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Abstract

Background—The neurotransmitter dopamine (DA), acting in various mesolimbic brain
regions, is well-known for its role in promoting motivated behaviors, including ethanol drinking.
Indirect evidence, however, suggests that DA in the perifornical lateral hypothalamus (PF/LH) has
differential effects on ethanol consumption, depending on whether it acts on the DA 1 (D1) or DA
2 (D2) receptor subtype, and that these effects are mediated in part by local peptide systems, such
as orexin/hypocretin (OX) and melanin-concentrating hormone (MCH), known to stimulate the
consumption of ethanol.

Methods—The present study in brain-cannulated Sprague-Dawley rats measured the effects of
dopaminergic compounds in the PF/LH on drinking behavior in animals trained to consume 7%
ethanol and also on local peptide mMRNA expression using digoxigenin-labeled in situ
hybridization in ethanol-naive animals.

Results—Experiments 1 and 2 showed that the D1 agonist SKF81297 (10.8 nmol/side) in the
PF/LH significantly increased food intake, while tending to increase ethanol intake, and the D1
antagonist SCH23390 significantly decreased ethanol intake without affecting food intake. In
contrast, the D2 agonist quinelorane (6.2 nmol/side) in the PF/LH significantly reduced ethanol
consumption, while the D2 antagonist sulpiride increased it. Experiments 3 and 4 revealed
differential effects of PF/LH injection of the DA agonists on local OX mRNA, which was
increased by the D1 agonist and decreased by the D2 agonist. These DA agonists had no impact
on MCH expression.

Conclusions—These results support a stimulatory role of the PF/LH D1 receptor in promoting
the consumption of both ethanol and food, in contrast to a suppressive effect of the D2 receptor on
ethanol drinking. They further suggest that these receptors affect consumption, in part, through
local OX-expressing neurons. These findings provide new evidence for the function of PF/LH DA
receptor subtypes in controlling ethanol and food intake.
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Avenue, New York, NY 10065, USA, Tel: +1 212 327 8378, Fax: +1 212 327 8447, leibow@mail.rockefeller.edu.
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INTRODUCTION

Dopamine (DA), a classical neurotransmitter implicated in reward, plays an important role
in alcoholism (Wise, 2004). The DA system as it relates to alcohol drinking has been
extensively investigated in the mesolimbic areas (Liu & Weiss, 2002; Spanagel & Weiss,
1999; Thanos et al., 2005). For example, in the nucleus accumbens (NAc) acute exposure to
ethanol increases extracellular levels of DA (Yan et al., 2005), and the activation of DA
receptors enhances ethanol drinking (Bahi & Dreyer, 2012). Whereas recent preclinical
studies have shown regions outside the mesolimbic circuit to have a role in ethanol
consumption (Morganstern et al., 2011), the functions of DA in these areas remain unclear.

An area of the hypothalamus important in promoting ethanol drinking is the perifornical
lateral hypothalamus (PF/LH), where injections of orexigenic peptides stimulate this
behavior (Schneider et al., 2007). The possibility that DA acts in this area to affect ethanol
drinking is suggested by evidence that exposure to ethanol affects the levels of DA
transporter binding in this region (Jiao et al., 2006) and that DA 1 receptor blockade reverses
the renewal of alcohol drinking associated with increased c-Fos in PF/LH neurons (Hamlin
et al., 2007). Whereas studies of DA’s effects in the PF/LH on ethanol intake are lacking,
investigations of feeding behavior provide evidence that DA in this area, rather than
increasing motivated behaviors, has the opposite effect. This is demonstrated by
investigations showing PF/LH injection of DA agonists to reduce food intake and DA
antagonists to increase it (Leibowitz & Rossakis, 1979; Parada et al., 1988). With evidence
showing food and ethanol intake to be similarly affected by various pharmacological agents
(Barson et al., 2010; Schneider et al., 2007), it is possible that DA in the PF/LH affects
ethanol consumption in a manner similar to its effect on food intake.

The actions of DA involve two receptor subtypes, DA 1-like (D1) receptors and DA 2-like
(D2) receptors. These receptors, both of which exist in the PF/LH (Fetissov et al., 2002;
Meador-Woodruff et al., 1991; Wamsley et al., 1989), are distinct in their function (Beaulieu
& Gainetdinov, 2011). This raises the possibility that DA in the PF/LH may have different
functions in controlling consummatory behavior, depending on whether it acts through the
D1 or D2 receptors. Whereas little is known about the role of DA receptors in the PF/LH in
controlling ethanol drinking, studies in the PF/LH show D1 receptor blockade to reduce the
establishment of flavor preference learning and attenuate taste aversion (Caulliez et al.,
1996; Touzani et al., 2009), suggesting a role for this receptor in stimulating consumption
and reward processing. Conversely, blockade of D2 receptors in the PF/LH causes various
behavioral changes related to ethanol drinking, including an increase in feeding behavior,
conditioned approach for sucrose, and locomotor activity (Leibowitz & Rossakis, 1979;
Morutto & Phillips, 1998; Parada et al., 1988), whereas activation of D2 receptor reduces
conditioned approach behavior for sucrose (Morutto & Phillips, 1999), suggesting a function
of this receptor in suppressing consumption. These studies of food intake lead us to propose

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 October 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 3

that ethanol drinking may be similarly affected by DA in the PF/LH, with increased intake
after D1 receptor activation and decreased intake after D2 activation.

If this prediction is correct regarding DA’s behavioral effects in the PF/LH, the next
question is through which local neurochemical systems the D1 and D2 receptors act to
control ethanol consumption. Densely expressed in neurons of the PF/LH are two orexigenic
peptides, orexin/hypocretin (OX) and melanin-concentrating hormone (MCH), which are
known to be important in consummatory behavior. The peptide OX, which is expressed
primarily in the LH and PF (de Lecea et al., 1998; Sakurai et al., 1998), has a stimulatory
effect on feeding and arousal (de Lecea et al., 1998; Sakurai et al., 1998). It also increases
ethanol drinking when administered directly into the PF/LH (Schneider et al., 2007), and its
endogenous expression is stimulated by ethanol exposure and ethanol-paired cues (Dayas et
al., 2008; Morganstern et al., 2010a). The possibility that the DA receptor subtypes in the
PF/LH act with distinct effects on the local OX system is suggested by the finding that
stimulation of the D1 or D2 receptors differentially affect the excitability of nearby neurons
expressing MCH (Conductier et al., 2011), which in the LH and zona incerta (ZI) have also
been implicated in controlling ethanol consumption (Morganstern et al., 2010b). In contrast
to the clear relationship between OX and ethanol, mixed results have been obtained in
studies of MCH, with ethanol intake increased by cerebroventricular injection of this peptide
(Duncan et al., 2005) but also by deletion of the MCH receptor gene (Duncan et al., 2007),
suggesting a more complex relationship between ethanol and this peptide system. Studies of
D1 and D2 agonist effects on these two PF/LH peptide systems should help to elucidate how
DA acts in this area to modulate ethanol drinking.

Building on this evidence, the present study examined the function of D1 and D2 receptors
in the PF/LH area in terms of their impact on both the consumption of ethanol and the
endogenous expression of local peptides. In Experiments 1 and 2 using brain-cannulated
rats, the effects of PF/LH injections of D1 and D2 agonists or antagonists on ethanol
consumption, along with food and water intake, were examined. Then, in Experiments 3 and
4, in situ hybridization was used to determine whether injection of D1 or D2 agonists in this
area, at a dose that alters ethanol drinking, can also influence OX and MCH expression to
investigate whether the DA-induced changes in ethanol drinking might operate through
these peptide systems.

MATERIALS AND METHODS

Subjects

Adult male Sprague-Dawley rats (225 to 250 g at the start of the experiment) were obtained
from Taconic Farms (Germantown, NY). Rats were individually housed in hanging wire
cages (Experiments 1-2) or plastic shoebox cages (Experiments 3—4) and maintained on a
reversed 12:12-hour light-dark cycle (lights off from 6:00 am). Subjects had ad libitum
access to LabDiet Rodent Chow 5001 (St Louis, MO) prior to ethanol training and ad
libitum access to water throughout the experiment. All animals were allowed 1 week to
acclimate to the facility before experiments began. In the present study, 62 rats were
included in the analysis. All procedures were approved by the Princeton University
Institutional Animal Care and Use Committee and The Rockefeller University Animal Care
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and Use Committee, and conformed to the National Institutes of Health guidelines on the
ethical use of animals.

Ethanol Training

Surgery

Subjects were acclimated to unsweetened ethanol by using a variant of the 2-bottle choice
procedure (Martinetti et al., 2000). To encourage animals to drink and adapt to the
unsweetened ethanol, the concentration of ethanol was gradually increased every 4 days,
from 1, 2, 4, to 7% (v/v). Animals had access to ethanol solutions for 12 h per day, starting 3
h into the dark period, as described in recent publications (Chen et al., 2013; Morganstern et
al., 2010b). Chow was also provided along with ethanol for 12 h per day during most of the
dark period when a majority of consumption normally occurs, as shown by our preliminary
observations (12 h: 78 + 5 kcal vs 24 h: 82 + 7 kcal) and published findings (Agabio et al.,
1996). This procedure of limiting access to 12 h per day has been found to increase ethanol
drinking in outbred Sprague-Dawley rats, leading to daily intake of approximately 2.5 g/kg
and blood ethanol levels of 40 mg/dl (Morganstern et al., 2010a). In Experiments 1 and 2,
animals received cannulation surgery after at least 4 days of access to 7% ethanol.

Subjects were anesthetized using ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.),
supplemented with ketamine when necessary. Stainless steel 21-gauge guide shafts (10 mm
in length) were implanted bilaterally, aimed at the PF/LH (Experiments 1-2: A -2.9, L 1.6,
V 3.9 mm; Experiments 3-4: A -2.9, L £1.6, V 3.5 mm), with reference to bregma, the
midsaggital sinus, and the level skull surface. In Experiments 3—-4, the cannulas were
implanted for injection immediately dorsal to the target region to avoid tissue damage and
allow for analysis of peptide expression. Subjects had 1 week to recover before testing.
Stainless steel stylets were left in the guide shafts between injections to prevent occlusion.

Microinjection Procedures

Drugs were delivered through 26-gauge stainless steel microinjectors with fused-silica
tubing inside (74 um ID, 154 ym OD, Polymicro Technologies, Phoenix AZ) that extended
beyond the stainless steel to reach the region of interest (Experiments 1-2: V 8.4 mm;
Experiments 3—4: V 8.0 mm). Doses were based on previous studies examining the effect of
dopaminergic ligands on consummatory behavior (Parada et al., 1988; Parada et al., 1990)
and on pilot tests. The drugs and doses used for tests of ethanol intake were as follows: (i)
the D1 receptor agonist SKF81297 (5.4 nmol, 10.8 nmol per side); (ii) the D1 receptor
antagonist SCH23390 (7.7 nmol, 15.4 nmol per side); (iii) the D2 receptor agonist
quinelorane dihydrochloride (3.1 nmol, 6.2 nmol per side) and (iv) the D2 receptor
antagonist sulpiride (11.7 nmol, 23.4 nmol per side). The drugs SKF81297 and SCH23390
were purchased from Tocris Bioscience Co. (Ellisville, MO) and quinelorane
dihydrochloride and sulpiride were purchased from Sigma-Aldrich Co. (St Louis, MO).
Sulpiride was dissolved using HCI and diluted in H,O and the pH adjusted to 7.4 with
NaOH. SCH23390 was dissolved in 50% DMSO/50% saline solution (Parada et al., 1990).
All the other drugs were dissolved in preservative-free 0.9% NacCl solution (Hospira Inc.,
Lake Forest, IL) immediately prior to microinjection. To test the anatomical specificity of
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the effects, additional injections of SCH23390 (15.4 nmol/side) and sulpiride (23.4 nmol/
side) were made 2 mm dorsal to the PF/LH.

Behavioral Tests

For Experiments 1 and 2, injections were counterbalanced so that each rat (n = 7-11/group)
received vehicle or drug in counterbalanced order on 2 consecutive days. Animals were
handled on an almost daily basis throughout their ethanol training. Injections were made
immediately prior to daily ethanol access using a syringe pump which delivered 0.5 pl
during 47 seconds with microinjectors left in place for an additional 47 seconds to allow for
diffusion. The intake of ethanol, food, and water was measured at 1 h, 2 h, and 4 h after
injection, based on published evidence showing the effects of DA compounds on
consummatory behavior to occur within the first 4 h (Leibowitz & Rossakis, 1979; Nowend
etal., 2001).

Digoxigenin-Labeled In Situ Hybridization Histochemistry

In Experiments 3 and 4, OX and MCH mRNA expression was measured with digoxigenin
(DIG)-labeled in situ hybridization (ISH) histochemistry in animals receiving either vehicle,
SKF81297, or quinelorane immediately dorsal to the PF/LH (n = 5-6/group), using the
highest behaviorally effective dose identified in Experiments 1 and 2. These injections were
given 30 min after removal of the food, with the animals sacrificed 30 min after injection.
This time period was chosen based on our finding here, that these dopaminergic agonists
affect consumption during the first hour post-injection, and on published evidence revealing
significant alterations in peptide expression within 30 min after experimental treatment (Ida
et al., 2000). Frozen brains were cut into 30 um coronal sections with a cryostat. DIG-
labeled cRNA probes of OX and MCH were synthesized by in vitro transcription as
previously described (Wortley et al., 2003). The antisense and sense OX RNA probes were
generously donated by Dr. Luis de Lecea (Stanford University), and the MCH RNA probes
were donated by Dr. Nicholas A. Tritos (Harvard University). These DIG-labeled cRNA
probes and 30 um free-floating sections were used for ISH histochemistry as previously
described (Chang et al., 2008). Gene expression level was measured by semiquantification
with Image-Pro Plus software (Version 4.5, Media Cybernetics Inc., Silver Spring, MD) as
described (Leibowitz et al., 2007) and expressed as the density of mMRNA-containing cells,
“cells/um2.” Data presented in the figures represent percentage change compared to saline
vehicle. The values obtained represent an average of measurements taken from 3 to 5
sections per animal from Bregma —2.8 to —3.1 mm. The OX neurons lateral to the fornix
were considered to be in the LH, and all OX neurons located dorsal and 0.4 mm medial to
the fornix were considered to be in the PF. The MCH neurons lateral to the fornix were
considered to be in the LH, while all MCH neurons dorsal to the fornix were considered to
be in the ZI. The analysis of average cell density was performed by an observer blind to the
treatment groups.

Histological Analysis

The sites of the microinjections were determined after sacrifice. For the rats used in
Experiments 1 and 2, the brains were sliced at 40 pm coronal sections and examined
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microscopically. The rats receiving microinjections in Experiments 3 and 4, in which the
brains were sliced at 30 um coronal sections, had their cannulae sites examined visually
under the microscope during the analysis of peptide expression. The few animals (1-2 rats/
group) with probes 0.5 mm or farther from the PF/LH were discarded from the analysis.

Statistical Data Analysis

RESULTS

In Experiments 1-2, ethanol, food, and water intake was analyzed using a two-way repeated
measures analysis of variance (ANOVA), with drug treatment and time as within-subject
factors. With our findings demonstrating very similar effects at the lower and higher doses
of the drugs as compared to vehicle (see Figs. 2 and 3), we included only the higher dose in
our data analyses. Also, with prior central injection studies of consummatory behavior
generally showing the drug effects on intake to be relatively short-lived, mostly lasting 1-2
hours (Barson et al., 2010; Leibowitz & Rossakis, 1979; Parada et al., 1988), we made an a
priori decision to follow up a significant main effect on intake with tests of simple effects
only during the first two hours, using paired 2-tailed t-tests. As the present study focused on
the role of DA in ethanol-drinking animals, all data from animals consuming little or no
ethanol (less than 0.25 g/kg during 4 hours) were excluded from Experiment 1 (n = 2 from
SKF81297 injection; n = 4-6 from each SCH23390 injection) and Experiment 2 (n = 3 from
each quinelorane injection; n = 1 from sulpiride injection), since such low drinking values
fail to significantly raise levels of blood ethanol (Barson et al., 2010; Morganstern et al.,
2010a). For Experiments 3—4, changes in peptide expression were analyzed using a one-way
ANOVA. Values of p < 0.05 were considered significant.

Experiment 1: D1 receptor stimulation in the PF/LH increases food intake, while the
antagonist reduces ethanol drinking

This first experiment directly examined how D1 receptor-mediated signaling in the PF/LH
affects the consumption of ethanol, as well as food and water (n = 7-11/group). With
injections made directly into the PF/LH area at sites depicted in the diagram of Fig. 1, the
D1 agonist, SKF81297, as compared to vehicle injection caused a significant increase in
food intake, with a tendency to increase ethanol intake failing to reach statistical
significance (Fig. 2A). A two-way repeated measures ANOVA revealed a significant main
effect of SKF81297 (10.8 nmol/side) on food intake (F(1,7) = 6.34, p < 0.04), a slight trend
on ethanol intake (F(1,7) = 3.79, p = 0.09), and no change in water intake (not significant,
n.s.). An interaction effect between drug and food intake over time was also noted (F(2,14)
= 6.85, p < 0.008), with follow up pair-wise comparisons at specific time points showing
this drug to produce a significant increase in food consumption at the 4 h time period (t =
3.33,df =7, p< 0.05). In contrast to these stimulatory effects of the D1 agonist on
consumption, injection of the D1 antagonist, SCH23390 (15.4 nmol/side), while producing
no main or interaction effects on food (n.s.) or water (n.s.) intake, caused a significant
reduction in ethanol drinking behavior (F(1,7) = 5.37, p < 0.05) (Fig. 2B). Planned follow-
up comparisons demonstrated that this reduction in ethanol intake occurred at both the 1 h
(-61%) (t=3.1,df =7, p<0.05) and 2 h (-43%) (t = 2.5, df = 7, p < 0.05) time periods.
Injections of SCH23390 (15.4 nmol/side) outside the PF/LH, which located 2 mm dorsal to

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 October 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 7

this target region, did not significantly change ethanol, water or food intake (n.s.). Taken
together, these results demonstrate that activation of D1 receptors in the PF/LH stimulates
food intake, while blockade of these receptors has a very different effect of reducing
drinking behavior.

Experiment 2: D2 receptor stimulation in the PF/LH suppresses ethanol drinking

This next experiment tested the impact of D2 receptor activation on ethanol drinking
behavior. In a new set of rats (n = 7-10/group), injection of the D2 receptor-specific agents
in the PF/LH revealed an opposite effect to that observed with the D1 receptor compounds.
Using a two-way repeated measures ANOVA, a significant main effect on ethanol intake
was found with injection of the D2 agonist, quinelorane (6.2 nmol/side) (F(1,9) = 10.03, p <
0.05), with this drug reducing ethanol drinking behavior. While no interaction effects
between drug and time on intake were noted (n.s.), the planned comparisons revealed a
significant suppression of ethanol intake during the first 2 h post-injection (—45%) (t = 3.6,
df =9, p<0.05) (Fig. 3A). The measures of food and water intake remained unaffected,
with no significant main or interaction effects detected (n.s.). In contrast to quinelorane,
PF/LH injection of the D2 antagonist, sulpiride (23.4 nmol/side), stimulated the
consumption of ethanol (Fig. 3B). A significant main effect of this drug on ethanol intake
was obtained (F(1,6) = 7.61, p < 0.05), which significantly increased ethanol drinking at
both 1 h (307%) (t = 2.6, df = 6, p < 0.05) and 2 h (142%) (t = 3.2, df = 6, p < 0.05) post-
injection. In contrast to ethanol intake, sulpiride had no impact on food or water intake (n.s.)
in these ethanol-drinking rats. Injections of sulpiride outside the PF/LH, located 2 mm dorsal
to this target region, did not significantly alter ethanol, food or water intake (n.s.). These
tests with PF/LH injections reveal that D2 receptor activation suppresses while D2 receptor
blockade stimulates ethanol intake in a dose-dependent manner.

Experiment 3: D1 receptor agonist stimulates expression of OX in the PF/LH

To determine if the increase in ethanol intake induced by D1 receptor stimulation is
associated with changes in local neuropeptides known to stimulate drinking, gene expression
of OX and MCH in the PF/LH was measured using DIG-ISH in animals (n = 5-6/group)
injected with either vehicle or the D1 agonist, SKF81297 (10.8 nmol/side). The injections
were made immediately dorsal to the target region, to avoid damaging the areas where the
peptide-expressing neurons are most concentrated. A one-way ANOVA of data from the
PF/LH subregions showed D1 receptor activation to significantly affect OX mRNA. As
illustrated in Figs. 4A and 4B, administration of SKF81297 compared to vehicle produced a
significant, 29% increase in the density of OX neurons specifically in the LH (0.86 + 0.06
vs. 0.67 + 0.03 cells/um2x10~4) (F(1,10) = 10.18, p < 0.05), along with a smaller but
significant, 13% increase in OX neurons of the PF (1.41 £ 0.05 vs. 1.25 £ 0.04 cells/
um2x104) (F(1,10) = 5.93, p < 0.05). A similar analysis of MCH-expressing neurons
following D1 receptor stimulation compared to vehicle revealed no effect on the expression
of this peptide in the specific areas of the LH (1.72 + 0.11 vs. 1.74 + 0.07 cells/um2x10™4)
(F(1,11) = 0.03, p=0.86) or ZI (1.99 + 0.09 vs. 2.17 + 0.12 cells/um?x10~4) (F(1,11) =
1.39, p=0.26) (Figs. 4C and 4D). These results demonstrate that activation of the D1
receptors in the PF/LH preferentially stimulates OX-expressing neurons, with the strongest
effect observed in the LH.
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Experiment 4: D2 receptor agonist reduces expression of OX in the PF/LH

To determine if the suppression of ethanol drinking produced by D2 receptor stimulation in
the PF/LH is similarly accompanied by changes in the local peptide systems, the gene
expression of OX and MCH was measured using DIG-ISH in rats (n = 5-6/group) injected
with either vehicle or quinelorane (6.2 nmol/side) in this region. A one-way ANOVA
revealed that quinelorane compared to vehicle caused a significant reduction in OX
expression (-26%), specifically in the LH (0.74 + 0.04 vs. 0.99 + 0.11 cells/um2x10™%)
(F(1,11) = 4.92, p = 0.05) but not in the PF (1.39 + 0.11 vs. 2.08 + 0.41 cells/um?x10~4)
(F(1,11) = 2.65, p = 0.14) (Figs. 5A and B). In contrast, the expression of MCH was
unaffected by D2 receptor stimulation, both in the LH (1.44 £ 0.06 vs. 1.60 + 0.07
cells/um2x10™4) (F(1,11) = 3.25, p = 0.10) or the ZI (1.59 + 0.08 vs. 1.75 + 0.03
cells/um2x10~4) (F(1,11) = 3.29, p = 0.10) (Figs. 5C and D). These results demonstrate that,
while not affecting MCH expression, actvation of the D2 receptors in the PF/LH causes a
reduction in the density of OX-expressing cells, an effect that is specific to the LH and
opposite to that measured with D1 receptor stimulation.

DISCUSSION

Results from the present study, examining the role of DA in the PF/LH in relation to ethanol
and food consumption and endogenous expression of the local orexigenic peptides, OX and
MCH, indicate that DA in this area acts through D1 and D2 receptors to differentially affect
these parameters. In particular, activation of the D1 receptors significantly stimulates food
consumption with a trend towards increasing ethanol drinking, while D1 receptor blockade
significantly reduces only ethanol intake. In contrast, activation of the D2 receptor in the
PF/LH significantly reduces ethanol drinking, while the blockade of this receptor subtype
stimulates this behavior. With regard to peptide gene expression, PF/LH injection of the D1
agonist stimulates OX mRNA in the PF and somewhat more strongly in the LH, while
injection of the D2 agonist increases OX mRNA only in the LH. In contrast to OX, the
orexigenic peptide MCH in the PF/LH exhibited no change in response to the D1 and D2
agonists. Together, these findings support opposing functions for the DA receptor subtypes
in the PF/LH in controlling ethanol and food intake and suggest a possible mediating role for
local OX-expressing neurons in the PF and LH.

Role of D1 in the PF/LH in stimulating ethanol drinking and food intake

Dopaminergic transmission in the limbic system is well known for its stimulatory effect on
consummatory and reward-related behaviors (Wellman, 2005; Wise, 2004). This effect is
believed to be mediated by the D1 receptor, with peripheral administration of a D1
antagonist in rats found to produce anorexia and reduce operant responding for food (Rusk
& Cooper, 1994; Zarrindast et al., 1991). Our findings confirm this role of D1 receptors in
mediating consummatory responses, including ethanol and food intake, and identify the
PF/LH as a specific hypothalamic site involved in this function of DA. They demonstrate
that activation of D1 in the PF/LH significantly stimulates feeding behavior while showing a
trend towards increasing ethanol drinking, and blockade of this receptor significantly
reduces ethanol drinking behavior without affecting food or water intake. This evidence,
supporting a role for the D1 receptor in the PF/LH in stimulating consummatory behavior,
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both ethanol and food intake, is consistent with other studies relating the activity of this
receptor subtype to drug reward and addiction. These reports show that administration of a
D1 agonist can reinstate cocaine place preference (Graham et al., 2007) and a D1 antagonist
can attenuate the renewal of seeking for beer, heroin and cocaine (Bossert et al., 2007;
Crombag et al., 2002; Hamlin et al., 2007).

Role of D2 in the PF/LH in suppressing ethanol drinking

Our findings in the PF/LH of ethanol-drinking rats clearly differentiate the function of D2
receptors from that of D1 receptors, suggesting that the former primarily suppresses ethanol
intake while the latter stimulates both ethanol and food intake. This role of D2 receptors in
attenuating ethanol drinking behavior is consistent with both clinical (Blum et al., 1990;
Tupala et al., 2003; Volkow et al., 1996) and preclinical (Bice et al., 2008; Delis et al., 2013;
Thanos et al., 2004) evidence revealing the importance of this receptor in alcoholism. The
possibility that this D2 regulation is tonically active in ethanol-drinking rats is supported by
our finding that the specific D2 receptor antagonist, sulpiride, stimulates consumption of
ethanol. The observed effect of D2 receptor activation in reducing ethanol drinking may be
due to a change in the reinforcing effects of ethanol, as injection of a D2 agonist in this area
can reduce conditioned approach for sucrose while a D2 receptor antagonist enhances
conditioned place preference with sucrose (Morutto & Phillips, 1998, 1999). It may also be
attributed to a more general effect on consummatory behavior, as DA injection into the LH
reduces food intake while a D2 antagonist elicits intense feeding (Leibowitz & Rossakis,
1979; Parada et al., 1988). Since different feeding conditions are found to alter
dopaminergic activity in the LH, including the release of DA, neuronal responsiveness to
DA, and expression of the DA receptor (Fetissov et al., 2002; Meguid et al., 1995; Zippel et
al., 2003), it will be interesting to determine whether they also affect dopaminergic control
of ethanol drinking, with the effects of DA-specific agents on ethanol intake, for example,
differing in rats hungry at dark onset compared to those seen in fully sated animals.

Involvement of LH OX neurons in DA-induced changes in ethanol drinking

Measurements of endogenous gene expression of OX after D1 and D2 receptor activation
provide evidence for a role of this orexigenic peptide in mediating the opposing effects of
these receptor subtypes on ethanol intake. The results from our ISH analyses revealed a
stimulatory effect on OX gene expression with D1 receptor agonist injection in the PF/LH,
which also increased food intake and showed a tendency to increase ethanol drinking, and a
suppressive effect on OX expression with D2 receptor agonist injection, which reduced
ethanol drinking. These distinct effects of D1 and D2 stimulation on OX appeared to be
more prominent in the LH subregion, which is crucial in reward processing (Harris & Aston-
Jones, 2006), than they were in the PF subregion, which is more closely related to arousal
(Harris & Aston-Jones, 2006). The opposing effects of these receptors and their possible
interaction are consistent with electrophysiological findings, showing that a high
concentration of DA which specifically activates the D2-like receptor may counteract the
effect of D1-like receptor stimulation on the activity of hypothalamic peptide neurons
(Conductier et al., 2011). While the precise mechanisms underlying these DA modulations
of OX neurons has yet to be determined, the findings that DA can directly hyperpolarize OX
neurons (Yamanaka et al., 2003) and local GABA neurons express DA receptors
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(Conductier et al., 2011) indicate that they may result from either direct activation of D2
receptors on OX neurons or indirectly from presynaptic modulation of D1 receptors on
GABA interneurons or D2 receptors on glutamatergic neurons. This suggests that
microinjection of a D2 receptor antagonist such as sulpiride in the LH may increase OX
expression, providing a neurochemical explanation for this receptor’s stimulatory effect on
ethanol intake.

The possibility that alterations in OX expression levels underlie the DA-mediated changes in
ethanol drinking is further supported by the evidence that direct infusion of OX in the LH
increases ethanol intake (Schneider et al., 2007) and administration of an OX antagonist
attenuates ethanol consumption (Lawrence et al., 2006). In contrast to OX, the present study
did not find a change in MCH gene expression after D1 or D2 receptor activation, despite
previous evidence suggesting a possible interaction between DA and the MCH system
(Conductier et al., 2011; Smith et al., 2005). This may be due to the possibility that DA
affects MCH indirectly, via a recently proposed presynaptic mechanism (Conductier et al.,
2011), which requires more time than that allotted in the present experiment to influence
expression levels. Taken together, these findings suggest that the two distinct classes of DA
receptors regulate ethanol drinking by interacting directly and specifically with the OX
peptide system in the LH.

Our results demonstrate that D1 and D2 receptors in the PF/LH play differential roles in
modulating consummatory behavior, with D1 receptor activation eliciting ethanol drinking
and feeding behavior in association with an increase in OX expression in the PF and LH
regions and D2 receptor activation suppressing ethanol drinking while reducing OX
expression specifically in the LH region. These analyses of behavioral and neurochemical
systems in the PF/LH shed light on the intrinsic dopaminergic system and receptor subtypes
of the PF/LH that may be involved in mediating the effects of DA antagonists on eating
behavior and alcohol consumption reported in humans (Gothelf et al., 2002; Ray et al.,
2011).
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Figure 1.
Sites for PF/LH injections are indicated by black dots. Adapted from The Rat Brain,

compact 6th edition, G. Paxinos and C. Watson, Copyright 2007.
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Figure2.
(A) PF/LH injection of the D1 agonist, SKF81297, at the dose of 10.8 nmol/side,

significantly increased food intake at 4 h post-injection (10.8 nmol: n = 8/group). (B)
Injection of the D1 antagonist, SCH23390, in the PF/LH significantly reduced ethanol intake
for 2 h without significantly affecting food or water intake (15.4 nmol: n = 8/group). Values
are mean + S.E.M. The vehicle intake presented is the average from the 2 sets of injections,
*p < 0.05 vs. individual paired saline injection at specific time points with the higher dose.
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Figure3.
(A) Injection of the D2 agonist, quinelorane, in the PF/LH significantly suppressed ethanol

intake. Food and water intake remained unaffected (6.2 nmol: n = 10/group). (B) PF/LH
injection of the D2 antagonist, sulpiride, at the dose of 23.4 nmol/side can significantly
elevate ethanol intake for 2 h without affecting food or water intake (23.4 nmol: n =7/
group). Values are mean + S.E.M.. The vehicle intake presented is the average from the 2
sets of injections, *p < 0.05 vs. individual paired saline injection at specific time points with
the higher dose.
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(A) Measurements with a DIG-labeled probe showed SKF81297 (10.8 nmol/side) to
significantly increase OX expression in both the LH and PF subregions (n = 5-6/group). (B)
Photomicrographs of OX neurons using DIG-labeled in situ hybridization. (C) SKF81297
(10.8 nmol/side) did not affect MCH expression in either the LH or ZI subregion using a
DIG-labeled probe. (D) Photomicrographs of MCH neurons using DIG-labeled in situ
hybridization. Values are mean + S.E.M., expressed as percentage change from vehicle. *p

< 0.05 vs. vehicle injection.
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(A) Measurements with a DIG-labeled probe showed quinelorane (6.2 nmol/side) to

significantly increase OX expression in the subregion of LH, but not the PF (n = 5-6/group).
(B) Photomicrographs of OX neurons using DIG-labeled in situ hybridization. (C)
Quinelorane (6.2 nmol/side) did not affect MCH expression in either the LH or ZI
subregion, as measured using a DIG-labeled probe. (D) Photomicrographs of MCH neurons
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using DIG-labeled in situ hybridization. Values are mean + S.E.M., expressed as percentage
change from vehicle. *p < 0.05 vs. vehicle injection.
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