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Background: The question is which hypothalamic systems for food intake might play a role in
ethanol intake and contribute to alcohol abuse. The peptide orexin was found to exhibit similar
properties to galanin in its relation to dietary fat and may therefore be similar to galanin in
having a stimulatory effect on alcohol intake.

Methods: Rats were trained to drink 10% ethanol, implanted with brain cannulas, and then
injected in the paraventricular nucleus (PVN), lateral hypothalamus (LH), or nucleus accumbens
(NAc) with galanin, orexin-A, and for comparison, ghrelin. Ethanol, food, and water intake were
measured at 1, 2, and 4 hours postinjection.

Results: In the PVN, both orexin and galanin significantly increased ethanol intake, whereas
ghrelin increased food intake. In the LH, orexin again induced ethanol intake, while ghrelin
increased eating. In the NAc, orexin failed to influence ethanol intake but did stimulate food
intake.

Conclusions: In ethanol-drinking rats, injection of orexin or galanin into the appropriate locus
in the hypothalamus induced significant ethanol intake instead of food intake. Ghrelin, as a posi-
tive control, failed to influence ethanol intake at the same hypothalamic sites. In the NAc, as an
anatomical control, orexin augmented eating but not ethanol intake. Thus orexin and galanin in
the hypothalamus selectively stimulated ethanol intake at sites where other studies have shown
that both ethanol and fat increase expression of the endogenous peptides. Thus, a neural circuit
that evolved with the capability to augment food intake is apparently co-opted by ethanol and
may serve as a potential positive feedback circuit for alcohol abuse.
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T HE NEXUS BETWEEN food intake and drug addic-
tion has long been of interest to clinicians and research-

ers alike. Nowhere is this comparison more pertinent than in
the case of ethanol, as it is both a drug of abuse and a source
of calories. At least 28 peptides are known to be involved in
food and water intake, and several of these have also been
implicated in ethanol consumption. These include galanin,
neuropeptide Y (NPY), melanin concentrating hormone, the
opioids, and a-melanocyte stimulating hormone (Bodnar and
Klein, 2005; Duncan et al., 2005; Gilpin et al., 2004; Haddad,
2004; Kokare et al., 2006; Lewis et al., 2005; Navarro et al.,
2005; Rada et al., 2004; Thiele et al., 2004). In addition to rep-
licating the effects of galanin, the present report expands this

area of research to include 2 other orexigenic peptides of cur-
rent interest, orexin-A and ghrelin.
The peptides orexin-A and B (hypocretin 1 and 2) have

been studied in relation to feeding behavior and drug abuse,
but not in terms of their effects on ethanol consumption. In
addition to stimulating food intake when injected into various
hypothalamic regions as well as the nucleus accumbens
(NAc) (Dube et al., 1999; Thorpe and Kotz, 2005), they have
also been implicated in a panoply of other behavioral phe-
nomena, including arousal, narcolepsy, nonopioid analgesia,
spatial memory, and reward (Borgland et al., 2006; Gera-
shchenko et al., 2001; Hara et al., 2001; Harris et al., 2005;
de Lecea et al., 1998; Narita et al., 2006; Sakurai et al., 1998;
Yamamoto et al., 2002). A possible involvement of the orexin
system in ethanol intake has recently been suggested by results
obtained with systemic administration of an orexin-1 receptor
antagonist (Lawrence et al., 2006). To provide more specific
information on the anatomical site of the orexins’ stimulation
of ethanol intake, the present study examined the effects
of orexin injections directly into the hypothalamus and the
accumbens.
The rationale for testing the effects of orexin on ethanol

intake also stems from previous work with the peptide gala-
nin. Both galanin and orexin belong to a class of orexigenic
peptides whose mRNA expression in the hypothalamus is
stimulated by consumption of a high-fat diet (Leibowitz,
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2005; Wortley et al., 2003). Galanin and orexin mRNA levels
also increase in response to ethanol intake (Leibowitz et al.,
2003). In rats voluntarily drinking 4 to 7% ethanol, galanin
injection in the lateral ventricles or directly into the hypotha-
lamic paraventricular nucleus (PVN) increases voluntary eth-
anol intake in the presence as well as absence of food and
water (Lewis et al., 2004; Rada et al., 2004). Interestingly, in
contrast to its orexigenic effect in naı̈ve rats, galanin injection
in these ethanol-drinking rats has no significant effect on food
and water intake, suggesting that its involvement in food
intake may be altered by the experience of drinking ethanol.
If there is a general principle that fat-stimulated peptides take
on the role of inducing an appetite for ethanol in ethanol-
experienced rats, then intracranial injections of orexin should
also elicit the consumption of ethanol, perhaps to a greater
extent than food intake.
For comparison, ghrelin, an orexigenic peptide of a differ-

ent sort, was also tested. This peptide, synthesized in the
gastrointestinal tract as well as in neurons in and around the
arcuate nucleus of the hypothalamus (Date et al., 2000), is an
endogenous ligand for the growth hormone secretagogue
receptor found throughout the hypothalamus (Guan et al.,
1997). It has been shown to elicit food intake when micro-
injected into various hypothalamic areas as well as the NAc
(Naleid et al., 2005; Wren et al., 2001), and it is suggested to
act in part through NPY neurons in the hypothalamic arcuate
nucleus (Asakawa et al., 2005; Cowley et al., 2003; Luquet
et al., 2006). Little is known about the effects of this peptide
on ethanol intake or the neural mechanisms through which it
operates. Studies in human alcoholics show that plasma ghre-
lin levels are altered and positively correlated with subjective
ethanol craving (Addolorato et al., 2006; Kraus et al., 2005).

MATERIAL AND METHODS

Subjects and Home Cage Conditions

Subjects were male Sprague–Dawley rats from Taconic Farms
(Germantown, NY) that weighed between 100 and 150 g at the start
of the experiment. Subjects were individually housed in hanging wire
cages. They were maintained on a 12:12 hour light–dark cycle with
lights off at 6:00 am. The subjects had access to LabDiet rodent chow
(St Louis, MO) on an ad libitum basis. Water was always available,
either through an automated system when the animals did not have
access to ethanol or through graduated cylinders attached to the
cages when ethanol was present. All procedures used in these studies
were approved by the Princeton University Institutional Animal Care
and Use Committee.

Acquisition of Oral Ethanol Intake

Subjects were acclimated to ethanol gradually, using a variant of
the 2-bottle choice procedure (Martinetti et al., 2000), including peri-
odic deprivation (weekends off). Briefly, subjects were exposed to
unsweetened ethanol and water in glass bottles ad libitum for 5 days.
The ethanol was then removed, and for the following 2 days they
received water through the automated system. Each week the concen-
tration of ethanol was increased in the following manner: 1%, 2%,
4%, 7%, 9%, and 10% (v ⁄v). All surgeries were performed during
the fifth week when the subjects were drinking 9% ethanol. The ani-
mals’ first week on 10% ethanol was also their week of recovery from

surgery. Thus, microinjections began the second week of 10% etha-
nol exposure. To assess baseline drinking levels induced by gradual
acclimation and partial deprivation of ethanol, the daily intake of
10% ethanol was measured in 30 rats over a 5-week period. During
this time, the average daily intake in these animals was 1.68 g ⁄kg ⁄d
(SEM = 0.11). Individual ethanol intake levels were averaged across
each week and ranged from 0 to 4.79 g ⁄kg ⁄d. Because of the variabil-
ity of ethanol intake both between animals and across weeks in indi-
vidual animals, the effects elicited by each peptide were compared to
vehicle injections on counterbalanced consecutive days and not to
other peptides presented in subsequent weeks.

Surgery

Subjects were anesthetized with a combination of ketamine
(80 mg ⁄kg, i.p.) and xylazine (10 mg ⁄kg, i.p.), supplemented with ke-
tamine when necessary. Guide shafts (21-gauge stainless steel, 10 mm
in length) were implanted in the PVN (B )1.8, L 0.3, V 3.2), lateral
hypothalamus (LH) (B )3.0, L 1.4, V 4.5), NAc (B 1.2, L 0.8, V 4.5)
with reference to bregma, the midsaggital sinus, and the level skull
surface. Guide shafts aimed at the PVN and LH were implanted uni-
laterally, and for the NAc, bilaterally in case needed. Injectors were
inserted through the guide shafts at a later date to reach the injection
sites specified below.

Microinjection Procedures

All solutions were delivered through concentric microinjectors
made of 26 gauge stainless steel outside and fused-silica tubing
inside that protruded 2.5 mm (3.0 mm in the case of the LH; 74 lm
inner diameter (ID), 154 lm outer diameter (OD); Polymicro Tech-
nologies, Phoenix, AZ). The injector tip protruded beyond the
implanted guide shaft to reach the dorsal surface of the region of
interest (PVN: V 7.7, LH: V 7.5, NAc: V 9.0). Galanin (rat) 1 nmol,
orexin-A (human, rat, mouse) 0.9 nmol, and ghrelin (rat, n-octa-
noylated at Ser3) 1 nmol were purchased from American Peptide
Co., Inc. (Sunnyvale, CA). Drugs were dissolved in Ringer solution
and prepared fresh immediately prior to microinjection. Injections
were counterbalanced, so each animal received Ringer solution or
peptide in randomized order on 2 days consecutively. Injections
were given 4 to 5 hours in the dark cycle, and a week elapsed
between each pair of injections. All injections were made using a
syringe pump to infuse 0.5 ll during 47 seconds at a flow rate of
0.6 ll ⁄min, with the microinjector remaining in place for another
47 seconds prior to removal to allow diffusion. The cannula size
and flow rate are comparable to those published in recent literature
(Amat et al., 2005; Delfs et al., 2000; Johansen and Fields, 2004).
Ethanol, food, and water were weighed at 1, 2, and 4 hour intervals
following injection by an experimenter blind to condition. Rats
included in the PVN experiment were habituated to the injection
procedure by receiving injections at least a week earlier in addition
to those specified above. While rats with injectors in the LH and
NAc were not habituated to the injection procedure, counter-
balanced controls showed a lack of confounding effects, as
described in the Results section. In all cases a week elapsed between
peptide injections, to avoid interactions. Previous studies using con-
secutive injections of galanin and orexin spaced 24 hours apart, at
doses similar to those used here, have not shown an effect of day
(Rada et al., 2004; Kiwaki et al., 2004).

Histology and Data Analysis

Injection sites were verified by injecting 0.5 ll methylene blue dye
(Sigma, St Louis, MO) prior to cardiac perfusion. Animals were per-
fused with normal saline followed by formalin. Brains were sliced in
200 lm sections on a freezing microtome. Behavioral data from ani-
mals with injector tips in or directly dorsal to the region of interest

OREXIGENIC PEPTIDES AND ALCOHOL INTAKE 1859



were included in the analysis for that region; those with probes far-
ther from the target regions were discarded from the analysis. Etha-
nol, food, and water intake data were each analyzed separately using
two-way repeated measures ANOVA, with 2 levels of treatment
(peptide, vehicle) and time (3 levels: 1, 2, and 4 hours) as the indepen-
dent variables. The effects of each peptide at each time point in the
experiments were analyzed using Bonferroni-corrected pairwise com-
parisons, with the familywise a set at 0.05, making p < 0.017 for
each of 3 pairwise comparisons per experiment. Partial g2 was used
as a measure of effect size. The data for every peptide injection in
each brain region at 1, 2, and 4 hours postinjection is shown in
Table 1.

RESULTS

Experiment 1: Peptide Microinjections in the PVN

When injected into the PVN, orexin-A and galanin
increased ethanol intake, compared to vehicle control,
whereas ghrelin’s main effect was on food intake (Fig. 1). All
rats in this experiment had their microinjector tips in or along
the dorsal surface of the PVN, as shown in Fig. 2.
Orexin-A (0.9 nmol) increased voluntary intake of 10%

ethanol during the 4 hours following injection
[F(1,11) = 14.588, p < 0.01, partial g2 = 0.57]. Post hoc
pairwise comparisons determined that the means of the orexin
and vehicle groups significantly differed from each other dur-
ing the first and second hours, but not the fourth. Orexin-A
had no significant effect on food and water intake [food:
F(1,11) = 0.014 (NS), partial g2 = 0.001; water:
F(1,11) = 2.151 (NS), partial g2 = 0.164].
Galanin (1 nmol) also increased voluntary intake of

10% ethanol during the 4 hours following injection
[F(1,8) = 10.553, p < 0.05, partial g2 = 0.569], but only
the difference between the 2 means during the first hour
was significant. Food intake was not significantly altered
[F(1,8) = 0.803 (NS), partial g2 = 0.099]. Though water
intake tended to be greater when rats were injected with
galanin than with vehicle, this result was not statistically
significant [F(1,8) = 4.444, p = 0.068, partial g2 = 0.357].
It is worth noting that the baseline drinking level during
the first hour was lower in this experiment. However, the
use of a counterbalanced design prevents this from being a
confound.
Ghrelin, on the other hand, significantly increased food

intake [F(2,9) = 31.647, p < 0.001, partial g2 = 0.779] and
water intake [F(2,9) = 28.31, p < 0.001, partial

Table 1. Total Ethanol, Food and Water Intake Measured at 1, 2, and
4 hours.a

Hour 1 Hour 2 Hour 4

PVN orexin
Ethanol

Orexin 0.642 ± 0.12* 0.933 ± 0.11* 1.221 ± 0.16
Vehicle 0.243 ± 0.07 0.496 ± 0.14 1.097 ± 0.21

Food
Orexin 2.250 ± 0.50 4.675 ± 0.68 6.533 ± 0.67
Vehicle 1.717 ± 0.33 4.200 ± 0.63 7.683 ± 1.02

Water
Orexin 0.858 ± 0.17 2.058 ± 0.50 3.025 ± 0.54
Vehicle 1.758 ± 0.40 2.308 ± 0.46 3.725 ± 0.65

PVN galanin
Ethanol

Galanin 0.161 ± 0.05* 0.357 ± 0.09* 0.519 ± 0.13
Vehicle 0.000 ± 0.00 0.097 ± 0.06 0.257 ± 0.10

Food
Galanin 1.267 ± 0.20 3.544 ± 0.46 4.967 ± 0.43
Vehicle 0.689 ± 0.37 2.078 ± 0.76 5.189 ± 0.74

Water
Galanin 1.667 ± 0.37 3.333 ± 0.99 3.889 ± 1.26
Vehicle 0.667 ± 0.29 1.778 ± 0.66 3.00 ± 1.09

PVN ghrelin
Ethanol

Ghrelin 0.212 ± 0.04 0.343 ± 0.05 0.545 ± 0.09
Vehicle 0.124 ± 0.04 0.325 ± 0.07 0.561 ± 0.12

Food
Ghrelin 5.220 ± 0.83* 8.670 ± 0.95* 10.880 ± 0.66*
Vehicle 1.790 ± 0.72 3.720 ± 0.63 6.600 ± 0.67

Water
Ghrelin 4.370 ± 1.15 8.080 ± 1.05* 9.850 ± 1.13*
Vehicle 2.120 ± 0.61 3.590 ± 0.82 5.730 ± 1.32

LH orexin
Ethanol

Orexin 0.367 ± 0.11* 0.673 ± 0.14* 1.185 ± 0.29
Vehicle 0.104 ± 0.02 0.261 ± 0.05 0.888 ± 0.25

Food
Orexin 1.733 ± 0.73 4.733 ± 1.03 8.350 ± 0.52
Vehicle 1.283 ± 0.62 3.100 ± 1.12 6.983 ± 0.71

Water
Orexin 2.788 ± 1.41 4.750 ± 2.01 7.100 ± 2.32
Vehicle 3.113 ± 1.10 5.038 ± 1.49 8.425 ± 2.39

LH galanin
Ethanol

Galanin 1.200 ± 0.47 2.229 ± 0.58 4.043 ± 1.04
Vehicle 0.914 ± 0.20 2.200 ± 0.43 3.286 ± 0.72

Food
Galanin 1.729 ± 0.50 4.586 ± 0.61 8.414 ± 0.93
Vehicle 1.586 ± 0.58 3.457 ± 0.52 7.014 ± 1.19

Water
Galanin 3.429 ± 0.57 6.086 ± 1.12 9.400 ± 1.54
Vehicle 2.286 ± 0.28 3.271 ± 0.46 7.057 ± 1.42

LH ghrelin
Ethanol

Ghrelin 0.096 ± 0.03 0.280 ± 0.07 0.517 ± 0.14
Vehicle 0.162 ± 0.05 0.285 ± 0.07 0.482 ± 0.08

Table 1. Continued

Hour 1 Hour 2 Hour 4

Food
Ghrelin 5.314 ± 1.27* 8.386 ± 1.60* 12.086 ± 1.91*
Vehicle 3.000 ± 0.82 4.66 ± 1.01 9.929 ± 1.57

Water
Ghrelin 2.286 ± 0.28 3.271 ± 0.46 7.057 ± 1.42
Vehicle 4.429 ± 0.57 6.086 ± 1.12 9.400 ± 1.54

NAc orexin
Ethanol

Orexin 0.073 ± 0.02 0.205 ± 0.07 NA
Vehicle 0.113 ± 0.23 0.234 ± 0.05 NA

Food
Orexin 2.770 ± 0.56 5.150 ± 0.85 NA
Vehicle 1.410 ± 0.43 2.580 ± 0.69 NA

Water
Orexin 1.380 ± 0.45 3.820 ± 1.17 NA
Vehicle 1.450 ± 0.44 3.640 ± 1.18 NA

PVN, paraventricular nucleus; LH, lateral hypothalamus; NAc,
nucleus accumbens.

aShows all data for every peptide injection. Data are expressed as
mean ± SEM.

*Denotes a significant difference compared to the vehicle condition,
after Bonferroni-correction (p < 0.017).
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g2 = 0.759]. Post hoc pairwise comparisons revealed that at
each time point the mean food intake of ghrelin-injected
rats was significantly higher than vehicle controls. Water
intake was also significantly greater during the second and
fourth hour, but not during the first hour (p = 0.018), sug-
gesting that this effect was postprandial. In contrast to food
and water intake, ghrelin at this dosage did not produce a
significant main effect on ethanol intake [F(1,9) = 0.239
(NS), partial g2 = 0.026]. Although the small change in
ethanol intake during the first hour would be significant if
analyzed alone by paired t-test or one-way repeated mea-
sures ANOVA, it was not statistically significant when sub-
jected to the same stringent conditions of analysis as the
other peptides. The tendency to drink ethanol was transient
and much smaller than the highly significant food and
water effects, suggesting that it may reflect a general

increase in consummatory behavior rather than a specific
effect on ethanol intake.

Experiment 2: Peptide Microinjections in the LH

In the LH, orexin-A once again increased ethanol whereas
galanin did not, and ghrelin stimulated feeding (Fig. 3). The
most effective sites in the LH for orexin-induced ethanol
intake were generally dorsal and lateral to the fornix (Fig. 2).
As the rats with cannulas in the LH and NAc were not habit-
uated to the injection procedure, the ethanol intakes on the
first and second days of injection of peptide and saline in
counterbalanced order were statistically compared. With no
effect of order in either the LH [F(1,6) = 1.9 (NS)] or NAc
[F(1,6) = 0.6 (NS)], it is concluded that habituation is not a
factor.
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Fig. 1. Cumulative ethanol, food, and water consumption 2 hours after injection of orexin (0.9 nmol), galanin (1 nmol), or ghrelin (1 nmol) in the PVN
(mean ± SEM, #p < 0.001, **p < 0.01, �p < 0.05 for main effect, but not at the second hour).

NAc: B +1.2, +.07LH: B -2.8,-3.3.PVN: B -1.8, -2.12

Fig. 2. Black dots show the injection site in the paraventricular nucleus, lateral hypothalamus, and nucleus accumbens for all animals used in the experi-
ments. Gray shaded areas indicate the region of interest. Sections are labeled according to the distance from Bregma (B) along the rostral-caudal axis
(adapted from The Rat Brain, compact 3rd edition, G. Paxinos and C. Watson, Figs. 13, 15, 25 26, 29 and 31, Copyright 1997, with permission from
Elsevier.)
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Orexin-A (0.9 nmol) in the LH increased voluntary intake
of 10% ethanol for 2 hours following injection
[F(1,5) = 8.012, p < 0.037, partial g2 = 0.616]. Post hoc
analysis revealed that the rats drank significantly more during
the first 2 hours following orexin-A injection but not during
the fourth hour (p = 0.082). In contrast, orexin-A had no sig-
nificant effect on food and water intake compared to vehicle
control [food: F(1,5) = 3.949 (NS), partial g2 = 0.441;
water: F(1,5) = 0.212 (NS), partial g2 = 0.029].
Galanin (1 nmol) in the LH had no significant effect on

ethanol, food, or water intake at any time point tested [etha-
nol: F(1,6) = 0.703 (NS), partial g2 = 0.105; food:
F(1,6) = 1.004 (NS), partial g2 = 0.143; water:
F(1,6) = 0.3.113 (NS), partial g2 = 0.342].
Ghrelin (1 nmol) significantly increased food

[F(1,6) = 9.754, p < 0.05, partial g2 = 0.858] and water
[F(1,6) = 6.123, p < 0.05, partial g2 = 0.505] intake during
the 4 hours following injection. However, post hoc analyses
showed the water effect did not achieve statistical significance

at any time point. Ghrelin at this dosage in the LH had no
significant effect on ethanol intake.

Experiment 3: Peptide Microinjections in the NAc

Behavioral effects elicited by peptide injections in the
NAc were quite different from those observed following
injections in either hypothalamic region. Here orexin-A
increased food intake rather than ethanol intake
(Fig. 4). Galanin and ghrelin were also tested in a small
subset of animals in this experiment. Neither peptide in
these small groups produced any significant change in eth-
anol, food, or water intake; thus further animals were not
tested. Histology shows the injectors for all animals in
the experiment to be located in the shell of the NAc
(Fig. 2).
Orexin-A (0.9 nmol) in the NAc increased food intake dur-

ing the 4 hours following injection [F(1,9) = 6.552,
p < 0.05, partial g2 = 0.421]. However, no individual hour
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was significant using our stringent post hoc criterion
(p = 0.038 for both). There was no significant effect on etha-
nol [F(1,9) = 1.787, ns, partial g2 = 0.421] or water
[F(1,9) = 0.243, ns, partial g2 = 0.026] consumption at any
time point tested.
Galanin did not produce a significant increase in ethanol

intake [F(1,2) = 0.998, p = 0.391, partial g2 = 0.25] when
injected into the NAc. It also did not significantly alter food
[F(1,2) = 0.002, p < 0.968, partial g2 = 0.001] or water
intake [F(1,2) = 4.041, p < 0.138, partial g2 = 0.574] dur-
ing the 4 hours following injection.
Ghrelin did not significantly alter ethanol [F(1,3) = 1.495,

p = 0.346, partial g2 = 0.428], food [F(1,3) = 0.478,
p = 0.561, partial g2 = 0.193], or water intake
[F(1,3) = 5.617, p = 0.141, partial g2 = 0.787] during the
4 hours after the injection.

DISCUSSION

The main new finding of this study is that orexin-A injected
in the PVN and LH stimulates voluntary ethanol intake with-
out significantly altering food and water intake. A similar
behavioral effect was observed with galanin in the PVN, com-
mensurate with previously published results with this peptide
(Lewis et al., 2004, 2005; Rada et al., 2004). Thus, 2 peptides
known to increase feeding behavior after PVN injection
(Dube et al., 1999; Kyrkouli et al., 1990) were found here to
stimulate the consumption of ethanol. An additional finding
of particular interest is that, in contrast to naive rats, these
peptides in rats trained to voluntarily drink ethanol had no
effect on food intake. This suggests that chronic availability
and consumption of ethanol masks the feeding-stimulatory
effects of these peptides and ⁄or supplants food as the pre-
ferred substance for consummatory behavior induced by
PVN peptide injections. The mechanism for this is unknown
but could well be related to the unusual positive feedback pro-
vided by ethanol or the lack of negative feedback in terms of
minimal satiety factors produced by ethanol in comparison to
other foods.
Orexin-A injected in the LH also increased voluntary etha-

nol intake, and in contrast to naive rats (Dube et al., 1999), it
had no effect on food or water intake in ethanol-drinking
rats, similar to the pattern of results in the PVN. The effective
sites within the LH for orexin-induced ethanol intake were
found to be lateral to the fornix. Interestingly, this site is simi-
lar to that found to be most effective for reinstating mor-
phine-conditioned place preference with the Y4 agonist rat
pancreatic polypeptide that activates orexin neurons (Harris
et al., 2005). In contrast to orexin-A, the results obtained with
galanin failed to show an effect on ethanol or food intake
with LH injection. This result reveals greater site-specificity
for the behavioral effects of galanin, consistent with a prior
study of feeding behavior (Kyrkouli et al., 1990).
The similar magnitude, duration, and PVN locus suggests

that the effects of orexin and galanin on ethanol intake may
be mediated by a common mechanism, as yet to be deter-

mined. It is noteworthy that endogenous orexin and galanin
are both regulated in part by diet. The RNA synthesis of these
peptides is increased by fat that is eaten or systemically
injected, and this effect is observed primarily in the PVN in
the case of galanin and the LH in the case of orexin (Leibo-
witz, 2005; Leibowitz et al., 1998; Wortley et al., 2003). Gala-
nin mRNA in the PVN is also stimulated by the consumption
or injection of ethanol (Leibowitz et al., 2003). Moreover,
orexin- and galanin-induced feeding responses are larger on
high-fat compared to low-fat diet and in animals that show a
strong preference for fat (Leibowitz, 2005). Thus, it is pro-
posed that these peptides normally function within a positive
feedback loop to stimulate consumption of a fat-rich diet.
The present finding that orexin stimulates ethanol intake,
together with evidence that ethanol stimulates orexin mRNA
in the LH (Wortley et al., 2003), suggests a similar positive
feedback loop for this peptide in the control of ethanol
consumption.
The results observed with injections of ghrelin provide a

control for those obtained with orexin and galanin. Injec-
tion of ghrelin into the PVN and LH in ethanol-drinking
rats increased both food and water intake, but did not sig-
nificantly alter ethanol intake. Ghrelin is known to stimu-
late food intake when injected into the PVN of naı̈ve rats
(Wren et al., 2001), and the present results show that it
continues to do so in ethanol-experienced animals.
Although PVN injections of ghrelin produced a small, sta-
tistically insignificant increase in ethanol intake in the first
hour after injection, this effect was overshadowed by the
robust stimulation of food and water intake over the
4-hour period of measurement. This provides an interesting
control, showing that this feeding-stimulatory peptide in
ethanol-drinking rats does not subsequently switch to the
induction of ethanol intake. At this point, it is not known
whether ghrelin mRNA, like orexin and galanin, is stimu-
lated by diet or ethanol. As ghrelin continues to increase
food and water intake in the presence of ethanol, this sug-
gests that its orexigenic action might occur through a dif-
ferent mechanism from that of orexin and galanin. This
provides further support differentiating these peptides with
respect to their effects on consummatory behavior.
The results of orexin injections in the NAc are in contrast

with the findings in the PVN and LH. Galanin and ghrelin
did not appear to increase ethanol intake in this region. In the
NAc, orexin stimulated food intake in ethanol-drinking rats
but had no effect on ethanol intake at any time-point tested.
Orexin has previously been shown to increase food intake
when injected into the NAc (Thorpe and Kotz, 2005). The
present study confirmed this result and further demonstrated
that, unlike the PVN and LH, this feeding-stimulatory effect
of orexin in the NAc is not altered by chronic exposure to eth-
anol. Thus, endogenous orexin in the NAc may have a more
resilient role in controlling the consumption of food.
It is worth noting that all significant effects described herein

were obtained from a species of rat that was not bred to pre-
fer ethanol and that received no ethanol training other than
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being given voluntary access to increasing concentrations of
unsweetened ethanol. Thus, their baseline intake was low on
average, and their drinking patterns were in some cases unsta-
ble, commensurate with a model of ethanol intake or social
drinking rather than alcoholism. This suggests that the stimu-
latory effects obtained with peptide microinjections were not
contingent on baseline ethanol preference or stability of this
preference, as all effects described were significant despite this
low baseline and without eliminating low-responders. In pre-
vious studies from this laboratory using 4 and 7% ethanol,
the effects of galanin were significant in rats drinking
>1.5 g ⁄kg ⁄d (Rada et al., 2004) or rats demonstrating a pref-
erence for ethanol (Lewis et al., 2004). Additionally, in prior
studies with the model of voluntary alcohol intake used here,
the levels of blood alcohol achieved (6.3 ± 20 mg ⁄dl in low
alcohol drinkers and 17.3 ± 28 mg ⁄dl in high alcohol drink-
ers) have been shown to have strong impact on peptide
mRNA expression in the PVN and also to be related to the
behavioral phenomenon of fat ingestion (Chang et al., 2007).
The present findings with orexin and galanin suggest that
these peptides can increase ethanol intake in the absence of a
clear preference for high concentrations of ethanol, consonant
with the idea of evoking ethanol intake through hypothalamic
feeding mechanisms. The mechanism by which these peptides
stimulate ethanol consumption is not likely to be an alteration
in innate taste preference, as Sprague–Dawley rats find unfla-
vored ethanol to be very unpalatable. It is more likely that
these peptides stimulate ethanol intake through an acquired
taste based on the pharmacological properties of ethanol. Pre-
vious findings show that injections of galanin in the PVN can
increase dopamine release in the NAc (Rada et al., 1998), an
effect we have also reported with an oral stimulus that has
become a conditioned taste preference (Mark et al., 1994).
In summary, orexin-A and galanin injected in the hypo-

thalamus can stimulate ethanol intake in rats trained to drink
10% ethanol. This effect was significant with injections into
the PVN for galanin and into the PVN and LH for orexin. A
very different result was obtained for ghrelin in the hypothala-
mus, which stimulated food intake in spite of ethanol training,
and also different than the 3 peptides in the NAc, which did
not increase ethanol intake. The finding that galanin and
orexin in the hypothalamus fail to stimulate feeding in etha-
nol-drinking rats suggests that these peptide systems are
susceptible to being co-opted by voluntary ethanol consump-
tion. However, it is unlikely they would ever come to exclu-
sively control ethanol consumption, as evidenced by the fact
that rats injected with orexin or galanin continue to eat a nor-
mal amount of chow while they are drinking more alcohol.
Rather, this may be part of the mechanism that explains why
food and ethanol intake mutually reinforce each other. This
may occur through the same mechanisms that normally
respond to fat or ethanol intake by synthesizing more of the
peptide and theoretically stimulating further consummatory
behavior. While this positive feedback would normally be
counteracted by fat-induced satiety factors, this may not
occur in the case of ethanol. This new evidence supports a role

for orexin in ethanol intake and also for a possible feedback
mechanism that fosters ethanol abuse.
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