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Abstract

Background—GIlucagon-like peptide 1 (GLP-1) receptor agonists have been shown to decrease
ethanol drinking in rodent assays. The GLP-1 system also powerfully modulates food and fluid
intake, gastrointestinal functions, and metabolism. To begin to understand the neurobiological
mechanisms by which GLP-1 receptor ligands may be able to control ethanol intake, it is
important to ascertain whether they can modulate the direct reinforcing effects of ethanol, without
the confound of effects on ingestive behaviors generally.

Methods—We trained experimentally naive, free-fed C57BL/6J mice to self-administer ethanol
intravenously. Once stable ethanol intake was acquired, we tested the effect of acute pretreatment
with the GLP-1 receptor agonist Exendin-4. Effect of Exendin-4 on operant behavior reinforced by
a palatable liquid food was similarly evaluated as a control.

Results—Intravenous ethanol functioned as a positive reinforcer in over half the mice tested. In
mice that acquired self-administration, ethanol intake was high, indeed, reaching toxic doses. 3.2
ug/kg Exendin-4 decreased intravenous ethanol intake by at least 70%, but had no significant
effect on food-maintained operant responding.

Conclusions—This experiment produced two main conclusions. First, although technically
challenging and yielding only moderate throughput, the intravenous self-administration procedure
in mice is feasible, and sensitive to pharmacological manipulations. Second, GLP-1 receptor
agonists can powerfully attenuate voluntary ethanol intake by directly modulating the reinforcing
effects of ethanol. These findings support the potential usefulness of GLP-1 receptor ligands in the
treatment of alcohol use disorder.
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INTRODUCTION

Alcohol use disorder causes great costs to individuals and to society worldwide, with an
annual 3.3 million deaths attributed to alcohol use (SAMHSA, 2014; WHO, 2014).
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Although available therapies and counseling can be effective in some drinkers, long-term
recovery remains difficult to achieve. Glucagon-like peptide 1 (GLP-1) is a peptide that has
both hormone and neurotransmitter functions. GLP-1 is produced in the intestinal tract and
regulates blood sugar and food intake, and GLP-1 receptor agonists are used clinically to
manage type 2 diabetes. GLP-1 is also produced in the brain, and GLP-1 receptors are
expressed in brain regions important in substance use disorders, such as the ventral
tegmental area (VTA) and nucleus accumbens (Goke et al. 1995; Merchenthaler et al., 1999;
Cork et al., 2015). GLP-1- producing neurons of the nucleus of the solitary tract project
directly to the VTA and the shell and core regions of the nucleus accumbens (Rinaman,
2010; Alhadeff et al., 2012). Recent evidence indicates that one or more GLP-1 receptor
variants are associated with alcohol use disorder and modulate effects of ethanol in humans
(Suchankova et al., 2015).

In rodent studies, GLP-1 receptor agonists were shown to reduce ethanol drinking, although
the effects were sometimes modest, or only observed in high-drinking subjects (e.g., made
dependent on ethanol using vapor exposure, or spontaneously alcohol-preferring; Egecioglu
et al., 2013a; Shirazi et al., 2013; Suchankova et al., 2015; Vallof et al., 2016). The well-
described role of GLP-1 systems in regulating food and fluid intake makes it difficult to
differentiate how much of the observed decreases in ethanol drinking are attributable to
decreased reinforcing/rewarding effects of ethanol specifically, from effects on fluid and
calorie intake more generally. Indeed, the abovementioned studies often reported decreases
in food or water intake in animals treated with GLP-1 receptors agonists, albeit often smaller
in magnitude or more variable relative to the effects on alcohol intake. GLP-1 receptor-
mediated effects on food and fluid intake are at least partly centrally mediated (Tang-
Christensen et al., 1996; Turton et al., 1996; Baggio et al., 2004; Kanoski et al., 2012;
Dickson et al., 2012; McKay et al., 2014), and may thus share common neurobiological
mechanisms with the effects on ethanol drinking. Another potential complicating factor in
using oral ethanol assays is the fact that GLP-1 receptor ligands affect gastric emptying of
liquids and solids, as well as colonic matility, which could affect rates of ethanol uptake into
the blood stream after oral administration (Wettergren et al., 1993; Imeryuz et al., 1997;
Baggio et al., 2004; Nakade et al., 2006; Nakade et al., 2007).

Place conditioning experiments support the notion that GLP-1 systems modulate rewarding
effects of ethanol and other drugs of abuse directly, rather than simply decreasing oral
intake. GLP-1 receptor agonists decreased conditioned place preference to ethanol, sweet
foods, nicotine, cocaine and amphetamine (Dickson et al., 2012; Egecioglu et al., 2013a;
Egecioglu et al., 2013b, 2013c; Graham et al., 2013; Shirazi et al., 2013; Alhadeff and Grill,
2014; Richard et al., 2015; Vallof et al., 2016), and also blunted increases in extracellular
striatal dopamine induced by ethanol, nicotine, or stimulants (Egecioglu et al., 2013a;
Egecioglu et al., 2013b, 2013c; Sgrensen et al., 2015; Vallof et al., 2016). However, place
conditioning measures effects of experimentally administered drug, in a drug-free state, and
effects do not always align with effects on voluntary drug or ethanol intake. Intravenous self-
administration (IVSA) in laboratory animals is a procedure for measuring the immediate
reinforcing effects of drugs, i.e., active drug taking behavior, and is frequently used as an
“animal model” of human drug abuse (Panlilio and Goldberg, 2007). IVSA has generally
been a better predictor of clinical efficacy for candidate medication relative to assays that
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rely on subjective/conditioned effects of abused substances (Haney and Spealman, 2008).
Exendin-4 is a degradation-resistant, brain penetrant peptide and a long-acting GLP-1
receptor agonist (Goke et al., 1993; Thorens et al., 1993; Kastin and Akerstrom, 2003). We
have recently shown that Exendin-4 can decrease IVSA of cocaine in mice (Sgrensen et al.,
2015). Here, we applied ethanol IVSA to measure the effects of Exendin-4 on voluntary
ethanol intake without the potential confounds related to oral consumption.

MATERIALS AND METHODS

Animals and housing

Apparatus

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were acquired at 8 weeks of
age and were acclimated to the housing facilities at least 7 days before experiments were
initiated. Mice were group housed up to 4 per cage under a 12-hour light/dark cycle, lights
on at 2300. Food and water (rodent diet 5015, PMI Feeds, Inc., St. Louis, MO) were
accessible ad libitum in the home cage. For enrichment, rodent “treats”, nesting material and
hiding/nesting devices were provided. Experimental sessions took place between 1300 and
1700. All procedures were carried out in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the McLean Hospital Institutional Animal
Care and Use Committee.

Modular mouse operant conditioning chambers were used (Med-Associates, Inc., Georgia,
VT), enclosed in sound-attenuating cubicles equipped with a house light (Med Associates
ENV-221M), an exhaust fan, and a syringe pump (Med Associates PHM-100, 3.3 rpm) for
the delivery of intravenous solutions or liquid food reinforcers. The manipulanda were two
illuminated nose-poke holes, located 1 cm above the grid floor (Med Associates
ENV-313M), one on either side of a steel dish into which liquid food could be delivered. A
low-torque fluid swivel (375/25, Instech Laboratories, Plymouth Meeting, PA) mounted on a
balance arm was used for 1V solution delivery, allowing free movement within the chamber.

Catheter implantation surgery and maintenance

An indwelling catheter was implanted into the right or left external jugular vein under
oxygen/sevoflurane vapor anesthesia. The surgical procedure has been described in detail
elsewhere (Thomsen and Caine, 2005). Briefly, a catheter (MIVSA, Camcaths, Cambridge,
UK) was inserted 1.2 cm into the jugular vein and anchored to the vein with sutures. The
catheter ran subcutaneously to the base located above the midscapular region. Mice were
allowed 7 days recovery, during which 0.02 ml of 0.9% saline containing heparin (30 USP
units/ml) and antibiotic (cefazolin, 67 mg/ml) was infused daily through the catheter to
forestall clotting and infection. Outside self-administration sessions, the externalized end of
the catheter was kept sealed. Only data from mice in which catheter patency was confirmed
before and after completion of an experimental phase were included. Catheter patency was
verified by loss of muscle tone and clear signs of anesthesia within 3 s after the infusion of
0.02-0.03 ml of 15 mg/ml ketamine + 0.75 mg/ml midazolam in saline.
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Ethanol self-administration

Ethanol 1VVSA procedures were based on methods by Grahame and Cunningham (1997).
Following recovery from surgery, experimentally naive mice were allowed to acquire nose-
poking reinforced with 75 or 125 mg/kg/infusion intravenous ethanol solution under an FR 1
schedule of reinforcement, for daily 2-hour sessions, 5-6 days per week. Consistent with
previous experience with other intravenous reinforcers (e.g., Caine et al., 2014), we found
that varying the ethanol dose between sessions facilitated acquisition. However, once a
mouse emitted at least 15 responses in the active hole in a session, the maintenance and
testing dose was 75 mg/kg/infusion for all mice. Responding in the active hole (left or right)
resulted in delivery of an ethanol infusion and illumination of the cue light for a 2-s timeout
period during which no reinforcer could be earned. Ethanol was infused in 187.5 pl/kg over
about one second, adjusted by bodyweight so that infusion duration and volume produced
precisely the correct dose for each mouse (e.g., 4.7 pl in a 25g mouse). Responses in the
inactive hole and during timeout periods were recorded but had no scheduled consequences.
The house light was illuminated after delivery of a single noncontingent reinforcer signaling
the beginning of the session, and stayed on until the session ended. Mice were considered to
have acquired ethanol self-administration when they earned =15 infusions earned per session
on the 75 mg/kg dose for three consecutive sessions, with =75% responses in the active hole
(modified from Grahame and Cunningham, 1997). Mice were tested in two cohorts, a few
weeks apart (N=7 each). Due to signs of toxicity in the first cohort, the total ethanol intake
per session was limited to no more than 2.25 g/kg for subsequent studies (i.e., the session
terminated if the limit was reached). In mice that did not meet criteria after at least 16
sessions, one or two sessions in which responding was reinforced with a palatable liquid
food were presented to encourage responding, after which acquisition criteria were increased
to a minimum of five days of stable ethanol intake.

Exendin-4 testing and food controls

Once acquisition criteria were met, mice were allowed to self-administer 75 mg/kg/infusion
ethanol until intake was stable at <20% variation for two consecutive sessions (if this was
not already met in the first three acquisition sessions), to provide a baseline level against
which to gauge the effects of Exendin-4 administration. The stability criterion was met
within 1-5 additional sessions. Then, on the next day, mice had access to 75 mg/kg/infusion
ethanol in an identical session, but 30 min following an intraperitoneal injection of saline
vehicle or Exendin-4 (3.2 pg/kg and, in a few mice, 1.8 pg/kg). Saline and Exendin-4 doses
were tested in a counterbalanced order, with at least two baseline sessions between tests. To
control for nonspecific decreases in rates of responding, Exendin-4 was also tested as a
pretreatment to nose-poking maintained by a palatable liquid food (25 pl of vanilla flavor
Ensure® nutrition drink) under the same conditions (FR 1 schedule of reinforcement, 2 hour
sessions). Doses of Exendin-4 were selected based on published studies, and on pilot studies
in our laboratory (Baraboi et al., 2011; Williams et al., 2011). Mice tested in the food
protocol all had prior exposure to ethanol and Exendin-4, either in the ethanol IVSA
experiment described herein (N=4), or in an ethanol “drinking in the dark” pilot experiment
(N=4; 20% ethanol in water, no sucrose or vapor exposure).
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Non-denatured ethanol meeting USP testing specification (190 proof, Sigma-Aldrich, St.
Louis, MO) was diluted to 50.7% in sterile 0.9% saline. Exendin-4 (Tocris Bioscience,
Ellisville, MO) was dissolved in saline and stored in aliquots at —80C; fresh aliquots were
thawed to room temperature immediately before use.

Data analysis

RESULTS

Ethanol intake per session was analyzed by paired-sample t-tests vs. baseline and by
unpaired-sample t-test (saline vs. Exendin-4). Food reinforcers earned per session were
analyzed by one-way ANOVA with drug condition as a repeated measures variable (saline,
Exendin-4 1.8 or 3.2 mg/kg).

A majority of mice acquired ethanol self-administration. In the first cohort, five of seven
mice met criteria for acquisition, after 14.8+2.7 sessions (mean % s.e.m.), at an intake level
of 2.4+0.4 g/kg/session (i.e., 31.9+5.6 infusions earned per session). Four mice acquired the
response without food presentation. Two mice, which had lower initial levels of nose-
poking, met criteria only after nose-poking was initiated with food reinforcement (see
methods for increased criteria). The remaining two mice earned over 15 ethanol infusions in
individual sessions but never for three consecutive sessions. Catheters remained patent in all
mice through the experiment. Due to the high ethanol intake (maximum intake ranging from
3.1 1o 8.2 g/kg/session in individual mice) and high incidence of sudden deaths following
high intake (6 of 7 mice), we imposed a limit of no more than 2.25 g/kg ethanol (30
reinforcers) per daily session for the second cohort. In the second cohort, 4 of 7 mice met
acquisition criteria, after 17.8+5.0 sessions, at an intake level of 2.1+0.1 g/kg/session
(28.1£1.3 infusions per session). One mouse acquired after prompting with food, another,
after catheter failure and implantation of a second catheter. Despite the limited intake, two
mice died within the first 15 sessions, of uncertain causes, and did not meet acquisition
criteria.

Pretreatment with 3.2 pg/kg Exendin-4 reduced ethanol self-administration to on average
27% of baseline intake (A<0.01), while saline injection had no significant effect (95% of
baseline; Fig. 1). The effect of Exendin-4 was also significant relative to saline-treated mice
(P<0.05). It should be noted that because ethanol intake was cut off at 30 reinforcers under
baseline conditions in some mice, the baseline intake level is underestimated, thus the actual
unrestricted effect-size of Exendin-4 pretreatment may have been even larger than what is
reported here. Accordingly, the rate of responding for ethanol reinforcement in responses per
minute may provide a better estimate of the true effect size, and was decreased to 16% of
baseline by Exendin-4 pretreatment. Cumulative responses in a representative mouse
(#3518) shows that baseline intake has a similar behavioral pattern as after saline pre-
treatment whereas pretreatment with 3.2 pg/kg Exendin-4 resulted in an extinction-like
behavior (Fig. 2).
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Operant responding for a palatable liquid food reinforcer was measured using the same
experimental design, to assess the specificity of the effect. IP injection of saline, 1.8 or 3.2
pg/kg Exendin-4 produced small decreases in rates of responding and liquid food reinforcers
earned, but did not approach statistical significance (Fig. 3). All earned food reinforcers
were consumed (i.e., none were left in the cup).

DISCUSSION

Previous studies have shown that GLP-1 receptor agonists including Exendin-4 can reduce
ethanol drinking, ethanol-conditioned place preference, and ethanol-induced striatal
dopamine efflux in rodents (Egecioglu et al., 2013a; Shirazi et al., 2013; Suchankova et al.,
2015; Vallof et al., 2016). Preliminary reports of decreased alcohol drinking in diabetic
patients treated with a GLP-1 receptor agonist liraglutide further support the potential utility
of GLP-1 receptor agonists as potential treatment for alcohol use disorder (Kalra et al.,
2011). However, it has not been established whether these effects of GLP-1 agonists on
ethanol intake are simply an extension of their more general effects on ingestive behavior
(food and fluid), conditioned effects measured in a drug-free state, or whether the direct
reinforcing effects of ethanol itself are modulated. Here, we report that Exendin-4 strongly
attenuated the reinforcing effects of intravenous ethanol in mice.

Consistent with a previous report, we found that experimentally naive C57BL/6J mice can
acquire IVSA of ethanol, demonstrating that intravenous ethanol can function as a positive
reinforcer in mice (Grahame and Cunningham, 1997). However, also consistent with
previous findings, the efficacy of ethanol as a reinforcer varied between cohorts, with an
overall acquisition rate of 64% of the mice (see Grahame et al., 1998). In comparison,
cocaine, at an optimal dose, was typically self-administered by near 100% of wild-type
C57BL/6 mice under comparable experimental conditions (Thomsen et al., 2005, 2009;
Thomsen and Caine, 2011; Schmidt et al., 2011; Caine et al., 2012; and ongoing projects, as
yet unpublished). In mice that met acquisition criteria, total ethanol intake per session
typically exceeded toxic levels for acute bolus dosing in mice (LDsq 2 g/kg; JECFA, 1970).
The intake levels were also consistent with previous findings (Grahame and Cunningham,
1997). Unlike oral intake that is subject to first pass metabolism, when delivered IV, the full
dose of ethanol can be assumed to end up in the blood stream. In other words, ethanol intake
approached or reached toxic levels, indicating that blood ethanol levels obtained using this
model were high, and likely relevant to heavy (binge) drinking in humans.

Acute pretreatment with 3.2 pg/kg Exendin-4 suppressed ethanol self-administration in all
mice: a 40%-50% reduction in mice that had limited access, and a 70%—-100% reduction in
mice that had unlimited access, relative to baseline intake. 1.8 pg/kg Exendin-4 had minimal
effects in a small number of mice and was not tested further. This study is the first to report a
pharmacological manipulation of ethanol IVSA in mice. It is unlikely that GLP-1 agonists
decreased ethanol reward by modifying ethanol metabolism, because it did not alter blood
ethanol levels following intraperitoneally administered ethanol in mice in a previous
investigation (Vallof et al., 2016). Indeed, evidence from intracranial microinfusions in rats
and from mutant mice lacking GLP-1 receptors selectively in the central nervous system
indicates that the effects of GLP-1 agonists on ethanol intake are centrally mediated (Shirazi
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et al., 2013; Sirohi et al., 2016). In comparison, 1.8 and 3.2 ug/kg Exendin-4 had no
significant effect on operant responding reinforced by a palatable liquid food under the same
experimental conditions. It should be noted that mice were intentionally not food- or water-
deprived, so that access to the liquid food is more likely to reflect a measure of the hedonic
value of the reinforcer, rather than a measure related to caloric or hydration needs.

In summary, these findings reestablish the mouse ethanol IVSA as a feasible procedure for
evaluating reinforcing effects of ethanol when confounds due to general ingestive behavior
are a concern. Because it remains a challenging assay with moderate throughput, its obvious
benefit relative to IVSA in larger animals such as rats or non-human primates lies in
experiments that require the mouse species, e.g., genetically engineered mouse strains. Our
findings also show that GLP-1 agonists can strongly attenuate voluntary ethanol taking
behavior even when oral intake is bypassed, by modulating the reinforcing effects of ethanol
directly. The effect is not likely attributable to general hedonic, motivational, motor function
impairments, because responding for a palatable liquid food was not affected under the same
conditions. Future studies are needed to pinpoint the neurobiological pathways involved in
this effect.
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Figure 1. Exendin-4 reduced intravenous ethanol self-administration
Ethanol intake per session (g/kg) at baseline, and after pretreatment with saline vehicle or

3.2 ug/kg Exendin-4. Data are group means, bars represent one standard error of the mean.
Group sizes: saline, N=5; Exendin-4, N=6. * £<0.05 vs. saline.
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Figure 2. Cumulative responses of intravenous ethanol self-administration
Cumulative responses in a representative mouse (#3518) describing baseline intake with

similar pattern after saline pre-treatment, and an extinction-like pattern after 3.2 pg/kg
Exendin-4.
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Figure 3. Exendin-4 had no significant effect on operant responding reinforced with a palatable
liquid food
Liquid food reinforcers (25 pl of vanilla flavored Ensure protein drink) per session at

baseline, and after pretreatment with saline vehicle, or 1.8 or 3.2 ug/kg Exendin-4. Group
sizes: 1.8 pg/kg, N=5; all others, N=8.
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