

Nowadays, the 2019 coronavirus disease (COVID-19) pandemic may
also impact the population’s alcohol use patterns [3-5]. Increased
anxiety, depression, and stress in response to COVID-19 may be asso-
ciated with increased alcohol use [5].

Another relevant factor of AUD patients is that more than 50% of
new patients with alcohol abuse relapse within three months [6,7] being

However, AUD remains severely undertreated, with less than 10% of
adults with AUD in Europe receiving pharmacotherapy and/or psycho-
therapy treatment [9,10]. Moreover, pharmacotherapies have seen
limited use in the treatment of AUD, partially due to the low efficacy of
the medication [10]. Therefore, it is essential to find new biological
targets that could modulate alcohol consumption.

Recent studies indicate that neuropeptidergic signalling, including
Galanin (GAL), is involved in alcohol consumption [11].

Galanin (GAL) is a neuropeptide [12] widely distributed in neurons
within the central nervous system (CNS) [13]. Three GAL receptor
(GALR1-3) subtypes with high affinities for GAL exist [14,15].

GAL participates in several central functions [11,15-17] and also it is
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involved in drug abuse and addiction [18], including alcohol intake and
alcoholism [11,19-21].

Galanin (1-15) [GAL(1-15)] is an N-terminal fragment of GAL,
which is active in the CNS [16,22-24]. GAL(1—-15) shows a differential
and specific role than the complete molecule of GAL in several central
functions, including depression, anxiety and alcohol intake [23-25].

We have described that GAL(1-15) induced a solid anhedonia-like
phenotype in non-operant and operant models, producing a loss of
motivational behaviour caused by an artificial reinforcer [26]. This
anhedonic-like effect of GAL(1—15) was accompanied by the dopami-
nergic mesolimbic system modulation [26].

Moreover, GAL(1—-15) decreased, via central mechanisms, the pref-
erence and alcohol consumption in a voluntary alcohol intake model in
rats [24]. GAL(1—15) induced a significant increase in immediate-early
gene C-Fos in the striatum, indicating a high relevance of this nucleus in
the GAL(1—15)-mediated effects on the voluntary alcohol intake [24].
Also, the critical role of the striatum as a target for GAL(1—-15) was
supported by the ability of GAL(1—15) to enhance the suppression of

Biomedicine & Pharmacotherapy 153 (2022) 113508

locomotor activity induced by ethanol [24].

Recently, we have also suggested using the combination of GAL
(1-15) with the antidepressant SSRIs Escitalopram (ESC) in depression
and AUD comorbidity. This combination reduces the ethanol intake in
the alcohol self-administration paradigm and reverses the adverse ESC-
mediated effects in depression-related behavioural tests [27].

The purpose of the current study was to assess the role of GAL(1—15)
in alcohol-seeking behaviour using alcohol self-administration, a widely
accepted tool for studying drug-seeking motivated behaviour. Moreover,
GALR1 and GALR2 in GAL(1-15)-mediated effects in this test were
analysed with the selective GALR2 antagonist M871 and using an in vivo
model siRNA GALR1 or GALR2 knockdown rats. To investigate the
mesocorticolimbic circuitry in the effect of GAL(1-15) in alcohol-
seeking behaviour, we analysed transcriptional changes in the ventral
tegmental area (VTA), accumbens nucleus (NAc) and prefrontal cortex
[28] on the mRNA expression of dopamine transporters DAT and Vmat2;
the C-Fos gene; the dopamine receptors D1, D2, D3, D5; the GAL re-
ceptors GALR1 and GALR2; and the serotonin receptor SHT1A.
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Fig. 1. Diagram of the complete experimental schedule. A. The animals were trained in the self-administration boxes to consume 10% alcohol under a fixed ratio 1
(FR1). Subsequently, stereotaxic surgery was performed. GAL and GAL(1—15) were injected icv 15 min before the alcohol self-administration test. The animals were
euthanised by decapitation one hour after a single icv administration of GAL(1—15) or aCSF and the brains were used to perform qPCR. To study the receptors
involved in the effect of GAL(1—-15), GAL(1—-15) 3nmol and the M871 GALR2 antagonist were injected icv 15 min before the alcohol self-administration test. Also,
we have used knockdown rats for galanin receptors GALR1 or GALR2 in the alcohol self-administration test; siRNA GALR1, siRNA GALR2 or Delivery Media (DM)
were injected icv eight days before the alcohol self-administration test. GAL(1—15) or aCSF were injected 15 min before the test. B. Animals were trained in the self-
administration boxes to consume 10% alcohol under FR1 for three weeks and then under FR3 for five weeks. Subsequently, stereotaxic surgery was performed. GAL
(1-15) was injected icv 15 min before the alcohol self-administration test to study the progressive ratio. C. The animals were trained in the self-administration boxes
to consume 10% alcohol in context A under a FR1. Subsequently, stereotaxic surgery was performed. Extinction was carried out in context B. Alcoholic relapse was
carried out in context A. GAL(1—15) was injected icv 15 min before the alcohol self-administration test to study the alcoholic relapse.; 1.C.V: intracerebroventricular

GAL: Galanin; GAL(1-15): Galanin (1—15); aCSF: artificial cerebrospinal fluid.
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We have also studied the degree of motivation for alcohol after
administering GAL(1—15) through a breaking point test in a Progressive
Ratio schedule, and we have determined whether GAL(1—15) attenuates
the context-induced alcohol relapse.

2. Material and methods
2.1. Animals

Male Sprague Dawley rats (body weight 225 — 250 g) were obtained
from criffa and maintained in a humidity-controlled and temperature-
controlled (20-22 °C) room. Rats were during the entire protocol
maintained on a 12-hour reversed light/dark cycle (lights off at 9 am).
All animal experimentation was conducted in accordance with the
University of Malaga Guidelines for the Care and Use of Laboratory
Animals (Ethic Code: 22/05/2017/066). To carry out the experiments,
the animals were chosen at random.

Detailed descriptions are available in the supplementary material on
the animal controlled-conditions, surgical preparation and icv
injections.

2.2. Materials

GAL, GAL(1-15) and the GALR2 receptor antagonist M871 were
obtained from Tocris Bioscience, Bristol, United Kingdom.

2.3. Experimental design

Three experimental procedures were carried out. The scheme of the
experimental design is shown in Fig. 1.

2.3.1. Experiment 1

We have analysed the effect of the administration of GAL(1-15) on
the alcohol self-administration test and the GAL receptors involved
(Fig. 1 A).

Rats were trained to self-administer 10% alcohol solution initially
under fixed-ratio 1 (FR1) for three weeks, as previously described [29].

Three sets of experiments were conducted on the alcohol self-
administration. In the first set of experiments, a dose-response curve
of GAL(1—15) was performed. For this, groups of rats received icv GAL
(1-15) 0.3 (m =6), 1 (n =11), 3 nmol (n = 9) or cerebrospinal fluid-
injected (aCSF) (n = 13) 15 min before the test. In the second set of
experiments, the effects of the alcohol self-administration test of GAL
and GAL(1-15) were compared. For this, groups of rats received icv
GAL 3 nmol (n =9), GAL(1-15) 3 nmol (n =11) or aCSF (n=13)
15 min before the test.

In the last set of experiments, the GAL receptors involved in the effect
of GAL(1—15) were studied; for this, groups of rats received icv GAL
(1-15) 3 nmol (n = 10), M871 3nmol antagonist (n = 6), GAL(1—-15)
3nmol combined with GALR2 antagonist or cerebrospinal fluid-injected
(aCSF) (n =15) 15 min before the test. In addition, we have used
knockdown rats for galanin receptors GALR1 or GALR2 in the alcohol
self-administration test; SiRNA GALR1(n = 5), siRNA GALR2 (n = 6) or
Delivery Media (DM) (n = 10) were injected icv eight days before the
alcohol self-administration test. GAL(1—15) or aCSF were injected
15 min before the test. Treatments were administered between-subject.

2.3.2. Experiment 2

We have analysed the effect of the administration of GAL(1—15) on
alcohol seeking-behaviour in a progressive ratio schedule (Fig. 1B).

Rats were trained to self-administer 10% alcohol solution initially
under fixed-ratio FR1 for three weeks and then under FR3 for five weeks,
as previously described [29,30] with minor modifications (see the sup-
plementary material for details).

A progressive ratio (PR) schedule test was performed to evaluate the
effect of GAL(1—15) 3nmol on the motivation to consume alcohol as
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described previously [31]. In this test, the effort necessary to obtain one
reward (i.e. the number of presses on the active lever) was continuously
increased after each reward delivery (1,2,3,4,5,6,7 etc.). During the one
hour session, the maximum ratio value (breaking point) completed
receiving a single reward of alcohol was measured and considered an
index of motivation. For this, groups of rats received icv GAL(1-15) 3
nmol (n=11) or aCSF (n=14) 15min before the alcohol
self-administration test. Treatments were administered within subject
and was seven days elapsed between treatments.

2.3.3. Experiment 3

We analysed the effect of the administration of GAL(1-15) on
extinction and context-induced alcohol relapse (Fig. 1 C).

Rats were trained to self-administer 10% alcohol solution initially
under fixed-ratio FR1 for three weeks, as previously described [29,31,
32] with minor modifications (see the supplementary material for de-
tails). After 24 days on FR1 (context A), context extinction was carried
out. During extinction, the rats continued to be placed in the chambers
for one hour daily, and operant responding was extinguished by
removing all consequences of lever responding, i.e., cue-light, pump
sound, grid and alcohol (context B). The extinction criterion was two
consecutive sessions with the number of presses less than 20 per cent of
the baseline, i.e. the mean of the two last sessions before the beginning
of extinction [31]. As an extinction test, GAL(1—15) 3nmol was injected
icv 15 min before the first extinction session (see the supplementary
material for details).

When the extinction criterion was reached, the reacquisition model
of relapse was performed, as described previously [31]. Alcohol, light,
pump sound and grid were reintroduced in the self-administration boxes
(context A). Rats were injected icv with GAL(1—15) 3nmol (n = 12) or
aCSF (n = 11) 15 min before the one-hour alcohol self-administration
test. All treatments were administered between-subject.

2.4. Behavioural assessment

2.4.1. Alcohol self-administration test

Alcohol seeking was assessed using the self-administration test,
performed as described previously [29,31]. First, a pre-training phase
was carried out in Experiments 1, 2 and 3 (see the supplementary in-
formation for details). After that, rats were trained to self-administered
10% alcohol in 30 min sessions on an FR1 schedule of reinforcement.
Finally, all the animals reached a stable level of 10% alcohol responding.
One lever was paired with the delivery of alcohol as a reward (active
lever), whereas the other lever was paired with no reward (inactive
lever). Active lever pressing was paired with a conditioned stimulus
light adjacent to the lever was illuminated when the FR1 requirement
was met and signalled to the rat that alcohol had been dispensed as a
reward. During the test sessions, the responses on the active lever,
inactive lever and number of alcohol reinforcements were recorded.

2.4.2. Generation of siRNA GALRI and siRNA GALR2 rats by siRNA
Accell Smartpool injection

Knockdown rats were generated as previously described [25,33].
Using real-time quantitative PCR, we have previously performed a time
course of GALR1 or GALR2 mRNA in the dorsal hippocampus [25,33],
and we had also performed a time course of GALR1 or GALR2 protein
expression using quantification of immunohistochemical staining for
GALR1 or GALR2 in the hippocampus [25,33]. The time course curve
indicated a maximal reduction of GALR1 or GALR2 receptor protein
expression 8 days after the injection [25,33].

Briefly, during the stereotaxic surgery, once the cannula is fixed,
animals received an intracerebroventricular (icv) injection of 5 pg (0.35
nmol) of Accell Smart pool siRNA for GALR2 or GALR1 (Dharmacon,
Lafayette, EEUU). Animals had a recovery period of 8 days before the
behavioural test, the time required to reduce the levels of GAL receptors
as previously described [25].
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2.5. Genes expression in VTA, NAc and PFC

Rats from the alcohol self-administration test on experiment 1 were
euthanised by decapitation 1 h after a single icv administration of GAL
(1-15) 3 nmol or aCSF. The brains were rapidly removed and frozen
until use. An experimental group of basal animals that had not previ-
ously consumed alcohol and not received any treatment was added. The
dose and time selected were based on previous works, GAL(1-15) (3
nmol/rat) (n = 5-7), basal group (n = 4-5), aCSF (n = 4-8) [25,34].
The nuclei dissections were conducted as described [34] with modifi-
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2.6. Statistical and data analysis

Data are presented as the mean + standard error of the mean, and
sample numbers (n) are indicated in figure legends. All data were ana-
lysed using GraphPad PRISM 8.0 (GraphPad Software, San Diego, CA,
USA). For comparing two experimental conditions, Students unpaired t-
tests were performed. For comparing more than two groups, one-way
analysis of variance (ANOVA) was performed. Fisher’s least significant
difference (LSD) comparison post-test was performed only when the F
ratio in the one-ANOVA was statistically significant. Differences were

considered statistically significant at p < 0.05 (*p < 0.05, **p < 0.01,
***p < 0.001).

cations (see supplementary material for details).

The procedure for RNA isolation and RT-PCRs was described previ-
ously [25,26,33] (see the supplementary material for details).

The primer sequences used to evaluate the mRNA expression levels
of the genes C-Fos, DAT, Vmat2, D1, D2, D3, D5, 5HT1A and GALR1 and
GALR2 are shown in the supplementary material.
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Fig. 2. Effect of the administration of Galanin(1—-15) [GAL(1-15)] on the alcohol self-administration test. A-B. GAL(1—15) 0.3nmol (n = 6), 1nmol (n = 11), 3nmol
(n =9) or artificial cerebrospinal fluid (aCSF) (n = 13) were administered icv 15 min before the test. C-D. GAL(1—-15) 3nmol (n = 11), GAL 3nmol (n = 9) or
artificial cerebrospinal fluid (aCSF) (n = 13) were administered icv 15 min before the test. aCSF injected rats were used as control group. A. Vertical bars represent a
mean =+ standard error of the mean of the number of alcohol reinforcements and in the upper graph the number of alcohol reinforcements according to Percent
Baseline during the test period. * p < 0.05; ** p < 0.01 vs control group, according to one way ANOVA followed by Fisher Multiple Comparison Test. B. Vertical bars
represent a mean =+ standard error of the mean of the active lever and inactive lever presses. * p < 0.05; ** p < 0.01 vs control group, according to one way ANOVA
followed by Fisher Multiple Comparison Test. C. Vertical bars represent a mean =+ standard error of the mean of the number of alcohol reinforcements during the test
period. *p < 0.05 vs the rest of the groups, according to one way ANOVA followed by Fisher Multiple Comparison Test. D. Vertical bars represent a mean + standard
error of the mean of the active lever and inactive lever presses. * p < 0.05 vs the rest of the groups, according to one way ANOVA followed by Fisher Multiple
Comparison Test.
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3. Results

3.1. GAL(1-15) substantially reduced the alcohol-seeking behaviour on
the alcohol self-administration test. iRNA GALR1 and siRNA GALR2
knockdown rats demonstrated the role of GALR1 and GALRZ2 in this effect

3.1.1. Dose-response curve of GAL(1—15) on the alcohol self-
administration test

In alcohol self-administration test, GAL(1—15) 3nmol induced a
significant reduction in the number of reinforcements by 50% (one-way
ANOVA, F3 35 =4.11, p = 0.01, Fishers LSD post hoc: p < 0.01; Fig. 2 A)
and in the active lever presses by 48% (one-way ANOVA, F3 35 = 4.29,
p = 0.01, Fishers LSD post hoc: p < 0.01; Fig. 2B) compared with con-
trol animals. GAL(1—15) (1nmol) induced a less strong but significant
reduction in the number of reinforcements (p < 0.05) and active lever
presses (p < 0.05) compared with control animals. GAL(1-15) at
0.3nmol lacked an effect in the alcohol self-administration test
compared with controls animals.
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GAL(1-15) did not affect the number of inactive lever presses in the
alcohol self-administration at all doses (Fig. 2B).

3.1.2. GAL(1-15) but not GAL reduced the alcohol-seeking behaviour

In the alcohol self-administration test, GAL(1—15) 3nmol signifi-
cantly reduces the number of reinforcements (one-way ANOVA, Fy 39 =
3.59, p = 0.04, Fishers LSD post hoc: p < 0.05; Fig. 2 C) and the active
lever presses (one-way ANOVA, Fs 39 = 3.15, p = 0.06, Fishers LSD post
hoc: p < 0.05; Fig. 2D) compared with GAL.

The complete GAL molecule does not affect the number of re-
inforcements or the active lever presses compared with control animals
(Fig. 2 C, D).

There are no differences between the experimental groups in the
inactive lever (Fig. 2D).

3.1.3. GALR1 and GALR2 are involved in GAL(1—15)-mediated effect on

alcohol-seeking behaviour
We have tested the involvement of GALR in the GAL(1-15) effect
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Fig. 3. GAL receptor subtype involved in Galanin(1—15) [GAL(1—-15)] effect on motivated alcohol use. GAL(1—15) 3 mol (n = 10), GALR2 M871 antagonist (n = 6),
GAL(1-15) 3 nmol combined with GALR2 antagonist M871 3nmol (n = 6) or cerebrospinal fluid-injected (aCSF) (n = 15) were injected icv 15 min before the test.
For knockdown rats, Delivery Media (DM) (n = 10), siRNA GALR1 (n = 5), siRNA GALR2 (n = 6) were injected icv 8 days before the test. aCSF and DM were used as
control group. A. Vertical bars represent a mean =+ standard error of the mean of the number of alcohol reinforcements during the test period. *p < 0.05 vs the rest of
the groups, according to a one-way analysis of variance (ANOVA) followed by Fisher’s least significance difference test. B. Vertical bars represent a mean + standard
error of the mean of the active lever presses and inactive lever presses. *p < 0.05 vs aCSF, GAL(1—-15) + M871 3nmol, according to a one-way analysis of variance
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differences according to a one-way analysis of variance (ANOVA) between the experimental groups neither in the number of reinforcements or lever presses.
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with the GALR2 antagonist M871 and using two in vivo rat models:
siRNA GALR1 knockdown or siRNA GALR2 knockdown rats.

The GALR2 antagonist M871 3nmol significantly blocked the GAL
(1—15)-induced reduction in the number of reinforcements of alcohol
self-administration (one-way ANOVA, F333 = 3.03, p = 0.04 Fishers
LSD post hoc: p < 0.05; Fig. 3 A) and in the number of active lever
presses (one-way ANOVA, F3 33 = 2.78, p = 0.05, Fishers LSD post hoc:
p < 0.05; Fig. 3B).

The GALR2 antagonist M871 injected alone in the dose of 3nmol
lacked effects in the number of reinforcements of alcohol self-
administration and the number of active lever presses (Fig. 3 A,B).

In addition, to study the receptors involved in the effect of GAL
(1-15), we have used two in vivo rat models: siRNA GALR1 knockdown
or siRNA GALR2 knockdown rats in the alcohol self-administration test.

Downregulation of GALR1 or GALR2 by siRNA did not affect any
parameter in the alcohol self-administration test (Table S2). However,
the decrease in GALR1 or GALR2 receptors by siRNA was sufficient to
block the effect of GAL(1—15) in the alcohol self-administration test
(Fig. 3C-D).

Thus, GAL(1—15) at the dose of 3nmol lacked effect in the number of
reinforcements (one-way ANOVA, F3 13 = 0.34, p = 0.71), active lever
presses (one-way ANOVA, Fy 18 =0.52, p = 0.670) neither inactive lever
presses (one-way ANOVA, Fy 13 = 1.07, p = 0.36) in the siRNA GALR1
knockdown or siRNA GALR2 knockdown rats (Fig. 3C-D).

3.2. Effect of GAL(1—15) on gene expression in VTA, NAc and PFC in an
operant model of alcohol consumption

3.2.1. GAL(1-15) increased the mRNA expression of C-Fos in the VTA,
the NAc and the PFC

In animals wunder chronic alcohol consumption by self-
administration, GAL(1—15) 3 nmol produced a significant increase in
the mRNA levels of C-Fos in the VTA (one-way ANOVA, Fp 13 = 11.1,
p = 0.001; Fishers LSD post hoc: p < 0.01; Fig. 4 A), NAc (one-way
ANOVA, Fy12 = 7.38, p =0.008; Fishers LSD post hoc: p < 0.05;
Fig. 4B) and PFC (one-way ANOVA, F5 14 = 5.18, p = 0.02; Fishers LSD
post hoc: p < 0.05; Fig. 4 C) compared with aCSF group.
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3.2.2. GAL(1-15) modified the mRNA expression of dopamine receptors
in the VTA, NAc and PFC

We have analysed the mRNA expression of the dopamine receptors
D1, D2, D3 and D5 in VTA, NAc and PFC.

As seen in Table 1, the administration of GAL(1—15) 3 nmol modi-
fied the mRNA expression of D3 in the VTA and NAc. In VTA, GAL
(1-15) produced a significant increase in D3 mRNA levels compared
with basal animals (one-way ANOVA, Fy 14 = 4.16, p = 0.04; Fishers
LSD post hoc: p < 0.05; Table 1) while in the NAc, GAL(1—-15) 3 nmol
(p < 0.01) and aCSF (p < 0.01) induce a significant decrease in D3
mRNA expression compared with basal animals (one-way ANOVA, Fs 11
= 11.41, p = 0.002; Fishers LSD post hoc: p < 0.01; Table 1).

In PFC, GAL(1-15) increased D1 mRNA expression compared with
basal (p < 0.001) and aCSF (p < 0.01) animals (one-way ANOVA, Fa 12
= 12.83, p = 0.001; Fishers LSD; Table 1).

GAL(1-15) lacked an effect on dopamine receptors D2 and D5 in the
three areas analysed.

We have also studied the mRNA expression of dopamine trans-
porters, Vmat2 and DAT, in the VTA. We observed that self-administered
alcohol rats [aCSF or GAL(1-15)] showed an increased expression of
Vmat2 compared to baseline animals (one-way ANOVA, F3 12 = 7.03,
p = 0.009; Fig. S1) while there was no difference between the experi-
mental group in the DAT mRNA levels (Fig. S1).

3.2.3. GAL(1-15) changed mRNA expression of 5HT1A in the VTA and
PFC

In VTA, GAL(1-15) 3 nmol induced a significant increase of SHT1A
mRNA expression compared with basal group (p < 0.01), while aCSF
also increased of 5SHT1A expression (p < 0.05) (one-way ANOVA, Fy 12
= 8.59, p = 0.005; Fishers LSD; Table 1). In the PFC, both the admin-
istration of GAL(1-15) 3nmol (p < 0.05) and aCSF (p < 0.05)
decreased SHT1A mRNA levels compared with basal animals (one-way
ANOVA, Fy 13 = 4.63, p = 0.03; Fishers LSD post hoc: p < 0.05).

No effect was observed in the NAc (Table 1).

3.2.4. GAL(1-15) lacked effect in the mRNA expression of GALR1 and
GALR2 in the VTA, NAc and PFC

The administration of GAL(1—-15) lacked an effect on GALR2 and
GALR1 expression in the three areas analysed (Table 1).
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Fig. 4. Effects of Galanin(1-15) [GAL(1-15)] on C-Fos mRNA expression in the ventral tegmental area (VTA), nucleus accumbens (NAc) and prefrontal cortex
(PFC). GAL(1-15) (3 nmol/rat) (n = 5-6) was injected icv one hour before the measures. Animals without previous alcohol consumption in self-administration was
considered the basal group (n = 5). Cerebrospinal fluid-injected (aCSF) rats were used as the control group (n = 5-6). Vertical bars represent a mean =+ standard
error of the mean of the mRNA expression of C-Fos. A. ** p < 0.01 vs aCSF; ***p < 0.001 vs basal; B. *p < 0.05 vs aCSF; **p < 0.01 vs basal; C. *p < 0.05 vs aCSF,
basal; according to a one-way analysis of variance (ANOVA) followed by Fisher’s least significance difference.
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Table 1
Effects of Galanin(1-15) [GAL(1-15)] on D1, D2, D3, D5, GALR1, GALR2 and 5SHT1A mRNA expression in the ventral tegmental area (VTA), nucleus accumbens (NAc)
and prefrontal cortex (PFC).

VTA NAc PFC
EtOH self-administration EtOH self-administration EtOH self-administration
Basal aCSF GAL (1-15) Basal aCSF GAL (1-15) Basal aCSF GAL (1-15)
3 nmol 3 nmol 3 nmol

D1 1.23 4+ 0.31 1.70 + 0.29 1.73 + 0.50 2.15+0.11 1.42 £0.12 2.72 + 0.64 0.88 + 0.17 0.93 + 0.03 2,12 +0.2°%
D2 3.33 +0.53 4.96 +1.09 4.38 + 0.61 1.99 + 0.21 1.47 + 0.24 1.95 + 0.35 0.97 + 0.43 0.87 £ 0.19 0.93 + 0.28
D3 0.35 + 0.05 0.95 + 0.42 2.11 + 0.57* 5.26 + 1.32 1.17 + 0.12%# 1.17 + 0.29" 1.71 + 0.40 3.74 + 2.02 2.08 + 0.58
D5 1.00 + 0.17 1.05 + 0.17 1.01 + 0.24 1.97 + 0.44 1.22 +0.14 2.93 +1.07 2.12 +0.32 1.28 + 0.34 1.53 + 0.20
GALR1 0.59 + 0.15 1.29 +0.25 0.90 + 0.28 0.72 + 0.17 0.79 + 0.09 1.42 + 0.36 2.77 + 0.59 2.73 + 0.68 4.71 + 0.93
GALR2 2.54 + 0.41 4.24 4+ 0.99 3.72 + 0.60 0.35 =+ 0.02 0.72 £ 0.18 0.69 + 0.15 1.81 + 0.47 1.06 + 0.14 1.16 £ 0.16
5HT1A 0.57 + 0.15 0.93 + 0.07* 1.19 + 0.09"" 1.62 + 0.29 0.83 + 0.05 1.58 + 0.45 2.50 + 0.44 1.30 + 0.28" 1.46 + 0.15*

Effects of Galanin(1-15) [GAL(1-15)] on D1, D2, D3, D5, GALR1, GALR2 and 5SHT1A mRNA expression in the ventral tegmental area (VTA), nucleus accumbens (NAc)
and prefrontal cortex (PFC). GAL(1-15) (3 nmol/rat) (n = 5-7) was injected icv one hour before the measures. Animals without previous alcohol consumption in self-
administration was considered the basal group (n = 4-5). Cerebrospinal fluid-injected (aCSF) rats were used as the control group (n = 4-8). VTA. D3: *p < 0.05 vs
basal; SHT1A: #p < 0.05 vs basal; **p < 0.01 vs basal; NAc. D3: ##p < 0.01 vs basal; **p < 0.01 vs basal; PFC.D1: <"’p < 0.01 vs aCSF; ***p < 0.001 vs basal; SHT1A:
#p < 0.05 vs basal; *p < 0.05 vs basal; According to a one-way analysis of variance (ANOVA) followed by Fisher’s least significance difference.

3.3. GAL(1-15) induced a substantial reduction in alcohol seeking- In the alcohol self-administration, the animals injected icv with GAL
behaviour in a progressive ratio schedule (1-15) (3nmol) emitted significantly fewer presses during the pro-
gressive ratio session (Student t-test, to3 =1.72; p < 0.05, Fig. 5 C) and
In the alcohol self-administration test, animals displayed a consistent displayed a substantially lower breaking point compared with aCSF
preference for 10% v/v ethanol (active lever) over no reward (inactive treated rats (Student t-test, ty3 =1.71; p < 0.05, Fig. 5B).
lever) during the FR3 operant responding phase (Fig. 5 A). The total number of inactive lever presses did not significantly differ
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Fig. 5. Effect of the administration of Galanin(1-15) [GAL(1—-15)] on alcohol seeking-behaviour (Progressive Ratio schedule). GAL(1—-15) 3nmol (n =11) or
artificial cerebrospinal fluid (aCSF) (n = 14) were administered i.c.v 15 min before the test. aCSF injected rats were used as control group. A. Animals displayed a
consistent preference for 10% (v/v) alcohol (active lever) over no reward (inactive lever) during the FR3 operant responding phase. B. Vertical bars represent a mean
+ standard error of the mean of the breaking point during the test period. *p < 0.05 vs the control group, according to a Student t-test. C. Vertical bars represent a
mean =+ standard error of the mean of the active lever presses and inactive lever presses. * p < 0.05 vs control group, according to a Student t-test.
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between groups (Fig. 5 C).

3.4. GAL(1-15) reduced alcohol relapse induced by the context in the
alcohol self-administration test

In the alcohol self-administration (context A), animals displayed a
consistent preference for 10% v/v ethanol (active lever) over no reward
(inactive lever) during the FR1 operant responding phase (Fig. 6 A).

During the extinction period (context B), the animals progressively
decreased the pressing for the active lever, reaching day 13 to the
extinction criterion and almost the same level as inactive lever presses
(Fig. 6B). On the first day of extinction, the animals were injected with
icv GAL(1-15) 3nmol or aCSF. We didn’t observe any differences in the
number of active lever presses between the experimental groups that
day (Table S3).

After context-induced reset (context A), we injected icv GAL(1-15) 3
nmol or aCSF, and we observed that GAL(1—15) 3 nmol reduced the
response on the active lever compared to aCSF in alcoholic relapse (one-
way ANOVA, Fs 43 =40.79, p < 0.0001, Fisher’s LSD post hoc: p < 0.05;
Fig. 6 C). Animals injected with GAL(1—15) 3nmol, or aCSF, increased
active lever presses in the alcohol self-administration test compared to
the extinction group (p < 0.001; Fig. 6 C).

4. Discussion

In the present study, we demonstrated that GAL(1—15) strongly
reduced alcohol-seeking behaviour in the operant model of alcohol self-

A FR1 operant responding
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40 Surgery °
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administration, not only in a fixed ratio protocol but also at the breaking
point in a progressive ratio schedule. GALR1 and GALR2 were involved
in these effects since the specific GALR2 antagonist M871 blocked the
GAL(1-15) mediated action in alcohol self-administration, and the
downregulation of GALR1 and GALR2 by siRNA was sufficient to block
the GAL(1-15) effect. Importantly, the mesocorticolimbic circuitry
participates in the mechanism of GAL(1—-15) behaviour-mediated ac-
tions since we observed changes in the immediate-early gene C-Fos,
dopamine receptor and 5HT1A in the VTA, NAc and PFC. Notably, GAL
(1-15) significantly reduced context-induced alcohol relapse, expand-
ing the role of the use of GAL(1-15) in AUD.

In the alcohol self-administration, an operant model widely used as a
tool for studying drug-seeking motivated behaviour [35,36], GAL
(1-15) 3 nmol induced a substantial reduction in the number of alcohol
reinforcements suggesting that GAL(1—15) caused a loss of motivational
behaviour induced by the alcohol. We confirmed the decrease in moti-
vation for alcohol by analysing the Progressive Ratio (PR) schedule,
which can be used to evaluate the reinforcing efficacy of drugs with
potential abuse liability [37]. After specific training with PR, GAL
(1-15) produced a significant reduction in the breaking point, which
derived from a PR schedule is sensitive to pharmacological change [37].

The ability of GAL(1-15) to reduce motivation for ethanol is
important because motivational dysregulation is a hallmark of addiction
[31].

These results are in agreement with previous works, where the
administration of GAL(1—15) induced a reduction of the motivation for
different natural and artificial reinforcement including the saccharine
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Fig. 6. Effect of the administration of Galanin(1—-15) [GAL(1—15)] on alcoholic relapse. GAL(1—15) 3nmol (n = 12) or artificial cerebrospinal fluid (aCSF) (n = 11)
were administered i.c.v 15 min before the test. aCSF injected rats were used as control group. A. Animals displayed a consistent preference for 10% (v/v) alcohol
(active lever) over no reward (inactive lever) during the FR1 operant responding phase. B. Animals showed decreased pressing for the active lever over the 13 days
extinction period. C. Vertical bars represent a mean + standard error of the mean of the active lever presses according to Percent Baseline in FR1 during the test
period. * p < 0.05 vs control group; *** p < 0.001 extinction period vs aCSF, GAL(1—15) 3nmol, according to one way ANOVA followed by Fisher Multiple

Comparison Test.
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self-administration [26] or directly, generating a strong decrease by
90% of preference and alcohol consumption in a voluntary alcohol
intake model [24]. Moreover, the combination of GAL(1—15) with the
antidepressant ESC reduces alcohol self-administration in rats and re-
verses the adverse ESC-mediated effects in depression-related behav-
ioural tests [27].

Together, these results provide a new evidence of the involvement of
GAL(1-15) in the motivation and reward-seeking process and open up
the possibility to use the GAL(1-15) fragment as pharmacological
therapy in AUD.

In this work, we also observed a differential role of GAL(1-15)
compared with the complete molecule GAL in alcohol-seeking moti-
vated behaviour. GAL(1—15) but not GAL induced a significant reduc-
tion in the number of alcohol reinforcements in the self-administration
test, suggesting that only the GAL(1—15) fragment reduces the moti-
vation to intake alcohol. We have previously described a different action
of GAL and GAL(1-15) in several behavioural functions [16,25,38],
including in the saccharine-seeking motivated behaviour [26] and the
Alcohol voluntary consumption [24]. Therefore, the results of the pre-
sent work validated a specific role of GAL(1-15) in brain
communication.

The blockade of GAL(1-15) mediated action in alcohol self-
administration obtained with the siRNA GALR1 or siRNA GALR2
knockdown rats and the use of the GALR2 antagonist M871 confirm the
critical role of both GALR1 and GALR2 in GAL(1-15) mediated action.
These results are in consonance with our previous studies showing that
GAL(1-15) preferentially binds to GALR1-GALR2 heteroreceptor com-
plexes [25,38-40].

The mesocorticolimbic circuitry participates in GAL(1—15)-medi-
ated effects in alcohol self-administration. In the key mesocorticolimbic
reward nodes, VTA, NAc and PFC that are critical for developing and
maintaining alcohol reinforcement [41] and drug addiction [42,43],
GAL(1-15) induced an increase on the expression of immediate early
gene C-Fos, a marker of behaviourally activated neurons in drug
self-administration models [44].

In addition, GAL(1—-15) modified the D3 expression in VTA and NAc.
In the VTA, GAL(1-15) increased the expression of the D3 receptor, a
receptor implicated in the motivation to self-administer drugs [45]. This
increase in D3 receptors observed could indicate that GAL(1—15) could
affect to production and release of DA since D3 receptors are expressed
not only in the postsynaptic regions but also in dopaminergic cell bodies,
where they may function as autoreceptors [46] with inhibitory effects
on impulse flow, synthesis and DA release [47,48].

These results agree with previous works where the GAL(1-15)-
mediated reduction of saccharine self-administration was accompanied
by a significant increase of D3 receptor expression in VTA [26], sug-
gesting a reduction in DA release [26].

Moreover, GAL(1-15) induced the D1 receptor expression to in-
crease in PFC, where there is growing evidence that the prefrontal cortex
modulates ethanol self-administration [43,49], confirming the GAL
(1—-15) modulation over the dopaminergic mesocorticolimbic system.

Interestingly, not only dopamine receptors but also the SHT1A se-
rotonin receptor expression was modified in VTA and PFC in GAL
(1—15)-administered animals. The interaction between GAL(1—15) and
S5HT1A receptor has been described both at the functional and the re-
ceptor level in recent years [28,33,38,50-52] and it appears as the
possible mechanism for reducing the alcohol-seeking behaviour induced
by GAL(1—15) and ESC combination [27]. Therefore, the present results
confirm the modulation of GAL(1—15) over the S5SHT1A receptor in this
model, although future experiments should be performed to determine
the role of 5-HT1A in alcohol-seeking behaviour.

Although the results indicate the implication of the meso-
corticolimbic circuit in the behavioural effect of GAL(1—-15), it will be
necessary to perform additional experiments to determine the involve-
ment of this circuit.

An essential result of the present work was the ability of GAL(1—15)
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to reduce context-induced alcohol relapse. Animals with a stable base-
line in alcohol self-administration in context A were subjected to an
extinction process in context B to subsequently induce an alcohol relapse
by context A reintroducing, a paradigm widely used in the context-
induced alcohol relapse [7]. The control group markedly increased the
number of active lever presses for the previous extinction levels when
reintroduced in context A, indicating a reinstatement of
self-administration of alcohol, which confirms the validity of the
experimental procedure [32]. However, animals injected with GAL
(1-15) showed a significant reduction in this reinstatement of
self-administration, indicating the ability of GAL(1-15) to reduce
alcoholic relapse.

Alcohol reinstatement is a crucial factor in AUD, where more than
50% of new patients relapse within three months [6,7]; being the
reintroducing to context-related alcohol consumption one of the be-
haviours that frequently culminates in relapse and therefore one of the
main challenge of alcohol use disorders treatment [7]. Our results sug-
gest the ability of GAL(1—15) to reduce alcohol relapse, which expands
the profile of use in AUD treatment. However, a detailed study of this
component should be carried out in the future.

In conclusion, our results indicate that Galanin (1—15) N-terminal
fragment induces a strong reduction of alcohol-seeking behaviour with
the involvement of the mesocorticolimbic pathway, a key region in the
reward effects of drug, moreover showing a decrease of the context-
induced alcohol relapse. These results open up the possibility of using
GAL(1-15) as anovel strategy in AUD, being necessary to test the effects
of the intranasal GAL(1—15) administration in future studies.
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