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Abstract

Background—The current therapies for alcohol abuse disorders are not effective in all patients
and continued development of pharmacotherapies is needed. One approach that has generated
recent interest is the antagonism of ghrelin receptors. Ghrelin is a gut-derived peptide important in
energy homeostasis and regulation of hunger. Recent studies have implicated ghrelin in
alcoholism, showing altered plasma ghrelin levels in alcoholic patients as well as reduced intakes
of alcohol in ghrelin receptor knock-out mice and in mice treated with ghrelin receptor
antagonists. The aim of this study was to determine the neuroanatomical locus/loci of the effect of
ghrelin receptor antagonism on alcohol consumption using the ghrelin receptor antagonist, D-
Lys3-GHRP-6.

Methods—In Experiment 1, male C57BL/6J mice were injected with saline and allowed access
to 15 % (v/v) ethanol or water for 2 h, three hours into their dark cycle, in a 2-bottle choice
experiment. On test day, the mice were injected with either saline or 400 nmol of the ghrelin
receptor antagonist, D-Lys3-GHRP-6, and allowed to drink 15 % ethanol or water for 4 h. The
preference for alcohol and alcohol intake were determined. In Experiment 2, the same procedure
was followed as in Experiment 1 but mice were only allowed access to a single bottle of 20 %
ethanol (v/v) and alcohol intake was determined. Blood ethanol levels were analyzed and
immunohistochemistry for c-Fos was carried out to investigate changes in neural activity. To
further elucidate the mechanism by which D-Lys3-GHRP-6 affects alcohol intake, in Experiment
3, the effect of D-Lys3-GHRP-6 on the neural activation induced by intraperitoneal ethanol was
investigated. For the c-Fos studies, brain regions containing ghrelin receptors were analyzed, i.e.
the perioculomotor urocortin population of neurons (plllu), the ventral tegmental area (VTA) and
the arcuate nucleus (Arc). In Experiment 4, to test if blood ethanol concentrations were affected by
D-Lys3-GHRP-6, blood samples were taken at two time-points after D-Lys3-GHRP-6 pre-
treatment and systemic ethanol administration.

Results—In Experiment 1, D-Lys3-GHRP-6 reduced preference to alcohol and in a follow-up
experiment (Experiment 2), also dramatically reduced alcohol intake when compared to saline-
treated mice. The resulting blood ethanol concentrations were lower in mice treated with the
ghrelin receptor antagonist. Immunohistochemistry for c-Fos showed fewer immunopositive cells
in the plllu of the antagonist-treated mice but no difference was seen in the VTA or Arc. In
Experiment 3, D-Lys3-GHRP-6 reduced the induction of c-Fos by intraperitoneal ethanol in the
plllu but had no effect in the VTA. In the Arc, there was a significant increase in the number of c-
Fos immunopositive cells after D-Lys3-GHRP-6 administration but the antagonist had no effect
on ethanol-induced expression of c-Fos. D-Lys3-GHRP-6-pretreatment also did not affect the
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blood ethanol concentrations observed after a systemic injection of ethanol when compared to
saline-pretreated mice (Experiment 4).

Conclusions—These findings indicate that the action of ghrelin on the regulation of alcohol
consumption may occur via the plllu.

Keywords

Drinking in the dark; Edinger-Westphal nucleus; subgriseal; growth hormone secretagogue
receptor

Recent reports showing an overlap in the neural pathways responsible for obesity and those
involved in excessive alcohol use (for review see Thiele et al., 2003) suggest that orexigenic
peptides are promising targets for pharmacotherapy of alcoholism.

The orexigenic peptide ghrelin, produced in the gastric fundic mucosa (Korbonits et al.,
2004; Nakazato et al., 2001), causes the secretion of growth hormone, and acts to stimulate
appetite and food intake (Locke et al., 1995; Wren et al., 2000). Ghrelin is also expressed in
the hypothalamus, namely in the lateral hypothalamus, the arcuate nucleus (Arc), the
ventromedial nucleus, dorsomedial nucleus and the paraventricular nucleus (Cowley et al.,
2003; Hou et al., 2006; Kageyama et al., 2008; Kojima et al., 1999).

The receptor at which ghrelin acts to stimulate the release of growth hormone is the growth
hormone secretagogue receptor 1a (GHSR 1a) (Kojima et al., 1999; van der Lely et al.,
2004). Zigman et al. (2006) showed that in the mouse, high levels of GHSR 1a mRNA occur
in the perioculomotor urocortin-containing neurons (plllu, formerly known as the Edinger-
Westphal nucleus; Horn et al., 2008; May et al., 2008). GHSR 1a mRNA is also abundant in
the Arc (Tannenbaum et al., 1998; Willesen et al., 1999; Zigman et al. 2006) where the main
targets of ghrelin are the neuropeptide Y/Agouti-related protein neurons and the leptin-
responsive neurons (Traebert et al., 2002). Other regions of the brain where GHS 1a receptor
mMRNA is expressed, albeit in substantially lesser amounts than the Arc and plllu, include
the ventral tegmental area (VTA), the laterodorsal tegmental area and the hippocampus
(Guan et al., 1997; Zigman et al., 2006).

Ghrelin has been studied extensively with regards to food intake and obesity (for review see
Neary et al., 2003). Ghrelin is secreted in anticipation of a meal, and ghrelin levels decrease
after food has been consumed (Cummings et al., 2001; Drazen et al., 2006). Central or
systemic ghrelin increases food intake, and the effects of ghrelin on feeding and weight gain
involve the Arc (Nakazato et al., 2001; Ruter et al., 2003; Wren et al., 2000). The peripheral
administration of a GHSR antagonist, D-Lys3-GHRP-6, in contrast, reduced food intake as
well as weight gain (Asakawa et al., 2003).

Recent studies have also started to implicate ghrelin in alcohol drinking. Increased plasma
levels of ghrelin have been reported in active drinkers, alcohol-dependent female patients, in
alcohol withdrawal groups and in alcohol abstainers (Kim et al., 2005; Kraus et al., 2005;
Wourst et al., 2007). A single nucleotide polymorphism in the GHSR 1a gene was found to be
associated with heavy alcohol drinking in a Spanish population (Landgren et al., 2008). In
mice, centrally administered ghrelin increased alcohol drinking while the GHSR 1a
antagonists, BIM28163 and JMV2959, reduced alcohol consumption. The increased alcohol
intake in response to centrally administered ghrelin was also found to be absent in GHSR 1a
knock-out mice (Jerlhag et al., 2009b), showing that ghrelin acts at the GHSR 1a to affect
alcohol-seeking behavior.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 September 1.
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However, conflicting findings showing reduced plasma and stomach ghrelin levels in
alcohol-dependent patients have also been reported (Badaoui et al., 2008). In normal
volunteers, plasma ghrelin levels were reduced after acute alcohol (Calissendorff et al.,
2005; Zimmermann et al., 2007). Addolorato et al. (2006) showed decreased ghrelin levels
in alcohol-dependent patients compared to healthy subjects, but the authors also found a
positive correlation between ghrelin levels and craving for alcohol. Lyons et al. (2008)
reported that systemic ghrelin does not affect alcohol consumption in a “drinking in the
dark” (DID) procedure in food-deprived C57BL/6J mice. Thus, the relationship between
ghrelin and alcohol consumption and alcoholism still needs to be clarified.

It may be important to understand the neural substrates of ghrelin to clarify this relationship.
Jerlhag et al. (2009b) showed that administering ghrelin, either intracerebroventricularly or
into the VTA increased alcohol intake in mice whereas administering GHSR 1a antagonists,
centrally or systemically, reduced alcohol intake. Thus, the authors concluded that ghrelin
acting in the tegmental regions was responsible for the rewarding effects of alcohol.
However, the VTA is located physically close to the plllu, and as observed in the Allen
Brain Atlas (http://www.brain-map.org) and reported by Zigman et al. (2006), it contains
substantially lower levels of GHSR1a mRNA than plllu. Several studies, using c-Fos
expression mapping, electrolytic lesion of the plllu and rodents selectively bred for
differences in alcohol intakes, have shown that the plllu is involved in the regulation of
alcohol-related phenotypes, including high alcohol intake (Bachtell et al., 1999; Bachtell et
al., 2002a; Bachtell et al., 2002b; Bachtell et al., 2003; Bachtell et al., 2004; Fonareva et al.,
2009; Ryabinin et al., 2001; Ryabinin et al., 2003; Sharpe et al., 2005; Topple et al., 1998;
Turek et al., 2005; Weitemier et al., 2001; Weitemier and Ryabinin, 2005). The Arc contains
GHSR 1a receptors at levels comparable to the plllu (Zigman et al., 2006). Lesion and
microinjection studies have implicated the Arc in ethanol-induced locomotor activation
(Pastor and Aragon, 2008; Sanchis-Segura et al., 2000). It is, therefore, important to
understand whether ghrelin acts via the VTA, plllu or Arc to regulate alcohol-related
behaviors.

In the current study, we investigated the neuroanatomical locus/loci through which ghrelin
acts to regulate alcohol consumption. At first we confirmed that the ghrelin receptor
antagonist that we used, D-Lys3-GHRP-6 acts to decrease alcohol preference in C57BL/6J
mice in a similar fashion to the GHSR antagonists used by Jerlhag and colleagues (2009b).
Following this confirmation, we investigated the effects of D-Lys3-GHRP-6 on c-Fos
immunoreactivity induced in plllu, VTA and Arc by alcohol intake in the drinking in the
dark procedure and by systemic administration of ethanol. We also determined if D-Lys3-
GHRP-6 affects blood ethanol concentrations after systemic ethanol administration.

METHODS

Animals

Male C57BL/6J mice purchased from Jackson Laboratories (Bar Habor, ME) or bred in our
laboratory, weighing 21-29 g, were used in all the studies detailed here. For the DID
experiments (Experiments 1 and 2), the mice were housed 5 per cage for one week after
arrival and then housed individually and acclimated to a shifted light/dark cycle (lights on at
9 pm, lights off at 9 am) before the experiment was begun. The DID procedure, leading to
blood ethanol concentrations (BECs) greater than 100 mg% and behavioral signs of
intoxication, was developed based on substantially higher alcohol intake at peak times of
activity during the dark phase of the circadian cycle in mice (Rhodes et al., 2005; Ryabinin
et al., 2003; Sharpe et al., 2005). Specifically, in Experiment 1 we used a two-bottle choice
DID procedure, where the mice were given access to 15% ethanol and water, and in
Experiment 2 we used a single-bottle (of 20% ethanol) no-choice procedure standardized as
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a model of excessive alcohol consumption by Rhodes et al. (2005; 2007). In a standard
single-bottle DID procedure, 20% ethanol is the concentration of choice as it elicits high
alcohol intakes being the only fluid available during the access period but in the modified
two-bottle choice DID procedure assessing ethanol preference, a slightly lesser ethanol
concentration, 15%, is used as mice in this procedure (Blednov and Harris, 2008; Dhaher et
al., 2009) have a choice between water and ethanol and the 20% ethanol solution is not
preferred. In both DID procedures, the mice were given access to ethanol for 2 h for days 4
to 6 and then on day 7 (test day), access was increased to 4 h. As has been reported by
Rhodes et al. (2005; 2007) and Sparta et al. (2008), using this ‘escalation’ procedure allows
for excessive alcohol intakes on day 7 which may then be more responsive to
pharmacological manipulations. In Experiment 3 (the injection experiment), mice were
housed 5 to a cage and each cage was treated as a separate group. In Experiment 4, the
effect, if any, of D-Lys3-GHRP-6 on blood ethanol concentrations was assessed after
systemic ethanol administration. All mice had ad libitum access to rodent chow during the
experiment and water was available unless otherwise noted. All experimental procedures
were approved by the OHSU Animal Care and Use Committee (IACUC) and complied with
NIH ethical guidelines for the treatment of laboratory animals.

D-Lys-3-GHRP-6

The GHSR 1a antagonist that we used, D-Lys-3-GHRP-6 [His-D-Trp-D-Lys-Trp-D-Phe-
Lys-NH5], has been used primarily to investigate the role of ghrelin in food intake studies.
D-Lys3-GHRP-6 is a selective and potent inhibitor of GHSR 1a (Pinilla et al., 2003;
Sethumadhavan et al., 1991) with an I1Csq of 0.9 uM (Traebert et al., 2002; Tocris
Bioscience literature).

At doses similar to the dose that we used, Asakawa et al. (2003) and Beck et al. (2004)
reported decreased food intake in rodents after systemic treatment for up to 24 h post-
administration. Asakawa et al. (2003) also observed that D-Lys3-GHRP-6 had similar
effects on food intake when administered systemically and intracerebroventricularly, which
shows that the drug crosses the blood brain barrier.

Experiment 1: The Effect of D-Lys3-GHRP-6 on preference to alcohol in a two-bottle choice

experiment

All mice underwent habituation to injections, i.e. during the first three days, the mice were
injected with 0.3 ml saline (Hospira, Inc., Lake Forest, IL) and water bottles were replaced
30 min later. On days 4 to 6, the mice were injected with saline and 30 min later, they were
allowed access to water and 15 % ethanol (v/v, made in tap water). To control for preference
to the location of the fluids, in half of the animals, the ethanol tube was placed on the right
and in the other half, on the left. The volumes of the fluids were recorded after 2 h and the
ethanol tube was then replaced with a water tube. On day 7, animals were divided into
groups matched for alcohol intakes and injected with either 0.3 ml saline or 400 nmol of D-
Lys3-GHRP-6 (vehicle: saline; Tocris Bioscience, Ellisville, MO) and 30 min later were
allowed access to water and 15 % ethanol for 4 h. Volumes of the fluids consumed were
recorded and the mice euthanized by an overdose of CO,. All injections were intraperitoneal
and administered 2 h and 30 min into the dark cycle and drinking tubes replaced 30 minutes
later, at 12 pm.

Experiment 2: The Effect of D-Lys3-GHRP-6 on alcohol intake

On days 1 to 3, as in Experiment 1, the mice were habituated to saline (0.3 ml) injections as
in Experiment 1. On days 4 to 6, mice received saline injections and 30 min later were given
access to 20 % ethanol (v/v, made in tap water) for 2 h. On day 7, the mice were divided into
groups matched for alcohol intakes and either injected with 0.3 ml saline or 400 nmol D-
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Lys3-GHRP-6. Thirty minutes later, they were allowed access to 20 % ethanol for 4 h. The
volumes consumed were recorded at the end of the access periods and on day 7, at the
conclusion of the 4 h, the mice were euthanized as above and brains and blood samples were
collected. As before, all injections were intraperitoneal and carried out 2 h and 30 min into
the dark cycle and drinking tubes replaced 30 minutes later, at 12 pm.

Experiment 3: The Effect of D-Lys3-GHRP-6 on c-Fos induction by systemic ethanol

Mice were habituated to saline injections for 4 days. On day 5, either 0.3 ml saline or 400
nmol D-Lys3-GHRP-6 was injected intraperitoneally. Thirty minutes later, either saline or
2.5 g/kg ethanol was injected, also intraperitoneally, and after 90 min the mice were
euthanized as above and brains were collected for immunohistochemical processing.

Experiment 4: Blood ethanol concentrations after D-Lys3-GHRP-6 pre-treatment and
systemic ethanol

Mice were injected with either 0.3ml saline or 400 nmol D-Lys3-GHRP-6 which was
followed 30 min later by 2.5 g/kg ethanol i.p. The mice were then euthanized at two time-
points: 1 h or 2 h after the second injection. Blood samples were collected and blood ethanol
concentrations (BECs) were determined.

Blood ethanol concentration (BEC) measurements

Samples from both Experiments 2 and 4 were treated similarly, i.e. blood samples were
centrifuged and plasma removed and frozen at —20°C until analyzed. Blood ethanol
concentrations (BECs in mg/dl) were obtained using the GL5 Analyser (Analox Instruments
USA, Lunenburg, MA).

Immunochemistry (IHC) for c-Fos

Brains were stored in 2 % paraformaldehyde in 10 mM phosphate-buffered saline (PBS)
overnight and then cryoprotected in a 30 % sucrose/10 mM PBS solution until sectioned.
The brains were sliced on a cryostat and floating sections, 30 microns thick, were collected
and processed for c-Fos immunohistochemistry using standard protocols (Bachtell et al.,
1999; Ryabinin et al., 2001). Briefly, the sections underwent a 0.3% hydrogen peroxide
incubation to quench endogenous peroxidase activity and then blocking was carried out
using goat serum (Vector Laboratories, Burlingame, CA). The c-Fos antibody used was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and used at a 1:2000 dilution. A
standard ABC kit (Vector Laboratories, Burlingame, CA) was used for the immunoreaction
and DAB (Thermo Scientific, Rockford, IL) was used for visualization. Cells
immunopositive for c-Fos were counted manually at 20x objective magnification by an
experimenter blind to the group of animals, in the perioculomotor urocortin-containing
neuronal population (plllu), the arcuate nucleus (Arc) and the ventral tegmental area (VTA).
The same sections contained the VTA and the plllu and encompassed bregma levels —2.80
to —3.88. According to the Allen Brain Atlas (www.brain-map.org), mRNA for GHSR 1a is
present across the entire rostrocaudal extent of the plllu and therefore all sections containing
the plllu were included in the analysis. Sections containing the Arc were taken from bregma
levels —1.46 to —2.54. Since the plllu is a midline brain region, the presented cell counts are
for the entire nucleus, whereas for the VTA and the Arc, the counts are for one hemisphere.
At least two sections per region per animal were analyzed, and the counts were averaged
resulting in a single data point for each animal in statistical analysis.

Data analysis

Data are presented as means = S.E.M. Preference and alcohol intake for the first three
experimental days were compared using ANOVA with repeated measures. Comparisons

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 September 1.
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between drug and saline treatments were carried out using analysis of variance (ANOVA)
with drug treatment as the variable. The c-Fos data in Experiment 2 were analyzed using
ANOVAs comparing the different treatment groups. For Experiment 3, a multi-factor
ANOVA was carried out, with the first injection and the second injection as separate
variables. When the interaction between the two injections was significant, only then was
there considered to be an effect of the drug on ethanol-induced c-Fos. When there was no
significant interaction between the two injections, data from the saline pre-treated mice or
the D-Lys3-GHRP-6 pre-treated mice was pooled and compared using a Fisher’s PLSD
post-hoc test. An effect was considered to be statistically significant when p < 0.05.

Experiment 1: The Effect of D-Lys3-GHRP-6 on preference to alcohol in a two-bottle choice

experiment

Previous studies have used the ghrelin receptor antagonists, BIM28163 and JMV2959, to
demonstrate the effects of ghrelin antagonism on alcohol intake (Jerlhag et al., 2009b). Our
first experiment tested whether the ghrelin receptor antagonist D-Lys3-GHRP-6 has an
effect on alcohol preference. Mice were given access to water or 15 % ethanol for 2 h on
days 4 to 6, 30 minutes after a saline injection. On day 7, the animals were administered
either saline or the antagonist and allowed to drink either water or 15 % ethanol for 4 h, 30
minutes after the injection. Preference to ethanol is shown in Fig. 1A. Mice showed no
difference in preference for ethanol over the first three experimental days. Ethanol was
clearly preferred: preference on day 4 was 0.57 + 0.04, on day 5 was 0.70 £ 0.04 and day 6
was 0.68 £ 0.04. On day 4, injection of D-Lys3-GHRP-6 blocked preference to ethanol (0.49
+0.06) [F(1,10) = 6.79, p = 0.026). Ethanol intakes also did not change over the first three
experimental days. Intake on day 4 was 2.92 + 0.17 g/kg, on day 5, 3.38 + 0.21 g/kg and on
day 6 was 3.18 £ 0.23 g/kg. D-Lys3-GHRP-6 showed a trend to decrease ethanol intake but
this did not reach significance (p = 0.085) (Fig. 1B). Total volume of fluid consumed on day
4 was 1.08 £ 0.06 ml, on day 5, 1.01 + 0.08 ml and on day 6, 0.97 + 0.07 ml (no significant
difference over the three days). There was no change in the total volume consumed between
the group that was administered D-Lys3-GHRP-6 and the saline-treated group (Fig. 1C).

Overall these data demonstrated that D-Lys3-GHRP-6 had similar effects to BIM28163 and
JMV2959 in decreasing alcohol preference without affecting total fluid intake.

Experiment 2: The Effect of D-Lys3-GHRP-6 on alcohol intake

As the mice treated with D-Lys3-GHRP-6 clearly showed a reduced preference for alcohol
when compared to the saline-treated animals, we next tested the effect of this drug in a
single-bottle DID procedure known to produce substantial blood ethanol concentrations and
ethanol-induced c-Fos expression. Mice were injected with saline for three days as before
but allowed to drink only 20 % ethanol for 2 h (having access to water throughout the rest of
the day) and then on day 7, either saline or D-Lys3-GHRP-6 was injected and the mice
allowed to drink 20 % ethanol for 4 h. As shown in Fig. 2A, ethanol intakes were high
during the 2 h access period: on day 4, the mice ingested 2.81 + 0.20 g/kg, on day 5, 2.45 +
0.21 g/kg and on day 6, 2.63 + 0.16 g/kg. Mice injected with D-Lys3-GHRP-6 showed a
significantly reduced intake of alcohol (2.49 + 0.32 g/kg) when compared to the saline-
injected mice (4.99 + 0.38) [F(1,27) = 24.87, p < 0.0001] during the 4 h access period. The
resulting blood ethanol concentrations after D-Lys3-GHRP-6 (63.64 + 11.67 mg%) were
also significantly lower than after saline injections (114.82 + 21.28 mg%) [F(1,27) = 4.27, p
=0.0484] (Fig. 2B).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 September 1.
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Immunohistochemistry for c-Fos showed significantly fewer c-Fos immunopositive cells in
the plllu in the mice administered D-Lys3-GHRP-6 (3.90 + 0.50) when compared to saline-
treated mice (22.23 + 2.52) [F(1,25) = 41.15, p < 0.0001] but no difference was seen in the
VTA or the Arc (Fig. 3).

Experiment 3: The Effect of D-Lys3-GHRP-6 on c-Fos induction by systemic ethanol

The selective reduction of c-Fos—immunoreactivity after D-Lys3-GHRP-6 observed in
Experiment 2 could be due to direct actions of this drug on GHSR 1a in the plllu, or may be
due to actions of this drug elsewhere leading to a reduction of ethanol intake and the
resulting BECs, which in turn would result in lower activation in the plllu. To distinguish
between these two possibilities, we tested whether D-Lys3-GHRP-6 could suppress ethanol
injection-induced c-Fos in plllu. Saline or D-Lys3-GHRP-6 were injected followed 30 min
later by either 2.5 g/kg ethanol or saline in male C57BL/6J mice. As published previously
(Bachtell et al., 2002a; Hill et al., 2007; Spangler et al., 2009; Turek and Ryabinin, 2005),
i.p. ethanol dramatically induced c-Fos in the plllu [F(3,15) = 18.86, p < 0.0001, ANOVA].
The number of c-Fos immunopositive cells seen after systemic ethanol in the plliu was
dramatically reduced by D-Lys3-GHRP-6 as demonstrated by significant interaction
between the effects of two injections [F(1,15) = 13.59, p = 0.002; Fisher’s PLSD post-hoc p
< 0.0001 for the saline pre-treated ethanol-injected animals versus all other groups] (Fig. 4).
This effect was specific for the plllu. For instance, D-Lys3-GHRP-6 did not have any effect
on the expression of c-Fos seen after ethanol in the VTA (Fig. 4). In the Arc, there was no
significant interaction between the two injections administered but there was a significant
increase in the number of c-Fos cells in D-Lys3-GHRP-6-injected animals compared to
saline as demonstrated by a significant effect of first injection [F(1,10) = 6.21, p = 0.032,
ANOVA,; Fisher’s PLSD post-hoc p =0.045 for all D-Lys3-GHRP-6-injected animals versus
all saline-injected animals] (Fig. 4).

Experiment 4: Blood ethanol concentrations after D-Lys3-GHRP-6 pre-treatment and
systemic ethanol

The decrease in number of c-Fos immunopositive cells in the plllu after ethanol drinking or
injection could also theoretically have been due to changes in BECs caused by D-Lys3-
GHRP-6. To address this possibility, we determined BECs at two time-points, 1 h and 2 h,
after a systemic injection of 2.5 g/kg ethanol in mice that were pre-treated with either 400
nmol D-Lys3-GHRP-6 or with saline. As can be seen in Fig.5, BECs after D-Lys3-GHRP-6
(274.0 £ 15.71 at 1 h and 203.94 + 7.85 at 2 h) were not different when compared to saline
(261.54 £ 6.38 at 1h and 192.77 + 6.52 at 2 h) at either time-point.

DISCUSSION

The results of this study support the involvement of endogenous ghrelin in regulation of
alcohol consumption and shed light on the neuroanatomical substrate of this effect. First, we
confirmed previous findings showing that ghrelin receptor antagonists reduce alcohol
consumption. D-Lys3-GHRP-6, the GHSR 1a antagonist that we used, acted similarly to the
antagonists used by Jerlhag et al. (2009b) and reduced preference to alcohol and alcohol
intake in C57BL/6J mice in two DID paradigms. Second, immunohistochemical studies for
c-Fos showed that D-Lys3-GHRP-6 decreased the neuronal stimulation induced by ethanol
in the plllu only, while having no similar effects in the VTA or the Arc. D-Lys3-GHRP-6
did not affect blood ethanol concentrations after a systemic ethanol injection, thereby
eliminating effects on metabolism as a possible explanation for our c-Fos data. These results
indicate that endogenous ghrelin may act via the plllu to regulate alcohol consumption.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 September 1.
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As D-Lys3-GHRP-6 decreased alcohol consumption in our studies, the first concern that
must be considered is whether the drug and/or the dose tested have any non-specific effects
on the activity of the animals. In preliminary experiments, we tested a lower dose, 200 nmol,
of D-Lys3-GHRP-6 and saw no effect on the number of ethanol-induced c-Fos cells in the
plllu (unpublished observations) and therefore, used a higher dose in the studies detailed
here. In our preference experiment (Experiment 1), we showed no difference in the total
volume consumed by the saline-treated mice or the mice treated with 400 nmol of D-Lys3-
GHRP-6. We can, therefore, conclude that as the animals drank similar amounts of fluid,
they were equally able to access the drinking tubes. The mice treated with the antagonist
consumed more water whereas the saline-treated group consumed more ethanol.

The second consideration should be whether the ghrelin receptor antagonist shows selective
effects on consumption of other rewarding substances. D-Lys3-GHRP-6 has been
investigated in food intake studies and at doses similar to the dose we tested, decreased food
intake in food-deprived rodents (Asakawa et al., 2003; Beck et al., 2004). In our preference
studies, mice treated with D-Lys3-GHRP-6 did not show a decrease in the amount of water
consumed suggesting that this drug shows at least some selectivity to ethanol consumption.
However, Jerlhag and colleagues (2009a) showed that a GHSR 1a antagonist did decrease
saccharin (a non-caloric reward) consumption. Of the two GHSR 1a antagonists tested by
Jerlhag et al. (2009b), IMV2959 decreased food intake while BIM28163 increased it,
indicating that the effect of ghrelin receptor antagonists on alcohol and saccharin are
independent of their actions on food intake.

Moreover, while several reports suggested that alcohol in mice in the 24 hour access
procedure is in part consumed (like food) for its caloric value (Dole and Gentry, 1985;
McMuillen and Williams, 1998), this does not appear to be the motivation for alcohol
consumption in the DID paradigm. Data collected by Lyons et al. (2008) showing that
systemic ghrelin administration, known to promote food consumption, does not increase
alcohol intake in the DID procedure in food-deprived mice. An earlier study carried out by
Sparrow et al. (2007), where mice given access to food during ethanol consumption drank
significantly more than mice that did not have food available during access to ethanol, also
disputes the hypothesis that the excessive alcohol intakes in DID procedures are due to
caloric need. Thus, while a detailed understanding of the specificity of the effect of ghrelin
receptor antagonist on alcohol intake would benefit from further studies, the data
accumulated so far point to independence of the effects of ghrelin receptor antagonists on
alcohol intake from effects of these drugs on food consumption.

The ability of ghrelin receptor antagonists demonstrated by Jerlhag et al. (2009b) and by us
to decrease ethanol intake, together with decreased ethanol preference in GHSR 1a knockout
mice (Jerlhag et al., 2009b), indicate that endogenous ghrelin promotes alcohol intake. In
this sense, our results also concur with studies showing increased plasma ghrelin levels in
alcoholic patients at various stages of alcoholism, i.e. active drinking, abstainers and in
withdrawal (Kim et al., 2005; Kraus et al., 2005) and with results by Addolorato et al.
(2006) showing that ghrelin was linked to craving for alcohol. On the other hand, the fact
that peripherally-injected ghrelin did not promote alcohol intake in food-deprived mice
(Lyons et al., 2008), while intracerebroventricular ghrelin did (Jerlhag et al., 2009b) suggest
the intriguing possibility that the source of the endogenous ghrelin regulating alcohol intake
is central and not peripheral. This possibility will be addressed in future studies.

In Experiment 2, we observed that the c-Fos immunoreactivity in the plllu of mice
consuming alcohol was dramatically reduced following administration of systemic D-Lys3-
GHRP-6, and that there was no effect in the VTA or Arc. This result suggested a specific
effect of this antagonist in the plllu, which is in agreement with the ability of this nucleus to
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regulate alcohol intake (reviewed in Ryabinin and Weitemier, 2006) and the high levels of
GHSR 1a receptor mRNA in this brain area. However, since activation of c-Fos in plllu is
dose-dependently sensitive to the amount of administered or self-administered ethanol
(Bachtell et al., 2002a; Sharpe et al., 2005), we needed to eliminate the potential confound
that lower numbers of c-Fos positive cells after D-Lys3-GHRP-6 could be secondary to
lower intakes of alcohol. Theoretically, the antagonist could have acted elsewhere in the
brain leading lower intakes of alcohol, and hence less c-Fos immunoreactivity in plllu. To
eliminate this possibility, we investigated the effects of D-Lys3-GHRP-6 on c-Fos
immunoreactivity induced following systemic injections of 2.5 g/kg ethanol in Experiment
3. Systemic administration results in delivery of identical amounts of ethanol. This
experiment showed that D-Lys3-GHRP-6 significantly reduced ethanol-induced c-Fos
immunoreactivity in plllu despite the delivery of the same amounts of alcohol in saline and
D-Lys3-GHRP-6-preinjected animals. The dose of ethanol, 2.5 g/kg, that we administered
does not induce locomotor activity and thus, the increase in the number of c-Fos cells after
ethanol administration and the decrease produced by D-Lys3-GHRP-6 in ethanol-induced c-
Fos was also not secondary to any effects on locomotor activity. Also, previous genetic and
lesion studies studies in mice indicate that the plllu is involved in regulation of alcohol
consumption, but not locomotor activity in mice (Bachtell et al., 2002b; Bachtell et al.,
2003; Bachtell et al., 2004; Weitemier and Ryabinin, 2005). Therefore, the result of this
experiment indicates that the reduced activity of plllu is not secondary to decreased levels of
ethanol or any effects on locomotor activity, and is a consequence of the antagonism of
ghrelin receptors in the plllu.

The inducible transcription factor c-Fos, has been shown to selectively and consistently be
induced in the plllu by various routes of administration of ethanol including systemic
ethanol, inhalation of ethanol vapors or voluntary drinking of sweetened or unsweetened
ethanol in both mice and rats (Bachtell et al., 1999; Bachtell et al., 2002a; Ryabinin et al.,
2001; Ryabinin et al., 2003; Sharpe et al., 2005; Spangler et al., 2009; Topple et al., 1998;
Weitemier et al., 2001) Furthermore, lesions of this nucleus decreased the robust alcohol
consumption seen in C57BL/6J mice (Bachtell et al., 2004; Weitemier and Ryabinin, 2005).
As further confirmation of the role of this nucleus in alcohol consumption, rodents
selectively bred to prefer alcohol showed higher levels of urocortin immunoreactivity in the
plllu when compared to control lines (Bachtell et al., 2002b; Bachtell et al., 2003; Fonareva
etal., 2009; Turek et al., 2005). And as noted previously, high levels of the ghrelin receptor,
GHSR 1a, mRNA are expressed in the plliu (Allen Brain Atlas, www.brain-map.org;
Zigman et al., 2006), making this nucleus an important player in the regulation of alcohol
consumption.

Jerlhag et al. (2009b) postulated that the sites of action through which ghrelin acts on
alcohol consumption were the VTA and the laterodorsal tegmental area. However, we did
not observe any changes in c-Fos immunoreactivity in the VTA after D-Lys3-GHRP-6
either in the DID or systemic studies. Jerlhag et al. (2009b) saw reduced alcohol drinking
after injecting their antagonist, BIM28163 intracerebroventricularly. This route of
administration does not allow for an exact locus of action, and thus it cannot be conclusively
determined that the antagonist was acting in the tegmental areas to affect alcohol
consumption. On the other hand, they observed that administering ghrelin, either
intracerebroventricularly or into the VTA increased alcohol intake. Since the plllu and VTA
are located in close proximity, the plllu has substantially higher levels of GHSR 1a mRNA
expression than VTA, and they injected ghrelin in a relatively large volume (1 pl) it is
possible that the injected ghrelin diffused from VTA and affected alcohol intake via the
plllu.
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GHSR 1a receptors are also highly expressed in the Arc (Zigman et al., 2006). However, D-
Lys3-GHRP-6 did not affect c-Fos immunoreactivity following alcohol drinking in this
nucleus arguing against actions of ghrelin on alcohol drinking though this nucleus. An
unexpected finding in this study was the induction of c-Fos after D-Lys3-GHRP-6 in the Arc
in Experiment 3. The direction of the effect on c-Fos levels is surprising because this drug is
an antagonist of the receptors. Since, this increase in c-Fos positive cells was not observed in
the DID study (Experiment 2), it is important to note that one of the differences of
Experiment 3 versus Experiment 2, is that in Experiment 3 the mice underwent two systemic
injections. Although mice were subjected to similar procedures prior to the experiment, it is
presumed that it is more difficult to habituate to two injections versus one, and systemic
injections are also accompanied by the stress of unexpected alcohol intoxication, which
could in itself induce c-Fos in many areas. To extrapolate, it would appear that endogenous
ghrelin may have anxiolytic effects which can be blocked by the antagonist resulting in
higher c-Fos levels in the Arc. Lutter et al. (2008) has recently reported that this may be the
case after injecting ghrelin and showing less anxiety in the elevated plus maze in mice.
While further experimentation is needed to fully explain this phenomenon, this increase in c-
Fos immunoreactivity following D-Lys3-GHRP-6 was not specific to the actions of alcohol
as it was observed in both ethanol and saline-injected mice. Therefore, it cannot explain the
effects of the antagonist on alcohol intake. No potential anxiety effects were observed in
plllu, as there was a clear interaction between effects of D-Lys3-GHRP-6 and the effects of
ethanol on c-Fos induction. This is in agreement with our previous studies showing that c-
Fos expression in the plllu of C57BL/6J mice is not sensitive to stress or anxiety (Turek and
Ryabinin, 2005; Spangler et al., 2009). We conclude therefore, that only the plllu, but not
the VTA or Arc demonstrated a pattern of c-Fos activation consistent with the regulation of
alcohol consumption.

In conclusion, our results indicate that ghrelin, acting through the plllu, plays an important
role in the regulation of alcohol consumption. GHSR 1a antagonists may, therefore, have the
potential to be used as novel pharmacotherapies for alcoholism.
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Fig. 1.

Effects of D-Lys3-GHRP-6 on 15 % ethanol preference in a drinking in the dark paradigm
(A) Preference for ethanol (access to 15 % ethanol or water) (B) ethanol intake (g/kg) (C)
total volume consumed (ml) for 2 h after saline injections (i.p) on days 4 to 6 and after saline
or 400 nmol D-Lys3-GHRP-6 (i.p) on day 7 for 4 h. All values are means £ SEM. * p <
0.05.
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Fig. 2.

Effects of D-Lys3-GHRP-6 on intake of 20 % ethanol in a drinking in the dark paradigm (g/
kg) (A) after saline injections (i.p) on days 4 to 6 and after saline or 400 nmol D-Lys3-
GHRP-6 (i.p) on day 7 for 4 h (B) Blood ethanol concentrations (BECs) at the end of the 4 h
access on day 7 (n = 14-15/group). All values are means + SEM. * p < 0.001.
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Fig. 3.

Effects of D-Lys3-GHRP-6 on c-Fos immunoreactivity following ethanol intake in a
drinking in the dark paradigm (Experiment 2) in the plllu, Arc and VTA. Top row shows
representative photomicrographs after saline pretreatment. Second row shows representative
photomicrographs after pretreatment with 400 nmol of D-Lys3-GHRP-6. Scale bar
represents 100 um. The corresponding graphs, in the bottom row, show the number of c-Fos
immunopositive cells in the plllu, Arc and VTA following ethanol intake in the drinking in
the dark paradigm after saline treatment or 400 nmol D-Lys3-GHRP-6. All values are means
+ SEM. * p < 0.0001 (n=12-15/group).
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Fig. 4.

Number of c-Fos immunopositive cells in the plllu, Arc and VTA after saline or 400 nmol
D-Lys3-GHRP-6 followed by either saline or 2.5 g/kg ethanol (i.p) in Experiment 3. Mice
were euthanized 90 min after the second injection. All values are means = SEM. # p < 0.001
for saline-pretreated ethanol-injected mice versus all other groups (in plllu), * p <0.01
(interaction between injections in plllu) and * p < 0.05 (effect of the first injection only, in
Arc; n = 3-5/group).
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Fig. 5.

Blood ethanol concentrations at two time-points in mice pre-treated with saline or 400 nmol
D-Lys3-GHRP-6 followed by 2.5 g/kg ethanol (i.p). Mice were euthanized 1 h or 2 h after
the ethanol injection. All values are means = SEM. (n = 14-15/group).
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