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Glucagon-like peptide-1 (GLP-1) receptor agonist
prevents development of tolerance to anti-anxiety
effect of ethanol and withdrawal-induced anxiety in rats
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Abstract Despite major advances in the understanding about
ethanol actions, the precise underlying neurobiological mech-
anisms for ethanol dependence remain largely elusive. We
recently reported that inhibition of dipeptidyl-peptidase IV
(DPP-1V), an enzyme responsible for metabolism of endoge-
nous glucagon-like peptide-1 (GLP-1), delays tolerance to
anti-anxiety effect of ethanol and withdrawal-induced anxiety
in rats. Intrigued with this report, present study examined the
role of glucagon-like peptide-1 (GLP-1) receptor agonist,
liraglutide in (1) acute anti-anxiety effect of ethanol; (2) tol-
erance to ethanol’s anti-anxiety-effect and (3) ethanol
withdrawal-induced anxiety using elevated plus maze (EPM)
test in rats. Ethanol (2 g/kg, i.p.; 8 % w/) and liraglutide
(50 ug/kg, i.p.) treatments exhibited anti-anxiety effect in
EPM test. Doses of ethanol (1.0 or 1.5 g/kg, i.p.) that were
not effective per se elicited anti-anxiety when combined with
sub-effective dose of liraglutide (25 pg/kg, i.p.). Rats con-
suming ethanol-diet (6 % v/v) exhibited tolerance to anti-
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anxiety effect of ethanol from day-7 of ethanol consumption.
Peak ethanol withdrawal-induced anxiety was observed at 8—
10 h upon abstinence from ethanol-diet after 15-days con-
sumption. Rats on simultaneous once-daily liraglutide
treatment (50 pg/kg, i.p.) neither had any signs of
tolerance to anti-anxiety effect of ethanol nor did they
exhibit withdrawal-induced anxiety. In conclusion: (1)
GLP-1 agonist, liraglutide exhibited anti-anxiety effect
per se; (2) potentiated anti-anxiety effect of ethanol; (3)
prevented development tolerance to anti-anxiety effect
of ethanol and (4) prevented withdrawal-induced anxi-
ety. Further studies examining intracellular cascade of
events contributing to these effects may help to improve
understanding about role of GLP-1 receptors in ethanol
mediated behaviors.

Keywords Ethanol dependence - Tolerance - Anxiety -
GLP-1 receptor - Liraglutide

Introduction

Anxiety is one of the major contributing factors for
heavy ethanol drinking and relapse (Kushner et al.
2001; Kushner et al. 2000). While acute ethanol con-
sumption helps to relieve from anxiety, its chronic con-
sumption results in tolerance to ethanol’s anti-anxiety
effect. Animal studies examining motivational effects of
ethanol have shown that its ability to relieve anxiety as a
major determinant to ethanol craving (Cunningham et al.
2000). However, with repeated consumption, significant-
ly higher amount of ethanol is required to elicit similar
anti-anxiety effect, indicating development of tolerance
to ethanol actions (Sharma et al. 2007). Moreover, absti-
nence from heavy ethanol consumption results in
withdrawal-induced anxiety symptoms (Sharma et al.
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2007), and serves as a driving force for relapse to etha-
nol drinking (Samson & Harris 1992; Roelofs 1985). The
current treatment strategies for the management of alco-
holism and pertaining anxiety employ medications with
diverse biological targets such as aldehyde dehydroge-
nase (Sinclair & Lindros 1981), glutamatergic system
(Mann et al. 2008), gamma-amino butyric acid system
(Nutt et al. 1989) and opioidergic system (Jarosz et al.
2013). However, due to their limited benefits accompa-
nied with cluster of adverse effects such as sedation,
ataxia, amnesia, tolerance, dependence, cross-tolerance
and cross-dependence (Lader 1999) persuading re-
searchers to examine for alternatives. Several alternative
targets such as neurosteroides (Sharma et al. 2007;
Hirani et al. 2005), neuropeptides (Bhisikar et al. 2009)
etc. were examined in preclinical settings. Still, there is
no definitive understanding in regard to the biological
basis for the deleterious effects on ethanol on the brain
and behavior. Interestingly, endocrine system molecules
affecting metabolism and glucose homeostasis such as
insulin (de la Monte et al. 2008), leptin (Rojdmark
et al. 2001) and ghrelin (Leggio et al. 2014) etc. are
currently being scrutinized for their role in ethanol ac-
tions. Among such molecules affecting glucose homeo-
stasis, glucagon-like peptide-1 (GLP-1) receptor agonists
are relatively new candidates and are approved by the
US FDA for the management of type II diabetes (Gough
2012). Apart from role of these hormones in the man-
agement of glucose homeostasis, food intake and body
weight gain (Jelsing et al. 2012; Shirazi et al. 2013),
recent findings points to their ability to cross blood brain
barrier, induce neurogenesis (Hunter & Holscher 2012)
and modulate a wide range of centrally mediated effects
(Chen et al. 2012; Dixit et al. 2013; Egecioglu et al.
2013a; Egecioglu et al. 2013b). There is significant ex-
pression of GLP-1 receptors in several important brain
regions (Gu et al. 2013). Moreover, preclinical studies
support to their role in neuroprotection (Hunter &
Holscher 2012). Additionally, a recent clinical study re-
ported that GLP-1 receptor agonist, liraglutide helps to
overcome anxiety and depression scores (Grant et al.
2011). Recently, Egecioglu and co-workers reported that
GLP-1 receptor agonist exendine-4 helps to suppress
ethanol induced motor stimulation, conditioned place
preference, ethanol seeking behavior and dopamine re-
lease in the nucleus accumbens in mice (Egecioglu et al.
2013b). Additionally, exendine-4 was shown to attenuate
similar behaviors induced by other drugs of abuse such
as nicotine, cocaine and amphetamine in mice (Egecioglu
et al. 2013a). Further, GLP-1 agonists were shown to be
devoid of any adverse hypoglycemic effects in
normoglycemic non-diabetic subjects (Vella et al. 2002).
We recently reported that inhibitor for endogenous GLP-
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1 metabolizing enzyme dipeptidyl-peptidase IV (DPP-
IV), sitagliptin delays appearance of tolerance to anti-
anxiety effect of ethanol and withdrawal-induced anxiety
in rats (Sharma et al. 2014a). Intrigued with these re-
ports, present study aimed to examine for the role of
GLP-1 receptor agonist, liraglutide in i) anti-anxiety ef-
fect of ethanol, ii) tolerance to anti-anxiety effect of
ethanol and iii) withdrawal induced anxiety in rats.

Materials and methods
Animals

Subjects were Male Wistar albino rats, born and reared in the
animal house of Sinhgad Technical Education Society’s
(S.T.E.S.s) Smt. Kashibai Navale College of Pharmacy
(SKNCOP), Kondhwa (Bk), Pune, India. Young healthy male
rats (220-250 g body weight and 80-90 days old) were
maintained at 2542 °C under 12:12 h light/dark cycle (lights
on 0700-1900 h) with rodent chow (Nutrivet Life Sciences,
India) and water ad libitum. Animals were handled once daily
for 1 week before experiments began and acclimatized
to laboratory conditions at least 12 h before conducting
experiments. All procedure and ethical principles of laborato-
ry animal care were carried out in accordance with the guide-
lines approved by the Institutional Experimental Animal
Ethical Committee.

Drugs

The drugs used were the GLP-1 agonist liraglutide (Novo
Nordisk, India) and absolute alcohol (MSSIDC, Mumbai,
India). Liraglutide and absolute ethanol were diluted with
0.9 % saline solution. Liraglutide was given by intraperitonial
route (i.p.). Ethanol was diluted with 0.9 % saline to a con-
centration of 8 % w/ for intraperitoneal injection and to 6 %
v/v in a liquid diet for 15-days per oral consumption.

Elevated plus maze test (EPM)

The EPM test is an experimental tool to evaluate anxiogenic
behavior and/or anti-anxiety effect in rodents. This test takes
advantage of conflict behavior in rodents because of condi-
tions such as elevation from the ground and open spaces. The
wooden EPM apparatus was consisted of opposite facing two
open arms (no sidewalls; 50%10 c¢cm) and two closed arms
(with 40 cm high sidewalls; 50x 10%40 cm) connected by a
central platform (10x10 cm). The whole maze was raised
50 cm above the ground level. Rats were tested on the plus
maze in a room with low, indirect incandescent light and very
low noise levels. On EPM test day, individual rats were placed
on the central platform of the EPM apparatus facing towards
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one of the two open arms and allowed to explore it for 5 min.
The number of entries into and time spent in each arm was
recorded by an observer blind to the treatments. If rat placed
all four paws on one of the four arms, an entry to the arms was
registered. After 5 min test session for each rat, the maze was
wiped clean with 70 % ethanol by damp cotton. The time
spent and number of entries to each arm by rats was recorded
to evaluate for ethanol and liraglutide induced changes in rat
behaviour on EPM test. An increase in the percent time spent
and number of entries to the open arms compared to vehicle
treated rats was used as an index of anti-anxiety effect. In
contrast to this, a decrease in the time spent and number of
entries to the open arms compared to vehicle treated rats was
used as an index of anxiogenic effects. Additionally, the
number of entries to the closed arms was recorded to rule
the possibility of changes in open arms behaviour was due to
changes in rat motor behavior. Separate groups of animals
were used for each treatment. All rats were tested between
0900 and 1400 h to minimize the influence of circadian
rhythm on EPM behavior.

Acute study
Effect of acute ethanol treatment on rat behavior in EPM test

Different groups of rats (n=6-7 rats/group) were injected with
either vehicle (0.9 % saline) or different doses of ethanol (0.5,
1.0, 1.5, 2.0, 2.5 and 3.0 g/kg, i.p.; 8 % w/v in saline) and
30 min thereafter subjected to EPM test. Rats were observed
for the time spent in open arms and number of entries in open
as well as closed arms. The outcomes of this experiment were
used to determine the optimal anti-anxiety dose of ethanol for
further studies.

Time-course of effect of ethanol on EPM test in rats

To determine the optimal time for anti-anxiety effect of etha-
nol using EPM test, separate groups of rats were injected with
ethanol (2.0 g/kg, i.p.). Selection of ethanol dose for this study
dose was based on experiment 2.4.1. results. Rats were sub-
jected to EPM test at 10, 20, 30, 40, 50, or 60 min post-ethanol
treatment. The optimal time for acute ethanol-induced anti-
anxiety effect was determined based on the outcomes of this
experiment.

Effect of GLP-1 receptor agonist treatment on EPM behavior
in rats

To study effect of GLP-1 receptor agonist on rat plus maze
behavior, they were injected with either vehicle or different
doses of liraglutide (25, 50, 75, 100 png/kg, i.p.) and 4 h
thereafter were subjected to EPM test. Selection of liraglutide
dose and lag-time for EPM test post-liraglutide injections was

based on our previous report (Shukla et al. 2012¢) and phar-
macokinetics of liraglutide.

Evaluation of the effects of combination of sub-effective
doses of ethanol and GLP-1 receptor agonist on EPM
behavior in rats

Experiment 2.4.1. and 2.4.3. results were used to select sub-
effective doses of ethanol and GLP-1 receptor agonist,
liraglutide. Rats were injected with liraglutide (25 pg/kg,
i.p.) at 4 h and ethanol (0.5, 1.0 and 1.5 g/kg, i.p.) at 40 min
before studying their behavior in EPM test. As discussed
above, rats were scored for time spent and number of entries
in open arms. Rats were also monitored for their closed arms
entries.

Chronic study

Effect of prolonged ethanol consumption
on rat plus maze behavior

Rats were randomly assigned to various groups (n=6—7
rats/group) and housed individually in polypropylene cages.
To persuade rats to consume nutritionally complete ‘liquid
diet’ (Bournvita®, Cadbury, India), they were deprived of
food and water for 12 h prior to introducing bottles pre-filled
with ‘liquid diet’. Following three days of habituation to
‘liquid diet’, some groups of rats were introduced to liquid
diet mixed with 6 % v/ ethanol (called as ‘ethanol diet”).
From fourth day onward, every morning rats received a bottle
of freshly prepared aliquot (100 ml/rat) of either ‘liquid diet’
or ‘ethanol diet’ for 15 days. During this period, rats were
having free access to food pellets. During chronic ethanol
consumption period, rats were injected with acute anti-
anxiety dose of ethanol (i.e. 2 g/kg, i.p. based on experiment
2.4.1. results) and subjected to EPM teston day 1, 3, 5,7, 9,
11, 13, and 15. Rats fed with ‘liquid diet’ (without ethanol) in
identical manner served as pair-fed controls for tolerance to
>anti-anxiety effect of ethanol study. We previously reported
that this experimental design helps in the development of
tolerance to anti-anxiety action of ethanol [66]. Separate
groups of rats were used for each time-point before subjecting
them to EPM test (i.e. day 1, 3, 5,7, 9, 11, 13 and 15). Acute
anti-anxiety dose of ethanol (2 g/kg, i.p.) was used to evaluate
for the development of tolerance to anti-anxiety effect of
ethanol in rats that were consuming ‘ethanol diet’.

Effect of GLP-1 receptor agonist, liraglutide on tolerance
to anti-anxiety effect of ethanol in rats

To examine the effect of GLP-1 receptor agonist, liraglutide

on development of tolerance to anti-anxiety effect of ethanol,
separate groups of rats consuming ‘ethanol diet’ were
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subjected to daily liraglutide (50 pg/kg, i.p.) or vehicle (1 ml/
kg) treatment. On test day, rats were injected with liraglutide
(50 ng/kg, i.p.) 4-h prior to and ethanol (2 g/kg, i.p., 8 % w/W)
40-min prior to evaluating them for their behavior in
EPM test.
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Effect of discontinuation of chronic ethanol consumption
on rat behavior in EPM test

As described above (chronic study; experiment 2.4.1),
separate groups of rats were forced to consume ‘liquid
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diet’ or ‘ethanol diet’ for 15-days. On day 16 mornings  on the same diet, whereas ‘ethanol diet’ groups were
(9:00 am), rats that were on ‘liquid diet’ were continued  introduced with ethanol free ‘liquid diet’. All rats were
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subjected to daily GLP-1 receptor agonist, liraglutide
(50 ug/kg, i.p.) or vehicle (1 ml/kg) treatment. As
described above (experiment 2.5.3.), on day 16, chronic
ethanol consumption was discontinued and rats were
examined for impact of daily liraglutide treatment on
ethanol-withdrawal induced changes in rat EPM behavior at
1,4, 8, 10 or 24 h post-withdrawal.

Data analysis

The results are expressed as means + S.E.M. and analyzed by
GraphPad Prism 5 software. Data obtained from acute study
were analyzed by One-way analysis of variance (ANOVA)
followed by post-hoc Bonferroni test. Chronic study data was
analyzed by Two-way ANOVA followed by post-hoc

Bonferroni test. Differences were considered significant at
p<0.05.

Results
Acute study
Dose-dependent anti-anxiety effect of ethanol in rats

Acute ethanol injection to rats at doses 2.0 and 2.5 g/kg
resulted in significant increase in the time spent in- and
number of entries to the open arms suggesting its anti-
anxiety effect at these doses (p<0.05; Fig. 1). However, this
effect of ethanol was devoid of changes in motor behavior as
there were no significant changes in closed arm entries

Fig. 4 Potentiation of 754
anti-anxiety effect of ethanol by
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arms, b % time spent in open arms = 504 *
and ¢ number of closed arms s
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Fig. 5 Effect of daily liraglutide administration on tolerance to anti-
anxiety effect of ethanol in rats: a % entries into open arms, b % time
spent in open arms and ¢ number of closed arms entries in elevated plus
maze test. Different groups of rats consuming ‘liquid diet’ or ‘ethanol
diet’ (upto 15 days) were injected on the EPM test day with either vehicle
(5§ mL/kg, i. p.; ‘Liquid diet + Vehicle’ groups: total 8 groups with n=6/
group) or ethanol (2.0 g/kg, i. p.; ‘Liquid diet + Ethanol’ groups: total 8
groups with n=6/group and ‘Ethanol diet + Ethanol’ groups: total 8
groups with n=6/group). 40 min thereafter, individual rats were
evaluated during 5 min test session for their plus maze behavior.
Separate group of rats on ‘ethanol diet” were administered daily with
liraglutide (50 pg/kg, i.p.) and on the test day were injected with ethanol
(2 g/kg, i.p.; i.e. ‘Ethanol diet + Liraglutide + Ethanol’ groups: total 8
groups with n=7/group) and 40 min thereafter, were evaluated for impact
of liraglutide treatment on anxiety scores using EPM test. Each data point
represents means + S.E.M. of data from 6 to 7 rats per group. ¥*p<0.05
versus ‘liquid diet + vehicle’ treated rats; #p<0.05 versus ‘liquid diet +
ethanol (2 g/kg, i.p.)’ treated rats (indicated ‘tolerance to anti-anxiety
effect of ethanol’); $p<0.05 versus ‘Ethanol diet’ + Liraglutide (50 mg/kg,
i.p.) + Ethanol (2 g/kg, i.p.) treated rats (indicated ‘prevention of tolerance
to anti-anxiety effect of ethanol’) [two-way ANOVA followed by post-
hoc Bonferroni test; factors: ‘treatment’ X ‘time (days)’]

(p>0.05). At doses lower than 2 g/kg, ethanol did not signif-
icantly alter rat EPM behavior. At higher doses (>2.5 g/kg),
ethanol injections led to ataxia and sedation in rats.

Time course of anti-anxiety effect of ethanol in rats

As shown in Fig. 2, onset of anti-anxiety effect was observed at
20 min post-ethanol (2 g/kg, i.p.) injection. Peak anti-anxiety
effect was observed at 40-min post-ethanol (2 g/kg, i.p.) injec-
tion as reflected by significant increase in the time spent and
number of open arms entries in EPM test (p<0.05). However,
there were no significant changes in closed arm entries at this
time-point (p>0.05). At later time-points (>40 min), anti-
anxiety effect of ethanol was gradually receded.

Anti-anxiety effect of GLP-1 receptor agonist, liraglutide
in EPM test in rats

Evaluation of rat EPM behavior following 4-h post liraglutide
treatment resulted in significant increase in time spent and
number of entries to open arms at dose (50 pg/kg, i.p.;
p<0.05; Fig. 3) indicating its per se anti-anxiety effect . The
anti-anxiety dose of liraglutide did not affect closed arms
entries in EPM test by rats (p>0.05). Rest of tested doses of
liraglutide was devoid of anti-anxiety effect as there were no
significant changes in rat EPM behavior with their treatments
(p>0.05).

GLP-1 receptor agonist, liraglutide potentiated anti-anxiety
effect of ethanol in rats

Treatment of rats with ethanol (1.0 and 1.5 g/kg, i.p.) and

liraglutide (25 pg/kg, i.p.) in combination at doses that were
not effective per se (Figs. 1 and 3) resulted in significant
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increase in time spent and number of entries to open arms in
EPM test (p<0.05; Fig. 4). Co-treatment with ethanol and
liraglutide did not affect rat closed arms entries in EPM test
(»>0.05). In contrast, combined treatment with ethanol
(0.5 g/kg, i.p.) and liraglutide (25 ug/kg, i.p.) produced only
marginal increase in open arms behavior that was not statisti-
cally significant (p>0.05).
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Fig. 6 GLP-1 receptor agonist, liraglutide prevents appearance of >

ethanol withdrawal-induced anxiety in rats: a % entries into open arms,
b % time spent in open arms and ¢ number of closed arms entries in
elevated plus maze test. Different groups of rats were forced to consume
‘liquid diet’ or ‘ethanol diet’ for 15 days. Rats consuming ‘liquid diet’
were injected daily with vehicle (1 mL/kg, i.p.; ‘Liquid diet + Vehicle’
groups: total 5 groups with n=6/group). Rats on ‘ethanol diet’ were
injected daily with either GLP-1 receptor agonist, liraglutide (50 pg/kg,
i.p.; ‘Ethanol diet + Liraglutide’ groups: total 5 groups with n=7/group)
or vehicle (1 mL/kg, i.p.; ‘Ethanol diet + Vehicle’ groups: total 5 groups
with n=7/group). On day 16, ‘ethanol diet’ bottles were removed from rat
cages and replaced with ‘liquid diet’ bottles. Rats were subjected to
elevated plus maze test for 5 min at 1, 4, 8, 10 or 24 h post-
withdrawal. Each data point represents means + S.E.M. of data from 6
to 7 rats per group. * P<0.05 versus ‘Liquid diet’ + Vehicle treated rats; #
P<0.05 versus ‘Ethanol diet’ + Vehicle treated rats [two-way ANOVA
followed by post-hoc Bonferroni test; factors: ‘treatment’ X ‘withdrawal-
duration (hours)’]

Chronic study

Chronic liraglutide treatment prevented development
of tolerance to anti-anxiety effect of ethanol in rats

Ethanol injection (2 g/kg, i.p.) to rats consuming ‘ethanol diet’
resulted in significant reduction in time spent and number of
entries to open arms from day 7 and onwards of consumption
(»<0.05; Fig. 5). These results indicated development of
tolerance to anti-anxiety effect of ethanol. However, there were
no significant changes in closed arms entries suggesting chang-
es observed were not because of changes in motor behavior of
rats (p>0.05). In contrast to this, co-administration of GLP-1
receptor agonist, liraglutide prevented development of toler-
ance to anti-anxiety effect of ethanol as there was no such
reduction in time spent and number of entries to open arms
(p>0.05; Fig. 4).

Reversal of ethanol withdrawal anxiety in liraglutide treated
rats

As shown in Fig. 6, significant reduction in time spent and
number of entries to open arms was observed in rats after 8
and 10 h post-ethanol withdrawal compared to pair-fed ‘liquid
diet’ rats (p<0.05). However, concomitant treatment with
liraglutide (50 pg/kg, i.p. once daily for 15 days) prevented
development of ethanol withdrawal-induced anxiogenic
symptoms in rats (p<0.05 compared to ‘ethanol diet’ rats).
Further, there were no significant changes in closed arms
entries during these treatments (p>0.05).

Discussion
Alcoholism is among the major healthcare challenges and

there is an immediate need to search for innovative medicines
for it. Despite considerable progress in understanding about
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the neurobiology of alcoholism, the available therapeutic op-
tions failed to meet healthcare sector expectations. The data
presented here in this article provides first experimental evi-
dence for the favorable role of GLP-1 receptor agonist,
liraglutide against alcoholism related anxiety behavior in rats.
We recently reported that pharmacological inhibition of en-
zyme metabolizing endogenous GLP-1 peptide delays
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development of tolerance to anti-anxiety effect of ethanol and
withdrawal-induced anxiety in rats. Since endogenous GLP-1
is vulnerable to metabolic degradation by enzyme DPP-IV,
present study was designed to examine the effect of direct
stimulation of receptors for GLP-1, employing agonist for
these receptors, on tolerance to anti-anxiety effect of ethanol
and withdrawal-induced anxiety in rats.

New lines of evidence suggest beneficial role of pharma-
cological agents affecting metabolism and glucose homeosta-
sis on the central nervous system (Sharma et al. 2012).
Mounting evidences in literature points toward the role of
common molecular pathways in neurologlical disorders and
endocrine metabolic disorders (Sharma et al. 2014b; Ernst
et al. 2013; Sharma et al. 2010). Recent advances in the field
led to growing interest in the molecules modulating metabo-
lism and energy homeostasis for their role in ethanol’s effect
on the brain functions (de la Monte et al. 2008; Rojdmark et al.
2001; Leggio et al. 2014). GLP-1 receptor agonists are recent-
ly approved pharmacological agents for the management of
type II diabetes (Gough 2012). In view of increasing clinical
trials cost with high attrition rate, repositioning of approved
drugs for new indications is gaining popularity among re-
searchers and drug developers. Here, we provide a compre-
hensive assessment of the role of GLP-1 receptor agonist in
acute anti-anxiety effect of ethanol and chronic ethanol con-
sumption associated tolerance to anti-anxiety effect of ethanol
and withdrawal-induced anxiety using EPM test in rats. We
followed a simple approach to first conduct dose-response
(Fig. 1) and time-course (Fig. 2) studies for optimal dose and
time for anti-anxiety effect of ethanol using EPM test in rats.
Based on the outcomes of these two experiments and previous
reports (Sharma et al. 2007; Hirani et al. 2005), we selected

Fig. 7 Schematic representation
of timeline of chonic study
experiments

ethanol (2 g/kg, i.p., 8 %w/v) as an acute challenge dose for
chronic studies. Moreover, we selected 40 min as a time-point
post-ethanol injection to examine rats for their EPM behavior.
We also conducted a dose—response study with GLP-1 recep-
tor agonist, liraglutide to examine its influence on rat EPM
behavior (Fig. 3). At selected doses, liraglutide produced an
inverted U-shaped response-curve with anti-anxiety effect at
dose (50 pg/kg, i.p.) as indicated by significantly increased
time spent and entries to open arms in rat EPM test.
Liraglutide doses, that were lesser than or greater than
(50 ug/kg, i.p.), failed to elicit anti-anxiety effect in rats.

The central hypothesis of this study was ‘activation of
GLP-1 receptors modulates acute anti-anxiety effect of etha-
nol, tolerance to anti-anxiety effect of ethanol and withdrawal-
induced anxiety’. To test this hypothesis, we first examined
the impact of treating rats with sub-effective ethanol in com-
bination with sub-effective dose of GLP-1 receptor agonist,
liraglutide on rat EPM behavior (Fig. 4). Liraglutide potenti-
ated anti-anxiety effect of ethanol as there was significant
increase in the time spent and number of entries to open arms
when both (i.e. liraglutide and ethanol) were administered at
their sub-effective doses. There are many novel peptides
(Bhisikar et al. 2009) and steroids (Sharma et al. 2007,
Hirani et al. 2005) proposed till date as targets for ethanol
actions on the central nervous system (CNS). However, it is
important to note that there is no agreement among re-
searchers on the mechanisms for ethanol action. And the
search for novel biological mechanisms contributing to etha-
nol actions on the CNS is a continuing process which still in
its early stages.

Rats consuming ‘ethanol diet” when challenged with acute
ethanol injection (2 g/kg, i.p.), from day 7 and onwards,
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exhibited significant reduction in the time spent and number
of entries to open arms (Fig. 5) compared to pair-fed (liquid
diet) rats. This suggests that, with prolonged ethanol con-
sumption, there was a development of tolerance to anti-
anxiety effect of ethanol in rats. This was in agreement to
our previous report (Sharma et al. 2007). Interestingly, rats on
‘ethanol diet’ when subjected to daily liraglutide treatment did
not exhibit such reduction in the time spent and number of
entries to open arms. Thus, stimulation of GLP-1 receptors
employing its agonist liraglutide helped to attenuate develop-
ment of tolerance to ethanol’s anti-anxiety effect in rats. Thus,
it is plausible that chronic ethanol consumption could lead to
suppression of GLP-1 receptor mediated intracellular events
and may contribute to development of ethanol tolerance. Since
development of tolerance to pharmacologically effective dose
of ethanol could trigger heavy ethanol consumption, it is
tempting to speculate that GLP-1 receptors could be an im-
portant target to examine neurobiological mechanisms for
ethanol dependence.

Rats discontinued from chronic (i.e. 15 days) ethanol con-
sumption exhibited withdrawal-induced anxiety at 8 and 10 h
post-withdrawal as indicated by significant reduction in the
time spent and number of entries to the open arms compared
to rats consuming pair-fed ‘liquid diet’ (Fig. 6). This was in
agreement with our previous report (Sharma et al. 2007).
However, daily co-administration liraglutide to rats consum-
ing ‘ethanol diet’ for 15-days, prevented development of
ethanol withdrawal-induced anxiety in rats (Fig. 6).
Appearance of withdrawal symptoms upon abstinence from
ethanol consumption is one of the important reasons for
ethanol craving and relapse to heavy ethanol drinking.
Given the ability of GLP-1 receptor agonist to prevent
occurrence of withdrawal symptoms, modulation of
GLP-1 receptor system could potentially serve as a novel
neurobiological target for the management of ethanol with-
drawal symptoms (Fig. 7).

In conclusion, using rat model for anxiety we report that: (1)
GLP-1 agonist, liraglutide exhibit anti-anxiety effect per se; (2)
liraglutide potentiates anti-anxiety effect of ethanol; (3) its co-
administration helps to prevent development tolerance to anti-
anxiety effect of ethanol; and (4) withdrawal-induced anxiety.
Studies examining intracellular cascade of events contributing
to these effects are needed to improve understanding about role
of GLP-1 receptors in ethanol mediated behaviors. In addition
to incretin mimetics, recent clinical study points to the role of
hormones such as melatonin in alcoholism related behavioral
alterations (Grosshans et al. 2014). Melatonin is a hormone
with vital physiological functions (Cajochen et al. 2003; Shukla
et al. 2014; Vonnahme et al. 2013; Tunstall et al. 2011).
Melatonin was shown to modulate GLP-1 mediated endocrine
functions (Kemp et al. 2002). Melatonin is known to act via
NO/cyclic GMP (Shukla et al. 2012a; Shukla et al. 2012b;
Shukla & O’Rourke 2009; Shukla & O’Rourke 2011) and

potassium channel signaling (Shukla et al. 2012¢; Shukla
et al. 2011; Shukla et al. 2012d). Studies examining pharma-
cological interactions of GLP-1 and melatonin may help un-
ravel complex interlinked molecular pathways involved in
GLP-1 agonist mediated prevention of tolerance to anti-
anxiety effect of ethanol and withdrawal-induced anxiety.
Evaluation of influence of incretin mimetics on anti-anxiety
effect of non-benzodiazepine anxiolytics (Ugale et al. 2007)
represents another novel strategy for the effective management
of anxiety disorders. Additionally, studies on endogenous GLP-
1 levels and on the expression pattern of its receptors in the
brain following chronic ethanol consumption may help to
strengthen the role of GLP-1 receptors in ethanol dependence.
Moreover, studies on how GLP-1 receptor agonist co-treatment
to rodents on chronic ethanol consumption affects clas-
sic neurotransmitter systems (such as dopamine, gluta-
mate, gamma-aminobutyric acid etc.) and several
neuromodulator levels (viz. neuropeptides, neurosteroids,
neurotrophic factors etc.) may shed more light on the role of
GLP-1 receptors in ethanol dependence.

Conflict of interest Authors declare no conflict of interest.

References

Bhisikar SM, Kokare DM, Nakhate KT, Chopde CT, Subhedar NK
(2009) Tolerance to ethanol sedation and withdrawal hyper-
excitability is mediated via neuropeptide Y Y1 and Y5 receptors.
Life Sci 85:765-772

Cajochen C, Krduchi K, Wirz-Justice A (2003) Role of melatonin in the
regulation of human circadian rhythms and sleep. J Neuroendocrinol
15:432-437

Chen S, Liu AR, An FM, Yao WB, Gao XD (2012) Amelioration of
neurodegenerative changes in cellular and rat models of diabetes-
related Alzheimer’s disease by exendin-4. Age (Dordr) 34:1211—
1224

Cunningham CL, Fidler TL, Hill KG (2000) Animal models of alcohol’s
motivational effects. Alcohol Res Health 24:85-92

de la Monte SM, Tong M, Cohen AC, Sheedy D, Harper C, Wands JR
(2008) Insulin and insulin-like growth factor resistance in alcoholic
neurodegeneration. Alcohol Clin Exp Res 32:1630-1644

Dixit TS, Sharma AN, Lucot JB, Elased KM (2013) Antipsychotic-like
effect of GLP-1 agonist liraglutide but not DPP-IV inhibitor
sitagliptin in mouse model for psychosis. Physiol Behav 114-115:
3841

Egecioglu E, Engel JA, Jerlhag E (2013a) The glucagon-like peptide 1
analogue, exendin-4, attenuates the rewarding properties of
psychostimulant drugs in mice. PLoS One 8:¢69010

Egecioglu E, Steensland P, Fredriksson I, Feltmann K, Engel JA,
Jerlhag E (2013b) The glucagon-like peptide 1 analogue
Exendin-4 attenuates alcohol mediated behaviors in rodents.
Psychoneuroendocrinology 38:1259-1270

Ernst A, Sharma AN, Elased KM, Guest P, Rahmoune H, Bahn S (2013)
Diabetic db/db mice exhibit central and peripheral molecular alter-
ations as observed in neurological disorders. Transl Psychiatry 28:¢263

Gough SC (2012) Liraglutide: from clinical trials to clinical practice.
Diabetes Obes Metab 14(Suppl 2):33-40

@ Springer



Metab Brain Dis

Grant P, Lipscomb D, Quin J (2011) Psychological and quality of life
changes in patients using GLP-1 analogues. J Diabetes Complicat
25:244-246

Grosshans M, Mutschler J, Luderer M, Mann K, Kiefer F (2014)
Agomelatine is effective in reducing insomnia in abstinent
alcohol-dependent patients. Clin Neuropharmacol 37:6-8

Gu G, Roland B, Tomaselli K, Dolman CS, Lowe C, Heilig JS (2013)
Glucagon-like peptide-1 in the rat brain: distribution of expression
and functional implication. J] Comp Neurol 521:2235-2261

Hirani K, Sharma AN, Jain NS, Ugale RR, Chopde CT (2005) Evaluation
of GABAergic neuroactive steroid 3alpha-hydroxy-Salpha-
pregnane-20-one as a neurobiological substrate for the anti-anxiety
effect of ethanol in rats. Psychopharmacology (Berlin) 180:267-278

Hunter K, Holscher C (2012) Drugs developed to treat diabetes,
liraglutide and lixisenatide, cross the blood brain barrier and en-
hance neurogenesis. BMC Neurosci 13:33

Jarosz J, Miernik K, Wachal M, Walczak J, Krumpl G (2013) Naltrexone
(50 mg) plus psychotherapy in alcohol-dependent patients: a meta-
analysis of randomized controlled trials. Am J Drug Alcohol Abuse
39:144-160

Jelsing J, Vrang N, Hansen G, Raun K, Tang-Christensen M, Knudsen
LB (2012) Liraglutide: short-lived effect on gastric emptying — long
lasting effects on body weight. Diabetes Obes Metab 14:531-538

Kemp DM, Ubeda M, Habener JF (2002) Identification and functional
characterization of melatonin Mel la receptors in pancreatic beta
cells: Potential role in incretin-mediated cell function by sensitiza-
tion of cAMP signaling. Mol Cell Endocrinol 191:157-166

Kushner MG, Abrams K, Borchardt C (2000) The relationship between
anxiety disorders and alcohol use disorders: a review of major
perspectives and findings. Clin Psychol Rev 20:149-171

Kushner MG, Thuras P, Abrams K, Brekke M, Stritar L (2001) Anxiety
mediates the association between anxiety sensitivity and coping-
related drinking motives in alcoholism treatment patients. Addict
Behav 26:869-885

Lader MH (1999) Limitations on the use of benzodiazepines in anxiety
and insomnia: are they justified? Eur Neuropsychopharmacol
9(Suppl 6):S399-S405

Leggio L, Zywiak WH, Fricchione SR, Edwards SM, de la Monte SM,
Swift RM, Kenna GA (2014) Intravenous ghrelin administration
increases alcohol craving in alcohol-dependent heavy drinkers: a
preliminary investigation. Biol Psychiatry. doi:10.1016/j.biopsych.
2014.03.019

Mann K, Kiefer F, Spanagel R, Littleton J (2008) Acamprosate: recent
findings and future research directions. Alcohol Clin Exp Res 32:
1105-1110

Nutt D, Adinoff B, Linnoila M (1989) Benzodiazepines in the treatment
of alcoholism. Recent Dev Alcohol 7:283-313

Roelofs SM (1985) Hyperventilation, anxiety, craving for alcohol: a
subacute alcohol withdrawal syndrome. Alcohol 2:501-505

Rojdmark S, Calissendorft J, Brismar K (2001) Alcohol ingestion de-
creases both diurnal and nocturnal secretion of leptin in healthy
individuals. Clin Endocrinol (Oxford) 55:639—-647, 1401

Samson HH, Harris RA (1992) Neurobiology of alcohol abuse. Trends
Pharmacol Sci 13:206-211

Sharma AN, Chopde CT, Hirani K, Kokare DM, Ugale RR
(2007) Chronic progesterone treatment augments while dehy-
droepiandrosterone sulphate prevents tolerance to ethanol
anxiolysis and withdrawal anxiety in rats. Eur J Pharmacol
567:211-222

Sharma AN, Elased KM, Garrett TL, Lucot JB (2010) Neurobehavioral
deficits in db/db diabetic mice. Physiol Behav 101:381-388

@ Springer

Sharma AN, Elased KM, Lucot JB (2012) Rosiglitazone reverses depres-
sion but not psychosis-like behavior in db/db diabetic mice. J
Psychopharmacol 26:724-732

Sharma AN, Pise A, Sharma JN, Shukla P (2014a) Dipeptidyl-peptidase
IV (DPP-1V) inhibitor delays tolerance to anxiolytic effect of ethanol
and withdrawal-induced anxiety in rats. Metab Brain Dis. doi:10.
1007/s11011-014-9603-7

Sharma AN, Bauer E, Sanches M, Galvez JF, Zunta-Soares GB, Quevedo
J, Kapczinski F, Soares JC (2014b) Common biological mechanisms
between bipolar disorder and type 2 diabetes: focus on inflamma-
tion. Prog Neuropsychopharmacol Biol Psychiatry 54:289-298

Shirazi R, Palsdottir V, Collander J, Anesten F, Vogel H, Langlet F,
Jaschke A, Schurmann A, Prevot V, Shao R, Jansson JO, Skibicka
KP (2013) Glucagon-like peptide 1 receptor induced suppression of
food intake, and body weight is mediated by central IL-1 and IL-6.
Proc Natl Acad Sci U S A 110:16199-16204

Shukla P, O’Rourke S (2009) Melatonin inhibits NO-induced cGMP
accumulation in porcine coronary arteries. FASEB J 23:933, 12

Shukla P, O’Rourke S (2011) Down regulation of protein kinase G1o/f3
(PKG1a/f3) inhibits melatonin-induced phosphorylation of phos-
phodiesterase 5 (PDES) in coronary arteries. FASEB J 25:808.9

Shukla P, Yao F, Pawel A, Sun BC, O’Rourke S (2011) Melatonin inhibits
large conductance, calcium-activated k channel activity in porcine
coronary artery smooth muscle cells by activating MT2-receptors.
Circulation 124:A16932

Shukla P, Sun C, O’Rourke ST (2012a) Melatonin inhibits nitric oxide
signaling by increasing PDES phosphorylation in coronary arteries.
Am ] Physiol Heart Circ Physiol 303:H1418-H1425

Shukla P, Lemley CO, O’Rourke S, Meyer AM, Vonnahme K (2012b)
Differential vascular reactivity of fetal and maternal placental arter-
ies from melatonin treated nutrient-restricted sheep to endothelium-
dependent and independent vasodilators. FASEB J 26:712-715

Shukla P, Sun C, O’Rourke S (2012¢) Melatonin inhibits NO-induced
activation of BKCa channels and relaxation of coronary arteries by
increasing PKG1-dependent phosphorylation of PDES. Circulation
126:A16569

Shukla P, Sun C, O’Rourke S (2012d) Melatonin inhibits NO-dependent
activation of large conductance, calcium-activated K channels
(BKCa) in porcine coronary artery smooth muscle cells. FASEB J
26:842.1

Shukla P, Lemley CO, Dubey N, Meyer AM, O’Rourke ST, Vonnahme
KA (2014) Effect of maternal nutrient restriction and melatonin
supplementation from mid to late gestation on vascular reactivity
of maternal and fetal placental arteries. Placenta 35:461-466

Sinclair JD, Lindros KO (1981) Suppression of alcohol drinking with
brain aldehyde dehydrogenase inhibition. Pharmacol Biochem
Behav 14:377-383

Tunstall RR, Shukla P, Grazul-Bilska A, Sun C, O’Rourke ST (2011)
MT?2 receptors mediate the inhibitory effects of melatonin on nitric
oxide-induced relaxation of porcine isolated coronary arteries. J
Pharmacol Exp Ther 336:127—-133

Ugale RR, Sharma AN, Hirani K, Kokare DM, Chopde CT (2007)
Neurosteroidal role in anxiolytic action of nonbenzodiazepine
etifoxine in rats. Brain Res 1184:193-201

Vella A, Shah P, Reed AS, Adkins AS, Basu R, Rizza RA (2002) Lack of
effect of exendin-4 and glucagon-like peptide-1-(7,36)-amide on
insulin action in non-diabetic humans. Diabetologia 45:1410-1415

Vonnahme KA, Lemley CO, Shukla P, O’Rourke ST (2013) 2011 and
2012 Early Careers Achievement Awards: Placental programming:
how the maternal environment can impact placental function. J
Anim Sci 91:2467-2480


http://dx.doi.org/10.1016/j.biopsych.2014.03.019
http://dx.doi.org/10.1016/j.biopsych.2014.03.019
http://dx.doi.org/10.1007/s11011-014-9603-7
http://dx.doi.org/10.1007/s11011-014-9603-7

	Glucagon-like...
	Abstract
	Introduction
	Materials and methods
	Animals
	Drugs
	Elevated plus maze test (EPM)
	Acute study
	Effect of acute ethanol treatment on rat behavior in EPM test
	Time-course of effect of ethanol on EPM test in rats
	Effect of GLP-1 receptor agonist treatment on EPM behavior in rats
	Evaluation of the effects of combination of sub-effective doses of ethanol and GLP-1 receptor agonist on EPM behavior in rats

	Chronic study
	Effect of prolonged ethanol consumption on rat plus maze behavior
	Effect of GLP-1 receptor agonist, liraglutide on tolerance to anti-anxiety effect of ethanol in rats
	Effect of discontinuation of chronic ethanol consumption on rat behavior in EPM test
	Effect of GLP-1 receptor agonist on ethanol withdrawal induced changes in rat EPM behavior


	Data analysis
	Results
	Acute study
	Dose-dependent anti-anxiety effect of ethanol in rats
	Time course of anti-anxiety effect of ethanol in rats
	Anti-anxiety effect of GLP-1 receptor agonist, liraglutide in EPM test in rats
	GLP-1 receptor agonist, liraglutide potentiated anti-anxiety effect of ethanol in rats

	Chronic study
	Chronic liraglutide treatment prevented development of tolerance to anti-anxiety effect of ethanol in rats
	Reversal of ethanol withdrawal anxiety in liraglutide treated rats


	Discussion
	References


