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Abstract

The hypothalamus is now known to regulate alcohol intake in addition to its established role in 

food intake, in part through neuromodulatory neurochemicals termed neuropeptides. Certain 

orexigenic neuropeptides act in the hypothalamus to promote alcohol drinking, although they 

affect different aspects of the drinking response. These neuropeptides, which include galanin, the 

endogenous opioid enkephalin, and orexin/hypocretin, appear to stimulate alcohol intake not only 

through mechanisms that promote food intake but also by enhancing reward and reinforcement 

from alcohol. Moreover, these neuropeptides participate in a positive feedback relationship with 

alcohol, whereby they are upregulated by alcohol intake to promote even further consumption. 

They contrast with other orexigenic neuropeptides, such as melanin-concentrating hormone and 

neuropeptide Y, which promote alcohol intake under limited circumstances, are not consistently 

stimulated by alcohol, and do not enhance reward. They also contrast with neuropeptides that can 

be anorexigenic, including the endogenous opioid dynorphin, corticotropin-releasing factor, and 
melanocortins, which act in the hypothalamus to inhibit alcohol drinking as well as reward and 

therefore counter the ingestive drive promoted by orexigenic neuropeptides. Thus, while multiple 

hypothalamic neuropeptides may work together to regulate different aspects of the alcohol 

drinking response, excessive signaling from orexigenic neuropeptides or inadequate signaling 

from anorexigenic neuropeptides can therefore allow alcohol drinking to become dysregulated.
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1. Introduction

The hypothalamus has long been known to participate in ingestive behavior. Its role in 

feeding was first established by Hetherington and Ranson in 1940 (Hetherington and 

Ranson, 1940), when they showed that rats became obese after bilateral electrolytic lesions 
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of the medial hypothalamic nuclei. In 1951, Anand and Brobeck then showed that rats after 

bilateral destruction of the lateral hypothalamus (LH) instead failed to eat and became 

emaciated, leading these researchers to designate the LH as a “feeding center” (Anand and 

Brobeck, 1951). It was not until 1970 that it was suggested, by Marfaing-Jallat, Larue, and 

Le Magnen (1970), that the hypothalamus also participated in alcohol drinking. These 

researchers demonstrated that rats with lesions of the medial hypothalamus exhibit 

hyperphagia not just toward food but also toward alcohol (Marfaing-Jallat et al., 1970). 

Conversely, electrical stimulation of the LH led rats to drink alcohol at intoxicating levels 

(Wayner et al., 1971). Alcohol itself is energy dense, containing 7 kcal/gram, as compared to 

the 4 kcal/gram of protein and carbohydrate and the 9 kcal/gram of fat. For this reason, 

alcohol can be considered to be a food as well as a drug. It is notable that the hypothalamus, 

in addition to controlling energy intake, also controls reward from ingestive behavior. Rats 

work to receive electrical stimulation of the LH (“self-stimulation”), and manipulation of the 

hypothalamic feeding sites correspondingly affects their rate of self-stimulation (Hoebel and 

Teitelbaum, 1962). Thus, the hypothalamic regulation of alcohol intake may be connected to 

both the calories it provides and the reward it induces.

The discovery of neuropeptides in the brain (de Wied, 1974) has led researchers to consider 

that these local neuromodulatory neurochemicals may contribute to the ability of the 

hypothalamus to influence alcohol intake. In fact, many hypothalamic neuropeptides that 

participate in food intake have also been found to participate in alcohol intake. Much of this 

work has focused on certain orexigenic neuropeptides traditionally associated with increased 

food intake, including galanin (GAL), enkephalin (ENK), orexin/hypocretin (OX), melanin-

concentrating hormone (MCH), and neuropeptide Y (NPY), which generally are upregulated 

by alcohol intake and can also promote its intake. In addition, neuropeptides sometimes 

described as anorexigenic, those that reduce food intake, such as dynorphin (DYN), 

corticotropin-releasing factor (CRF), and melanocortins (MCs) are often also upregulated 

by alcohol drinking, but more often act to reduce this behavior, possibly due to the influence 

of these hypothalamic neuropeptides on processes of reward.

This review presents the current knowledge about the relationship of neuropeptides in the 

hypothalamus to alcohol drinking, including their role in reward, which may itself affect this 

behavior.

2. Neuropeptides with a positive feedback relationship to alcohol

Certain neuropeptides in the hypothalamus have a positive feedback relationship to alcohol, 

which stimulates the expression of these neuropeptides that in turn promote further intake. 

This relationship may exist due to the neuropeptides’ commonly known roles in promoting 

food intake as well as reward associated with alcohol intake. These neuropeptides acting 

within a positive feedback circuit include GAL, ENK, and OX.

2.1. Galanin

The neuropeptide GAL is well-conserved amongst species, consisting of 29 amino acids in 

rats and pigs and 30 amino acids in humans (Bersani et al., 1991; Tatemoto et al., 1983; 

Vrontakis et al., 1987). Widely distributed throughout the brain, GAL within the 

Barson and Leibowitz Page 2

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypothalamus of the rat is dense in both cell bodies and fibers, being found in the 

paraventricular nucleus (PVN), arcuate nucleus (ARC), lateral hypothalamus (LH), 

dorsomedial nucleus (DMN), and periventricular area (Rokaeus et al., 1984). The peptide 

GAL can interact with any of three G protein-coupled receptors, GalR1, GalR2 or GalR3, all 

of which are expressed in the hypothalamus (Smith et al., 1997; Smith et al., 1998). While 

GalR1 and GalR3 are thought to be Gi/Go-coupled receptors, GalR2 appears to be coupled 

to a Gq/G11-mediated pathway (Smith et al., 1997; Smith et al., 1998). Therefore, the effects 

of GAL on alcohol intake may depend in part on the receptor with which it interacts.

Within the PVN in particular, GAL acts to promote alcohol drinking. Injection of GAL into 

the PVN of rats has been shown in a variety of paradigms to increase moderate alcohol 

drinking (bringing blood alcohol levels to 30-60 mg/dl) while a general GAL receptor 

antagonist decreases it (Chen et al., 2014a; Rada et al., 2004; Schneider et al., 2007). 

Notably, this stimulatory effect of GAL does not occur with injection in the LH (Schneider 

et al., 2007), paralleling the finding that hypothalamic GAL increases food intake only when 

injected into the PVN or adjacent periventricular region (Kyrkouli et al., 1990). The ability 

of GAL to promote excessive alcohol intake (bringing blood alcohol levels to > 60 mg/dl) 

may be due to actions at the GalR3, the only GAL receptor found to be associated with 

alcoholism in humans (Belfer et al., 2007). Peripheral injection of a GalR3 antagonist in 

alcohol-preferring rats reduces alcohol self-administration, breakpoint on a progressive ratio 

schedule, and cue-induced reinstatement of alcohol-seeking (Ash et al., 2014; Ash et al., 

2011). Recent evidence in our laboratory using an episodic intake monitor has shown that 

GAL in the PVN acts by increasing the size but not duration of alcohol drinking bouts (Chen 

et al., 2014a). Thus, rats with elevated endogenous GAL appear to drink more alcohol 

because they consume it more quickly, similar to how hypothalamic GAL is believed to 

promote food intake (Koegler et al., 1999). This evidence suggests that GAL in the 

hypothalamus might increase the drinking of alcohol, in part, because of its similarity to 

food.

Additional evidence supports a role for endogenous GAL in promoting alcohol drinking. 

Outbred Sprague-Dawley rats predicted to drink higher levels of alcohol show elevated 

mRNA expression of GAL in the PVN (Barson et al., 2013). Notably, this was found in 

prone rats identified by two different predictor tests, both high novelty-induced locomotor 

activity possibly reflecting novelty-seeking and high fat-induced triglyceride levels possibly 

reflecting slower lipid metabolism (Barson et al., 2013). Moreover, mice overexpressing the 

GAL gene drink more alcohol and show a higher preference for alcohol than their wild-type 

peers (Karatayev et al., 2009), while those lacking the GAL gene drink less alcohol and 

show a lower preference for it (Karatayev et al., 2010).

Hypothalamic GAL may also promote alcohol drinking due to its apparent involvement in 

reward. Injection of GAL into the PVN has been found to increase extracellular levels of 

dopamine (DA) in the nucleus accumbens (NAc) while simultaneously lowering levels of 

acetylcholine (ACh) (Rada et al., 1998). Evidence shows that accumbal DA through the D1 

receptor can promote alcohol-induced conditioned place preference (Young et al., 2014) as 

well as alcohol drinking (Bahi and Dreyer, 2012). In contrast, the cholinergic agonist 

nicotine reduces operant alcohol self-administration when injected into the NAc (Nadal et 
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al., 1998). Moreover, peripheral injection with a GalR3 antagonist decreases the reinforcing 

value of alcohol, as evidenced by its ability to reduce breakpoint on a progressive ratio 

schedule of responding for alcohol (Ash et al., 2014). Therefore, in addition to stimulating 

the intake of alcohol due to its similarity to food, hypothalamic GAL may promote it by 

making alcohol intake more rewarding.

Evidence supports a positive-feedback relationship of GAL to alcohol. Both experimenter-

administered alcohol and voluntary drinking of alcohol at moderate and excessive levels 
lead to increased gene expression and peptide levels of GAL in the anterior PVN, DMN, and 

perifornical LH (Leibowitz et al., 2003). This positive relationship is evident even with brief 

alcohol exposure, with an increase in GAL mRNA levels in the PVN observed with as little 

as a single injection of alcohol (Chang et al., 2007). Therefore, hypothalamic GAL not only 

endogenously promotes alcohol drinking, but alcohol drinking in turn increases levels of 

hypothalamic GAL, completing the positive feedback circuit.

2.2. Enkephalin

The endogenous opioid pentapeptide ENK comes in two forms, met-ENK and leu-ENK, 

which contain methionine and leucine, respectively (Hughes et al., 1975b). Like GAL, ENK 

is found in numerous species, including rats, mice, pigs, cows, and humans (Gramsch et al., 

1979; Hughes et al., 1975a). Also widely distributed through the brain, ENK within the rat 

hypothalamus has been described in cell bodies and fibers of the PVN, ARC, LH, DMN, and 

perifornical area (Simantov et al., 1977; Williams and Dockray, 1983). This neuropeptide is 

most potent at the delta opioid receptor (DOR) (Wuster et al., 1979), which is Gi/Go-coupled 

(Belcheva et al., 1998; North et al., 1987) and inhibits the production of cAMP.

Hypothalamic ENK can promote moderate alcohol drinking through its actions in the PVN. 

With injection into the PVN, a DOR agonist stimulates alcohol drinking while a general 

opioid antagonist decreases it (Barson et al., 2010). This is in contrast to injections in the 

LH, where the ENK agonist decreases alcohol drinking, and the general opioid antagonist 

increases it (Chen et al., 2013b). These results suggest that endogenously active ENK has 

opposite effects in the PVN compared to the adjacent LH. Using an episodic intake monitor, 

our laboratory has shown that, while PVN ENK is similar to GAL in promoting alcohol 

drinking by increasing the size of alcohol drinking bouts, it differs from GAL in also 

increasing the duration of those bouts (Chen et al., 2014a), suggesting that rats with 

endogenously elevated ENK drink alcohol for longer periods of time before they achieve 

satiety. Once again, this parallels results with food, which show that ENK in the PVN 

increases food intake by prolonging eating sessions (McLean and Hoebel, 1983). Thus ENK 

in the hypothalamus, like GAL, might promote the drinking of alcohol due to its similarities 

with food.

Evidence with measurements of ENK gene expression suggests that, while endogenous 

ENK like GAL can promote alcohol drinking, it may not be necessary in the way that GAL 

appears to be. While rats prone to drinking higher levels of alcohol have elevated PVN ENK 

mRNA when identified by a measure of novelty-induced locomotor activity, they show no 

such effect when identified by their fat-induced triglyceride levels, a measure that predicted 

higher GAL expression (Barson et al., 2013). Further, mice lacking the ENK gene show no 
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difference from wild-type controls in either their alcohol intake or alcohol preference 

(Koenig and Olive, 2002), and no differences have been observed in hypothalamic ENK 

gene expression of the alcohol-preferring C57BL/6J compared to alcohol-avoiding DBA/2J 

mice (Ng et al., 1996). This indicates that ENK does not endogenously promote alcohol 

drinking in all individuals or under all conditions.

There is evidence that hypothalamic ENK, like GAL, may also promote alcohol drinking 

due to its involvement in reward. Injection of a DOR agonist into the PVN increases 

extracellular levels of DA in the NAc, although it leaves ACh unaffected (Rada et al., 2010). 

Further, rats will voluntarily self-administer a DOR agonist into the posterior LH, the same 

brain region where they press for electrical self-stimulation (Olds and Williams, 1980). 

These results support the idea that hypothalamic ENK promotes alcohol drinking in part due 

to its ability to increase positive reinforcement.

There is also clear evidence for a positive-feedback relationship between PVN ENK and 

alcohol. Both gene expression and peptide levels of ENK are increased in the PVN in 

response to moderate and excessive alcohol drinking (Chang et al., 2007; Oliva and 

Manzanares, 2007), and this effect occurs with as little as a single alcohol injection (Chang 

et al., 2007; de Gortari et al., 2000). Anatomical analysis has shown that the alcohol-induced 

transcriptional activation of ENK neurons specifically occurs in the medial parvocellular 

area of the PVN at all anterior-posterior levels (Chang et al., 2014). Therefore, just as with 

GAL, hypothalamic ENK not only endogenously promotes alcohol drinking, but the 

drinking of alcohol in turn increases the activity and levels of hypothalamic ENK, 

completing the positive feedback circuit.

2.3.Orexin

The orexigenic peptide, OX, is cleaved from a precursor neuropeptide into orexin A (OX-A) 

and orexin B (OX-B) (also called hypocretin 1 and hypocretin 2) (de Lecea et al., 1998; 

Sakurai et al., 1998). Cell bodies containing OX, unlike ENK and GAL, lie exclusively 

within the hypothalamus, spanning the DMN through the perifornical area and into the LH 

(de Lecea et al., 1998; Sakurai et al., 1998), allowing the effects found from changes in OX 

levels to be traced back to the actions of neurons within this prescribed hypothalamic region. 

The projections of these OX-containing neurons terminate in a vast array of brain areas, 

including the locus coeruleus, thalamus, NAc, ventral tegmental area, amygdala, and various 

nuclei of the hypothalamus (Peyron et al., 1998), such that OX has effects throughout the 

brain. There are two known receptors for OX, the orexin 1 receptor (OX1R) and orexin 2 

receptor (OX2R), or the hypocretin 1 and 2 receptors. While OX1R binds to OXA with an 

affinity that is two to three orders of magnitude greater than for OX-B, OX2R binds to OX-

A and OX-B with nearly equal affinity (Sakurai et al., 1998). Binding of the OX receptors 
activates Gq, Gs, and Gi/o subunits (Magga et al., 2006; Sakurai et al., 1998; Tang et al., 

2008; van den Pol et al., 1998). Notably, the pattern of OX receptor expression is such that 

OX1R and OX2R tend to predominate in different subregions of the same nuclei. This can 

be seen in the hypothalamus, where OX1R is most dense in the anterior hypothalamic 

nucleus while sparse in the LH and absent from the ARC and PVN, and OX2R is most 

dense in the LH, ARC and PVN while sparse in the anterior hypothalamic nucleus (Marcus 
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et al., 2001). Therefore, the effects of OX on alcohol intake depend in part on both the 

receptor and the brain region with which it interacts.

In general, OX is found to promote alcohol drinking, but this effect does not occur in all 

brain areas. Within the hypothalamus, injection of OX-A into the PVN or LH of rats 

stimulates moderate alcohol drinking (Chen et al., 2014a; Schneider et al., 2007). However, 

outside the hypothalamus, OX promotes excessive alcohol drinking in the NAc core but not 

the shell (Brown et al., 2013; Schneider et al., 2007), the ventral tegmental area but not 

substantia nigra (Srinivasan et al., 2012), and the anterior but not posterior paraventricular 

thalamus (Barson et al., 2014). Tests in our lab using an episodic intake monitor reveal a 

clear difference between the effect of OX and those of GAL and ENK. Whereas the latter 

peptides stimulate alcohol drinking by increasing the size and duration of alcohol drinking 

bouts, OX in the hypothalamus stimulates alcohol drinking by increasing the number of 

alcohol drinking bouts (Chen et al., 2014a), suggesting that rats with elevated OX initiate 

more drinking responses. This parallels results with food, which show that OX promotes 

food intake by increasing meal frequency (Baird et al., 2009). Thus, this orexigenic 

hypothalamic neuropeptide may also promote the drinking of alcohol due to similarities with 

food intake.

Peripheral injections using antagonists have parsed out the mechanisms through which the 

two OX receptors differentially contribute to alcohol drinking. In rats and mice, antagonists 

of OX1R and OX2R both specifically decrease alcohol self-administration, rather than 

sucrose or saccharin self-administration (Anderson et al., 2014; Richards et al., 2008; 

Shoblock et al., 2011). This effect may be due, in part, to the ability of these antagonists to 

reduce the reinforcing value of alcohol, as shown by evidence that they both decrease the 

breakpoint on a progressive ratio schedule of responding for alcohol (Anderson et al., 2014; 

Jupp et al., 2011). Other evidence, however, suggests that only antagonists of OX1R reduce 

alcohol-seeking, as measured using cue-induced reinstatement (Brown et al., 2013; 

Lawrence et al., 2006; Martin-Fardon and Weiss, 2014). These studies support the idea that, 

while OX in general promotes alcohol drinking, only the OX1R affects the seeking of 

alcohol, while both OX1R and OX2R affect the motivation to work for it.

Further evidence supports a role for endogenous OX in promoting alcohol drinking in 

certain individuals and scenarios. Manipulations that make rats drink more alcohol, 

including injections of D1 and glutamatergic agonists into the LH, increase gene expression 

of OX in this brain region (Chen et al., 2013a; Chen et al., 2014b). Conversely, 

manipulations that make rats drink less alcohol, like LH injection of a D2 agonist or oral 

gavage of a triglyceride-lowering drug, decrease OX expression in the LH (Barson et al., 

2009; Chen et al., 2014b). Moreover, scenarios that induce reinstatement of alcohol seeking 

have been found to stimulate c-Fos activity within OX neurons (Dayas et al., 2008; Millan et 

al., 2010). In addition, Sprague-Dawley rats predicted to drink higher levels of alcohol based 

on their novelty-induced locomotor activity show elevated OX mRNA levels in the 

perifornical LH (Barson et al., 2013). It is notable, however, that those predicted to drink 

based on their fat-induced triglyceride levels show decreased OX mRNA (Barson et al., 

2013), and OX levels are reported to be similar in alcohol-preferring iP rats compared to 

non-preferring NP rats (Lawrence et al., 2006). Recent research offers a possible explanation 
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of this apparent discrepancy in the role of endogenous OX. While OX on its own is not 

necessary for renewal of alcohol seeking, it may work in concert with other neuropeptides to 

induce this behavior (Prasad and McNally, 2014). Specifically, an OX antisense vivo 

morpholino microinjected into the LH diminished renewal of alcohol seeking when injected 

at a level that reduced both OX and MCH protein but not at a level that reduced only OX 

protein (Prasad and McNally, 2014). While hypothalamic OX is therefore capable of 

promoting alcohol drinking, it may not be sufficient for the execution of this behavior.

In line with the idea that activation of the OX receptors promotes different aspects of alcohol 

drinking, they also appear to have different relationships to processes of reward. Within the 

hypothalamus, OX neurons are responsive to conditions associated with reward. These 

neurons show c-Fos activation in response to conditioned contextual cues associated with 

sexual behavior (Di Sebastiano et al., 2011), a natural reward. Moreover, lesions of OX 

neurons reduce the conditioned place preference for a sexual behavior-paired chamber (Di 

Sebastiano et al., 2011). These effects of OX may be due specifically to actions at the OX2R 

rather than the OX1R. While peripheral injection of an OX2R antagonist reduces the 

acquisition, expression, and reinstatement of alcohol conditioned place preference (Shoblock 

et al., 2011), injection of an OX1R antagonist does not affect the acquisition and only 

weakly reduces the expression of alcohol conditioned place preference (Voorhees and 

Cunningham, 2011). Therefore, while OX can promote alcohol drinking through its actions 

at either of its receptors, its effects via the OX2R may be due to the ability of this receptor to 

promote reward from alcohol.

Evidence also supports a positive-feedback relationship between hypothalamic OX and 

alcohol similar to that observed with ENK and GAL. Most studies report that alcohol 

increases gene expression of OX within the LH. This has been observed in rats both with 

chronic drinking and with acute alcohol injection at moderate more than at excessive 
levels (Barson et al., 2014; Lawrence et al., 2006; Morganstern et al., 2010a). Additionally, 

chronic alcohol injection in mice leads to a small, albeit non-significant increase in c-Fos 

activity in OX neurons (Macedo et al., 2013). Overall, the results indicate that OX in the 

hypothalamus can help to promote alcohol drinking, while alcohol drinking in turn increases 

levels of endogenous OX.

3. Neuropeptides with a negative feedback relationship to alcohol

Other hypothalamic neuropeptides show a negative feedback relationship to alcohol, such 

that they counter an alcohol drinking response and themselves are either stimulated or 

suppressed by drinking. This influence on alcohol drinking may occur due to the ability of 

these neuropeptides to reduce both food intake and reward. These neuropeptides include 

DYN, CRF, and MCs.

3.1. Dynorphin

The DYN precursor neuropeptide is cleaved into multiple active peptides, DYN-A, DYN-B, 

and the neoendorphins (Day et al., 1998). Found throughout the brain, DYN in the rat is 

most densely expressed within the hypothalamus, being located in cell bodies within the 

PVN, ARC, LH, ventromedial hypothalamus, and DMN and in fibers of the anterior 
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hypothalamic nucleus, ventromedial hypothalamus, and DMN, among others (Vincent et al., 

1982). Unlike the other neuropeptides under discussion here, DYN in the LH is highly co-

expressed with the neuropeptide OX, with over 90% of DYN neurons in this region also 

containing OX and vice versa (Chou et al., 2001) and the two neuropeptides found packaged 

within the same synaptic vesicles in the hypothalamus (Muschamp et al., 2014). The DYN 

peptides interact preferentially with the kappa opioid receptor (KOR) (Garzon et al., 1983), 

which is expressed in the same hypothalamic nuclei as DYN cell bodies (Mansour et al., 

1987). As with other opioid receptors, the KOR is coupled with a Gi/Go-mediated pathway 

(Belcheva et al., 1998).

Unlike the orexigenic neuropeptides discussed above, DYN in the hypothalamus inhibits 

alcohol drinking. This has been observed with injection of a KOR agonist into the PVN or 

LH, which suppresses moderate alcohol drinking in rats (Barson et al., 2010; Chen et al., 

2013b). This neuropeptide in certain brain regions has also been observed to decrease food 

intake (Carr et al., 1989; Leighton et al., 1988). It is likely that the ability of DYN to reduce 

alcohol drinking is also due to dysphoria, as injections of KOR agonists into the LH induce 

conditioned place aversion (Bals-Kubik et al., 1993).

As with the orexigenic neuropeptides, however, DYN is stimulated by alcohol intake. 

Alcohol drinking at moderate levels leads to elevated DYN gene expression and DYN-A 

peptide levels in the PVN (Chang et al., 2010; Chang et al., 2007) and also to elevated 

DYN-B peptide levels in the hypothalamus overall (Gustafsson et al., 2007; Palm et al., 

2012). The increase in DYN mRNA levels has been observed with as little as a single 

alcohol injection (Chang et al., 2007). Thus, with negative feedback regulation, the rise in 

DYN levels following alcohol intake may have the function of curbing subsequent alcohol 

drinking and counteracting the drive for further intake induced by simultaneously-released 

OX.

3.2.Corticotropin-releasing factor

The neuropeptide CRF, also called corticotropin-releasing hormone, is a 41 amino acid 

peptide (Vale et al., 1981) that is well-conserved amongst rats, sheep, and humans (Jingami 

et al., 1985). While CRF-containing cell bodies are dense in the extended amygdala, they are 

found in the hypothalamus predominantly in the PVN but also in the LH (Pilcher and 

Joseph, 1984; Young et al., 1986). The peptide displays a 10- to 40-fold higher affinity for 

the CRF1 than the CRF2 receptor, but both receptors are primarily coupled to a Gs-mediated 

pathway (Hillhouse et al., 2002). The two receptors have been detected in the PVN, ARC, 

LH, and DMN, and the CRF2 receptor is additionally located in the ventromedial nucleus 

(Van Pett et al., 2000). The CRF peptide is therefore both released from the hypothalamus 

and has neuronally stimulatory actions throughout hypothalamic nuclei.

In general, CRF like DYN shows a negative feedback relationship to alcohol. Although 

injection of CRF directly into the PVN has no effect on excessive alcohol drinking in 

alcohol-preferring P rats (Knapp et al., 2011), injection into the lateral ventricles is found to 

reduce moderate and excessive drinking in outbred Wistar rats (Thorsell et al., 2005). In 

line with its inhibition of alcohol drinking, CRF also decreases food intake when injected 

into the PVN (Krahn et al., 1988). In addition, levels of CRF are reduced in the 
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hypothalamus of alcohol-dependent rats at the onset of withdrawal (Zorrilla et al., 2001), 

when animals presumably crave alcohol, further supporting the idea that hypothalamic CRF 

reduces the drive for alcohol drinking. These levels begin to normalize within one week of 

withdrawal (Lee et al., 2001; Silva et al., 2002; Zorrilla et al., 2001). Conversely, both acute 

alcohol injection and chronic alcohol drinking at moderate and excessive levels lead to 

elevated CRF gene expression, specifically in the parvocellular region of the PVN (Ogilvie 

et al., 1998; Oliva and Manzanares, 2007; Rivier and Lee, 1996), and CRF peptide is 

released from the hypothalamus in vitro in response to alcohol treatment (de Waele and 

Gianoulakis, 1993). These results support the idea that the rise in DYN levels in the 

hypothalamus following alcohol intake acts to curb subsequent alcohol drinking.

Similar to DYN, the reduced alcohol drinking in response to CRF may be due to its ability 

to induce aversion. Ventricular injection of a CRF agonist dose-dependently elevates 

intracranial self-stimulation threshold, indicating that it reduces brain stimulation reward 

(Macey et al., 2000). Therefore CRF, in mediating some of the aversive aspects of alcohol 

drinking, serves to inhibit subsequent alcohol drinking.

3.3.Melanocortins

The MC peptides, which are all derived from the large precursor polypeptide pro-

opiomelanocortin (POMC), include α-melanoctye-stimulating hormone (MSH), β-MSH, γ-

MSH, and adrenocorticotropic hormone. Cell bodies containing MCs are located primarily 

in the hypothalamus, specifically in the ARC (Dube et al., 1978), but have also been 

described in the intermediate lobe of pituitary (Dube et al., 1978) and nucleus tractus 

solitarius (Joseph et al., 1983). The projections of these MC-containing neurons terminate in 

all areas of the hypothalamus as well as in an array of other brain areas, such as the 

amygdala, periaqueductal gray, and septum, such that the MCs can act throughout the brain 

(Guy et al., 1980; Jacobowitz and O’Donohue, 1978; O’Donohue et al., 1979). There are 

five known receptors for the MCs, with the primary MC receptors in the brain being the 

MC3 receptor (MC3R) and MC4 receptor (MC4R), which are Gs-coupled (Mountjoy et al., 

1992). These two receptors are anatomically and pharmacologically distinct, with MC3R 

found throughout the hypothalamus and limbic system (Roselli-Rehfuss et al., 1993) and 

bound most potently by γ-MSH (Roselli-Rehfuss et al., 1993) and with MC4R found in 

nearly every region of the brain (Mountjoy et al., 1994) and bound minimally by γ-MSH but 

equally by α-MSH, β-MSH, and adrenocorticotropic hormone (Gantz et al., 1993). The MC 

peptides are therefore similar to OX in being largely transcriptionally restricted to the 

hypothalamus but having neuroexcitatory effects throughout the brain.

What is notable about the MCs is that they show a double negative feedback loop in relation 

to alcohol, generally decreasing alcohol drinking and also being endogenously reduced by 

alcohol. Injection of MCR agonists into the NAc, ventral tegmental area, or amygdala 

reduces moderate and excessive alcohol drinking as well as food intake (Lerma-Cabrera et 

al., 2012; York et al., 2011). Whereas this effect has not been found in the LH (Lerma-

Cabrera et al., 2012), further tests with alcohol drinking may reveal that it does occur in 

nuclei of the medial hypothalamus, such as the PVN and DMN, where MC agonists have 

been shown to inhibit feeding behavior more powerfully than in the LH (Kim et al., 2000). 
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The suppression of alcohol intake caused by MCs appears to be due more to central MC4R 

than to MC3R. Ventricular injection of the nonselective MCR agonist melanotan-II, while 

significantly reducing excessive alcohol drinking in MC3R knockout mice, fails to produce 

this effect in MC4R knockout mice (Navarro et al., 2011; Olney et al., 2014).

Studies of endogenous MCs provide evidence supporting their role in alcohol drinking, 

although the direction of this effect may differ between hypothalamic and extra-

hypothalamic brain regions. Alcohol-preferring AA rats have higher POMC gene expression 

in the ARC than alcohol-avoiding ANA rats (Lindblom et al., 2002), and alcohol-preferring 

C57BL/6J mice have higher peptide levels of α-MSH than 129/SvJ mice in several regions 

of the hypothalamus (Cubero et al., 2010). This points to a potential protective effect of 

endogenous MCs within the hypothalamus against excessive alcohol drinking. In contrast, in 

areas outside the hypothalamus such as the medial amygdala, C57BL/6J mice are found to 

have lower levels of α-MSH (Cubero et al., 2010). Although MC4R knockout mice show no 

difference in alcohol drinking compared to their wild-type littermates (Navarro et al., 2011), 

this may be due to the differences between the hypothalamic and extra-hypothalamic MC 

systems, with the hypothalamic MCs elevated in alcohol preferring animals but the limbic 

MCs reduced.

The ability of MCs to inhibit alcohol drinking may be due to their ability to suppress reward 

or reinforcement from this behavior. Ventricular injection of α-MSH reduces the anxiolytic 

effect of alcohol drinking as demonstrated on an elevated plus maze (Kokare et al., 2006). In 

contrast, an MC4R antagonist enhances this anxiolytic effect and reduces the anxiety 

induced by alcohol withdrawal (Kokare et al., 2006). Moreover, an MC4R agonist in the 

NAc reduces hedonic reactions to alcohol while increasing aversive ones (Lerma-Cabrera et 

al., 2013). Therefore MCs, like CRF, may enhance the aversive aspects of alcohol drinking 

while simultaneously reducing the rewarding aspects.

Unlike the other anorexigenic neuropeptides described, endogenous MCs are generally 

inhibited by alcohol. Gene expression and peptide levels of POMC in the ARC are 

decreased after long-term high-level exposure to alcohol via a vapor chamber or an alcohol-

containing diet (Navarro et al., 2013; Scanlon et al., 1992). Similarly, peptide levels of α-

MSH after long-term consumption of an alcohol-containing diet are decreased in the ARC 

and may also be reduced in the LH and certain limbic regions, including the amygdala and 

substantia nigra (Navarro et al., 2008; Rainero et al., 1990). In rats, this effect can occur 

with as little as a single injection of alcohol (Kokare et al., 2008). Thus, with a double 

negative feedback loop, the reduction in MC levels following alcohol intake may in fact be 

permissive of subsequent alcohol drinking by reducing the aversive aspects of this intake.

4. Neuropeptides with complex relationships to alcohol

There are additional orexigenic hypothalamic neuropeptides that have been suggested to 

play a role in alcohol drinking, but their relationship to this behavior appears to be more 

complex than that of the other orexigenic neuropeptides. These neuropeptides include MCH 

and NPY.
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4.1.Melanin-concentrating hormone

The 19-amino acid MCH (Kawauchi et al., 1983) is transcribed in neurons distinct from but 

adjacent to those containing OX, lying predominantly in the LH but also in the perifornical 

area and subzona incerta (Skofitsch et al., 1985). Like OX, effects found from changes in 

MCH levels can therefore be traced back to the actions of neurons within the hypothalamus. 

Projections from MCH-containing neurons terminate in many of the same areas as OX, 

including the locus coeruleus, thalamus, NAc, ventral tegmental area, amygdala, and nuclei 

of the hypothalamus (Bittencourt et al., 1992). Rodents have been found to have only one 

type of MCH receptor, MCHR1, but humans, rhesus monkeys, and dogs also have a 

functional MCH receptor 2 (Tan et al., 2002). Within the hypothalamus, the MCHR1 has 

been described in the PVN, ARC, LH, DMN, ventromedial nucleus, and periventricular area 

(Hervieu et al., 2000). Binding to MCHR1 activates both Gi/o and Gq subunits (Hawes et al., 

2000), but the predominant result of receptor binding is neuronal inhibition (Chambers et al., 

1999; Lembo et al., 1999), suggesting that MCH acts through different mechanisms from 

OX.

While studies using agonist injections support the ability of MCH to promote alcohol 

drinking, those using antagonists and genetic manipulations reveal the complexity of this 

relationship. Injection of MCH into the PVN, adjacent third ventricle, or NAc has been 

shown to promote moderate alcohol drinking and stimulate operant responding for alcohol 

as well as sucrose (Duncan et al., 2005; Duncan et al., 2006; Morganstern et al., 2010b), just 

as these injections increase the intake of laboratory chow (Georgescu et al., 2005; Guesdon 

et al., 2009; Rossi et al., 1999). However, injection of an MCHR1 antagonist into the third 

ventricle failed to affect alcohol drinking or block MCH-induced drinking (Duncan et al., 

2006), and MCHR1 knockout paradoxically led male mice to consume more alcohol than 

wild-type mice (Duncan et al., 2007). Evidence supporting a role for endogenous MCH in 

stimulating alcohol intake comes from a study showing peripheral administration of an 

MCHR1 antagonist to suppress alcohol self-administration and cue-induced reinstatement of 

alcohol-seeking (Cippitelli et al., 2010). Moreover, a recent study using antisense vivo 

morpholinos that reduce MCH and OX protein levels reported that this reduced the renewal 

of extinguished alcohol seeking (Prasad and McNally, 2014), lending further support to the 

idea that MCH does endogenously promote alcohol intake.

Gene expression studies of rats likely to drink alcohol, however, suggest that endogenous 

MCH on its own might not be necessary for alcohol drinking in all individuals. Our 

laboratory has shown that outbred Sprague-Dawley rats predicted to drink higher levels of 

alcohol due to their novelty-induced locomotor activity and fat-induced triglyceride levels 

show no difference in levels of MCH mRNA from non-prone rats (Barson et al., 2013). 

Moreover, manipulations that make rats drink more alcohol, including injections of D1 and 

glutamatergic agonists into the LH, fail to significantly affect gene expression of MCH in 

this brain region (Chen et al., 2013a; Chen et al., 2014b). Thus, it is possible that MCH 

endogenously promotes alcohol intake only in limited scenarios.

In contrast to the reward-promoting effects of GAL, ENK, and OX, the ability of MCH to 

promote alcohol drinking may be due to its induction of dysphoria. Mice lacking the 
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MCHR1 show greater evoked DA release from the NAc shell (Pissios et al., 2008), 

suggesting that activation of the MCHR1 normally inhibits these levels. Moreover, 

hypothalamic MCH gene expression positively correlates with aversive responses, including 

conditioned taste aversion (Mitra et al., 2012) and immobility in a forced swim test (Garcia-

Fuster et al., 2012). Thus, alcohol drinking induced by elevated levels of MCH may 

represent an attempt to alleviate an unpleasant state.

Hypothalamic MCH also shows a mixed response to alcohol intake. Acute injection of 
moderate to excessive levels of alcohol dose-dependently increases gene expression of 

MCH, but low-to-moderate levels of chronic drinking in outbred rats dose-dependently 

decreases it (Morganstern et al., 2010b). These results indicate that MCH may in certain 

circumstances exhibit a positive-feedback relationship to alcohol, but overall has a complex 

relationship that remains to be fully characterized.

4.2. Neuropeptide Y

Consisting of 36 amino acids (Tatemoto et al., 1982), NPY is transcribed widely in the 

brain, in cells within the cortex, caudate and putamen, NAc, amygdala, periaqueductal gray, 

hippocampus, locus coeruleus, as well as the hypothalamic PVN and ARC (Allen et al., 

1983). Within the hypothalamus, NPY terminals and peptide levels have been detected in 

the PVN, perifornical area, ventromedial nucleus, and DMN (Akabayashi et al., 1994; Allen 

et al., 1983). Five NPY receptor subtypes have been identified in mammals, four of which 

are functional in humans (Michel et al., 1998). In the rat hypothalamus, NPY receptors are 

found in most nuclei (Martel et al., 1990), with the Y1 receptor located within the PVN, 

ARC, and DMN (Kopp et al., 2002) and the Y2 receptor complementary to this, in the ARC, 

LH, perifornical area, and ventromedial nucleus (Stanic et al., 2006). In general, binding to 

NPY receptors activates Gi and Go subunits (Limbird and Taylor, 1998), inhibiting the 

activation of adenylyl cyclase.

There is clear evidence that injection of NPY into regions outside of the hypothalamus, 

representing extra-hypothalamic NPY, significantly inhibits excessive alcohol drinking 

(Sparrow et al., 2012), but NPY injection within the hypothalamus can promote alcohol 

intake under limited conditions. With injection in the PVN, NPY in rats with a long history 

of alcohol drinking stimulates moderate or excessive alcohol drinking and self-

administration, and an antagonist reduces it (Gilpin et al., 2004; Kelley et al., 2001). This 

NPY-induced increase in drinking, however, is not seen in rats with a shorter history or 

lower levels of drinking (Kelley et al., 2001; Lucas and McMillen, 2004). This stands in 

contrast to the ability of hypothalamic NPY to robustly promote food intake (Stanley et al., 

1985; Stanley and Leibowitz, 1984). Thus, hypothalamic injection of NPY may promote the 

intake of alcohol under specific conditions, but this may not be strongly related to its effect 

on feeding behavior.

Evidence with NPY gene expression also suggests that endogenous hypothalamic NPY is 

not necessary for alcohol intake. With a few exceptions (Hwang et al., 1999; Spence et al., 

2005), the majority of studies of rats and mice prone to drinking alcohol have reported no 

differences in NPY gene expression and peptide levels from non-prone animals. Outbred 

Sprague-Dawley rats predicted to drink higher levels of alcohol due to their novelty-induced 
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locomotor activity and fat-induced triglyceride levels show no difference in levels of NPY 

mRNA in the ARC (Barson et al., 2013), and alcohol-preferring AA rats show no difference 

from alcohol-nonpreferring ANA or outbred Wistar rats in their NPY gene expression in the 

ARC or PVN (Caberlotto et al., 2001). In addition, alcohol-preferring P rats and C57BL/6J 

mice show no difference in their NPY peptide levels in the hypothalamus as a whole (Ehlers 

et al., 1998; Hayes et al., 2005). In line with the idea that hypothalamic NPY has limited 

influence on alcohol intake, PVN injection of NPY does not affect levels of DA or ACh in 

the NAc (Rada et al., 1998).

Hypothalamic NPY also shows minimal responsiveness to alcohol intake. Gene expression 

of NPY is not affected by one week of alcohol injections (Leibowitz et al., 2003), and 

hypothalamic NPY peptide levels are unchanged by several weeks of alcohol diet or 

exposure to alcohol vapor (Ehlers et al., 1998; Roy and Pandey, 2002). Instead, NPY peptide 

levels are found to be altered by withdrawal of this excessive alcohol intake and exposure, 

reduced after 24 hours but elevated after one month of withdrawal (Ehlers et al., 1998; Roy 

and Pandey, 2002). These results indicate that, while NPY may be related to alcohol intake, 

this relationship is more nuanced than those with other hypothalamic neuropeptides.

5. Conclusions

A large number of neuropeptides in the hypothalamus, which likely evolved to control food 

intake, have now been shown also to influence alcohol intake. In general, orexigenic 

neuropeptides, particularly GAL, ENK, and OX, act in the hypothalamus to promote alcohol 

drinking, although they clearly affect different aspects of this behavior. In addition to the 

similarity between alcohol and food, alcohol drinking may be enhanced by these 

neuropeptides because of their similar enhancement of reward and reinforcement. These 

neuropeptides also demonstrate a positive feedback relationship to alcohol, being 

upregulated by alcohol intake to promote even further consumption. While the orexigenic 

neuropeptides MCH and NPY can also promote alcohol drinking, this effect is seen under 

more limited circumstances, these neuropeptides are unrelated to or actually decrease 

reward, and their gene expression and peptide levels show a complex response to alcohol 

intake. In contrast, DYN, CRF and MCs, often described as anorexigenic neuropeptides, act 

to counter the ingestive drive promoted by orexigenic neuropeptides, suppressing alcohol 

drinking even as their levels are sometimes increased by this behavior. This may be related 

to the ability of these anorexigenic neuropeptides to promote aversion and dysphoria. Thus, 

alcohol drinking, by stimulating the activity and release of multiple neuropeptides, may be 

appropriately regulated by anorexigenic neuropeptides or can become excessive in response 

to high levels of orexigenic neuropeptides.

The hypothalamic neuropeptides are likely to interact in multiple and complex ways in the 

process of modulating alcohol drinking. For example, OX may initiate alcohol drinking in 

part by increasing the activity of MCH-containing neurons in the LH, of ENK-containing 

neurons in the PVN, or of NPY-containing neurons in the ARC, with OX receptors found to 

exist on each of these neuronal populations (Backberg et al., 2002; Barson et al., 2011). In 

response to this stimulation, MCH may then promote further alcohol drinking by inhibiting 

DYN or CRF in the PVN, or it may act to terminate alcohol drinking by inhibiting NPY in 
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the ARC (Chee et al., 2013), diverse actions that may explain its complex relationship with 

alcohol intake. In addition, the neuropeptides are often co-expressed within the same 

neurons, and they can be co-released to affect their targets in different ways. Not only is 

DYN co-localized with OX in neurons of the LH (Chou et al., 2001), but it is also co-

expressed with NPY in the ARC (Lin et al., 2006). In the PVN, ENK is co-localized with 

orexigenic GAL (Barson et al., 2011) and also with anorexigenic CRF (Sawchenko and 

Swanson, 1985).

Although nearly all of the neuropeptides discussed are transcribed in multiple hypothalamic 

nuclei, it is notable that their major effects on alcohol drinking seem to occur in the PVN, a 

brain region that integrates neuroendocrine, autonomic, as well as limbic functions 

(Swanson and Sawchenko, 1980; Wittmann et al., 2009). The control of alcohol drinking by 

neuropeptides within the hypothalamus may therefore involve the coordination of caloric 

need with reward regulation, encompassing multiple features of alcohol addiction.
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Abbreviations

ACh acetylcholine

ARC arcuate nucleus of the hypothalamus

CRF corticotropin-releasing factor

DA dopamine

DMN dorsomedial nucleus

DOR delta opioid receptor

DYN dynorphin

ENK enkephalin

GAL galanin

KOR kappa opioid receptor

LH lateral hypothalamus

MC melanocortin

MC3R melanocortin 3 receptor

MC4R melanocortin 4 receptor

MCH melanin-concentrating hormone

MSH melanocyte-stimulating hormone

NAc nucleus accumbens
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NPY neuropeptide Y

OX orexin/hypocretin

OX1R orexin 1 receptor

OX2R orexin 2 receptor

POMC pro-opiomelanocortin

PVN paraventricular nucleus of the hypothalamus.

References

Akabayashi A, Watanabe Y, Wahlestedt C, McEwen BS, Paez X, Leibowitz SF. Hypothalamic 
neuropeptide Y, its gene expression and receptor activity: relation to circulating corticosterone in 
adrenalectomized rats. Brain Res. 1994; 665:201–212. [PubMed: 7895055] 

Allen YS, Adrian TE, Allen JM, Tatemoto K, Crow TJ, Bloom SR, Polak JM. Neuropeptide Y 
distribution in the rat brain. Science. 1983; 221:877–879. [PubMed: 6136091] 

Anand BK, Brobeck JR. Localization of a “feeding center” in the hypothalamus of the rat. Proc Soc 
Exp Biol Med. 1951; 77:323–324. [PubMed: 14854036] 

Anderson RI, Becker HC, Adams BL, Jesudason CD, Rorick-Kehn LM. Orexin-1 and orexin-2 
receptor antagonists reduce ethanol self-administration in high-drinking rodent models. Front 
Neurosci. 2014; 8:33. [PubMed: 24616657] 

Ash BL, Quach T, Williams SJ, Lawrence AJ, Djouma E. Galanin-3 receptor antagonism by SNAP 
37889 reduces motivation to self-administer alcohol and attenuates cue-induced reinstatement of 
alcohol-seeking in iP rats. J Pharmacol Sci. 2014; 125:211–216. [PubMed: 24881957] 

Ash BL, Zanatta SD, Williams SJ, Lawrence AJ, Djouma E. The galanin-3 receptor antagonist, SNAP 
37889, reduces operant responding for ethanol in alcohol-preferring rats. Regul Pept. 2011; 166:59–
67. [PubMed: 20736033] 

Backberg M, Hervieu G, Wilson S, Meister B. Orexin receptor-1 (OX-R1) immunoreactivity in 
chemically identified neurons of the hypothalamus: focus on orexin targets involved in control of 
food and water intake. Eur J Neurosci. 2002; 15:315–328. [PubMed: 11849298] 

Bahi A, Dreyer JL. Involvement of nucleus accumbens dopamine D1 receptors in ethanol drinking, 
ethanol-induced conditioned place preference, and ethanol-induced psychomotor sensitization in 
mice. Psychopharmacology (Berl). 2012; 222:141–153. [PubMed: 22222864] 

Baird JP, Choe A, Loveland JL, Beck J, Mahoney CE, Lord JS, Grigg LA. Orexin-A hyperphagia: 
hindbrain participation in consummatory feeding responses. Endocrinology. 2009; 150:1202–1216. 
[PubMed: 19008313] 

Bals-Kubik R, Ableitner A, Herz A, Shippenberg TS. Neuroanatomical sites mediating the 
motivational effects of opioids as mapped by the conditioned place preference paradigm in rats. J 
Pharmacol Exp Ther. 1993; 264:489–495. [PubMed: 8093731] 

Barson JR, Carr AJ, Soun JE, Sobhani NC, Rada P, Leibowitz SF, Hoebel BG. Opioids in the 
hypothalamic paraventricular nucleus stimulate ethanol intake. Alcohol Clin Exp Res. 2010; 
34:214–222. [PubMed: 19951300] 

Barson JR, Chang GQ, Poon K, Morganstern I, Leibowitz SF. Galanin and the orexin 2 receptor as 
possible regulators of enkephalin in the paraventricular nucleus of the hypothalamus: relation to 
dietary fat. Neuroscience. 2011; 193:10–20. [PubMed: 21821102] 

Barson JR, Fagan SE, Chang GQ, Leibowitz SF. Neurochemical heterogeneity of rats predicted by 
different measures to be high ethanol consumers. Alcohol Clin Exp Res. 2013; 37(Suppl 1):E141–
151. [PubMed: 22725682] 

Barson JR, Ho HT, Leibowitz SF. Anterior thalamic paraventricular nucleus is involved in intermittent 
access ethanol drinking: role of orexin receptor 2. Addict Biol. 2014

Barson and Leibowitz Page 15

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Barson JR, Karatayev O, Chang GQ, Johnson DF, Bocarsly ME, Hoebel BG, Leibowitz SF. Positive 
relationship between dietary fat, ethanol intake, triglycerides, and hypothalamic peptides: 
counteraction by lipid-lowering drugs. Alcohol. 2009; 43:433–441. [PubMed: 19801273] 

Belcheva MM, Vogel Z, Ignatova E, Avidor-Reiss T, Zippel R, Levy R, Young EC, Barg J, Coscia CJ. 
Opioid modulation of extracellular signal-regulated protein kinase activity is ras-dependent and 
involves Gbetagamma subunits. J Neurochem. 1998; 70:635–645. [PubMed: 9453557] 

Belfer I, Hipp H, Bollettino A, McKnight C, Evans C, Virkkunen M, Albaugh B, Max MB, Goldman 
D, Enoch MA. Alcoholism is associated with GALR3 but not two other galanin receptor genes. 
Genes Brain Behav. 2007; 6:473–481. [PubMed: 17083333] 

Bersani M, Johnsen AH, Hojrup P, Dunning BE, Andreasen JJ, Holst JJ. Human galanin: primary 
structure and identification of two molecular forms. FEBS Lett. 1991; 283:189–194. [PubMed: 
1710578] 

Bittencourt JC, Presse F, Arias C, Peto C, Vaughan J, Nahon JL, Vale W, Sawchenko PE. The 
melanin-concentrating hormone system of the rat brain: an immuno- and hybridization 
histochemical characterization. J Comp Neurol. 1992; 319:218–245. [PubMed: 1522246] 

Brown RM, Khoo SY, Lawrence AJ. Central orexin (hypocretin) 2 receptor antagonism reduces 
ethanol self-administration, but not cue-conditioned ethanol-seeking, in ethanol-preferring rats. Int 
J Neuropsychopharmacol. 2013; 16:2067–2079. [PubMed: 23601187] 

Caberlotto L, Thorsell A, Rimondini R, Sommer W, Hyytia P, Heilig M. Differential expression of 
NPY and its receptors in alcohol-preferring AA and alcohol-avoiding ANA rats. Alcohol Clin Exp 
Res. 2001; 25:1564–1569. [PubMed: 11707630] 

Carr KD, Bak TH, Simon EJ, Portoghese PS. Effects of the selective kappa opioid antagonist, 
norbinaltorphimine, on electrically-elicited feeding in the rat. Life Sci. 1989; 45:1787–1792. 
[PubMed: 2556617] 

Chambers J, Ames RS, Bergsma D, Muir A, Fitzgerald LR, Hervieu G, Dytko GM, Foley JJ, Martin J, 
Liu WS, Park J, Ellis C, Ganguly S, Konchar S, Cluderay J, Leslie R, Wilson S, Sarau HM. 
Melanin-concentrating hormone is the cognate ligand for the orphan G-protein-coupled receptor 
SLC-1. Nature. 1999; 400:261–265. [PubMed: 10421367] 

Chang GQ, Barson JR, Karatayev O, Chang SY, Chen YW, Leibowitz SF. Effect of chronic ethanol on 
enkephalin in the hypothalamus and extra-hypothalamic areas. Alcohol Clin Exp Res. 2010; 
34:761–770. [PubMed: 20184566] 

Chang GQ, Karatayev O, Ahsan R, Avena NM, Lee C, Lewis MJ, Hoebel BG, Leibowitz SF. Effect of 
ethanol on hypothalamic opioid peptides, enkephalin, and dynorphin: relationship with circulating 
triglycerides. Alcohol Clin Exp Res. 2007; 31:249–259. [PubMed: 17250616] 

Chang GQ, Karatayev O, Barson JR, Liang SC, Leibowitz SF. Common effects of fat, ethanol, and 
nicotine on enkephalin in discrete areas of the brain. Neuroscience. 2014; 277:665–678. [PubMed: 
25086310] 

Chee MJ, Pissios P, Maratos-Flier E. Neurochemical characterization of neurons expressing melanin-
concentrating hormone receptor 1 in the mouse hypothalamus. J Comp Neurol. 2013; 521:2208–
2234. [PubMed: 23605441] 

Chen YW, Barson JR, Chen A, Hoebel BG, Leibowitz SF. Glutamatergic input to the lateral 
hypothalamus stimulates ethanol intake: role of orexin and melanin-concentrating hormone. 
Alcohol Clin Exp Res. 2013a; 37:123–131. [PubMed: 22823322] 

Chen YW, Barson JR, Chen A, Hoebel BG, Leibowitz SF. Opioids in the perifornical lateral 
hypothalamus suppress ethanol drinking. Alcohol. 2013b; 47:31–38. [PubMed: 23199698] 

Chen YW, Barson JR, Chen A, Hoebel BG, Leibowitz SF. Hypothalamic peptides controlling alcohol 
intake: Differential effects on microstructure of drinking bouts. Alcohol. 2014a

Chen YW, Morganstern I, Barson JR, Hoebel BG, Leibowitz SF. Differential role of D1 and D2 
receptors in the perifornical lateral hypothalamus in controlling ethanol drinking and food intake: 
possible interaction with local orexin neurons. Alcohol Clin Exp Res. 2014b; 38:777–786. 
[PubMed: 24236888] 

Chou TC, Lee CE, Lu J, Elmquist JK, Hara J, Willie JT, Beuckmann CT, Chemelli RM, Sakurai T, 
Yanagisawa M, Saper CB, Scammell TE. Orexin (hypocretin) neurons contain dynorphin. J 
Neurosci. 2001; 21:RC168. [PubMed: 11567079] 

Barson and Leibowitz Page 16

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cippitelli A, Karlsson C, Shaw JL, Thorsell A, Gehlert DR, Heilig M. Suppression of alcohol self-
administration and reinstatement of alcohol seeking by melanin-concentrating hormone receptor 1 
(MCH1-R) antagonism in Wistar rats. Psychopharmacology (Berl). 2010; 211:367–375. [PubMed: 
20628734] 

Cubero I, Navarro M, Carvajal F, Lerma-Cabrera JM, Thiele TE. Ethanol-induced increase of agouti-
related protein (AgRP) immunoreactivity in the arcuate nucleus of the hypothalamus of C57BL/6J, 
but not 129/SvJ, inbred mice. Alcohol Clin Exp Res. 2010; 34:693–701. [PubMed: 20102560] 

Day R, Lazure C, Basak A, Boudreault A, Limperis P, Dong W, Lindberg I. Prodynorphin processing 
by proprotein convertase 2. Cleavage at single basic residues and enhanced processing in the 
presence of carboxypeptidase activity. J Biol Chem. 1998; 273:829–836. [PubMed: 9422738] 

Dayas CV, McGranahan TM, Martin-Fardon R, Weiss F. Stimuli linked to ethanol availability activate 
hypothalamic CART and orexin neurons in a reinstatement model of relapse. Biol Psychiatry. 
2008; 63:152–157. [PubMed: 17570346] 

de Gortari P, Mendez M, Rodriguez-Keller I, Perez-Martinez L, Joseph-Bravob P. Acute ethanol 
administration induces changes in TRH and proenkephalin expression in hypothalamic and limbic 
regions of rat brain. Neurochem Int. 2000; 37:483–496. [PubMed: 10871700] 

de Lecea L, Kilduff TS, Peyron C, Gao X, Foye PE, Danielson PE, Fukuhara C, Battenberg EL, 
Gautvik VT, Bartlett FS 2nd, Frankel WN, van den Pol AN, Bloom FE, Gautvik KM, Sutcliffe JG. 
The hypocretins: hypothalamus-specific peptides with neuroexcitatory activity. Proc Natl Acad Sci 
U S A. 1998; 95:322–327. [PubMed: 9419374] 

de Waele JP, Gianoulakis C. Effects of single and repeated exposures to ethanol on hypothalamic beta-
endorphin and CRH release by the C57BL/6 and DBA/2 strains of mice. Neuroendocrinology. 
1993; 57:700–709. [PubMed: 8367033] 

de Wied D. [Neuropeptides and behavior]. Ned Tijdschr Geneeskd. 1974; 118:1865–1869. [PubMed: 
4373666] 

Di Sebastiano AR, Wilson-Perez HE, Lehman MN, Coolen LM. Lesions of orexin neurons block 
conditioned place preference for sexual behavior in male rats. Horm Behav. 2011; 59:1–8. 
[PubMed: 20851122] 

Dube D, Lissitzky JC, Leclerc R, Pelletier G. Localization of alpha-melanocyte-stimulating hormone 
in rat brain and pituitary. Endocrinology. 1978; 102:1283–1291. [PubMed: 744026] 

Duncan EA, Proulx K, Woods SC. Central administration of melanin-concentrating hormone increases 
alcohol and sucrose/quinine intake in rats. Alcohol Clin Exp Res. 2005; 29:958–964. [PubMed: 
15976521] 

Duncan EA, Rider TR, Jandacek RJ, Clegg DJ, Benoit SC, Tso P, Woods SC. The regulation of 
alcohol intake by melanin-concentrating hormone in rats. Pharmacol Biochem Behav. 2006; 
85:728–735. [PubMed: 17188345] 

Duncan EA, Sorrell JE, Adamantidis A, Rider T, Jandacek RJ, Seeley RJ, Lakaye B, Woods SC. 
Alcohol drinking in MCH receptor-1-deficient mice. Alcohol Clin Exp Res. 2007; 31:1325–1337. 
[PubMed: 17550369] 

Ehlers CL, Li TK, Lumeng L, Hwang BH, Somes C, Jimenez P, Mathe AA. Neuropeptide Y levels in 
ethanol-naive alcohol-preferring and nonpreferring rats and in Wistar rats after ethanol exposure. 
Alcohol Clin Exp Res. 1998; 22:1778–1782. [PubMed: 9835294] 

Gantz I, Miwa H, Konda Y, Shimoto Y, Tashiro T, Watson SJ, DelValle J, Yamada T. Molecular 
cloning, expression, and gene localization of a fourth melanocortin receptor. J Biol Chem. 1993; 
268:15174–15179. [PubMed: 8392067] 

Garcia-Fuster MJ, Parks GS, Clinton SM, Watson SJ, Akil H, Civelli O. The melanin-concentrating 
hormone (MCH) system in an animal model of depression-like behavior. Eur 
Neuropsychopharmacol. 2012; 22:607–613. [PubMed: 22209364] 

Garzon J, Sanchez-Blazquez P, Hollt V, Lee NM, Loh HH. Endogenous opioid peptides: comparative 
evaluation of their receptor affinities in the mouse brain. Life Sci. 1983; 33(Suppl 1):291–294. 
[PubMed: 6319879] 

Georgescu D, Sears RM, Hommel JD, Barrot M, Bolanos CA, Marsh DJ, Bednarek MA, Bibb JA, 
Maratos-Flier E, Nestler EJ, DiLeone RJ. The hypothalamic neuropeptide melanin-concentrating 

Barson and Leibowitz Page 17

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hormone acts in the nucleus accumbens to modulate feeding behavior and forced-swim 
performance. J Neurosci. 2005; 25:2933–2940. [PubMed: 15772353] 

Gilpin NW, Stewart RB, Murphy JM, Badia-Elder NE. Neuropeptide Y in the paraventricular nucleus 
of the hypothalamus increases ethanol intake in high- and low-alcohol-drinking rats. Alcohol Clin 
Exp Res. 2004; 28:1492–1498. [PubMed: 15597081] 

Gramsch C, Hollt V, Mehraein P, Pasi A, Herz A. Regional distribution of methionine-enkephalin- and 
beta-endorphin-like immunoreactivity in human brain and pituitary. Brain Res. 1979; 171:261–
270. [PubMed: 466443] 

Guesdon B, Paradis E, Samson P, Richard D. Effects of intracerebroventricular and intra-accumbens 
melanin-concentrating hormone agonism on food intake and energy expenditure. Am J Physiol 
Regul Integr Comp Physiol. 2009; 296:R469–475. [PubMed: 19129377] 

Gustafsson L, Zhou Q, Nylander I. Ethanol-induced effects on opioid peptides in adult male Wistar 
rats are dependent on early environmental factors. Neuroscience. 2007; 146:1137–1149. [PubMed: 
17391858] 

Guy J, Leclerc R, Vaudry H, Pelletier G. Identification of a second category of alpha-melanocyte-
stimulating hormone (alpha-MSH) neurons in the rat hypothalamus. Brain Res. 1980; 199:135–
146. [PubMed: 6250673] 

Hawes BE, Kil E, Green B, O’Neill K, Fried S, Graziano MP. The melanin-concentrating hormone 
receptor couples to multiple G proteins to activate diverse intracellular signaling pathways. 
Endocrinology. 2000; 141:4524–4532. [PubMed: 11108264] 

Hayes DM, Knapp DJ, Breese GR, Thiele TE. Comparison of basal neuropeptide Y and corticotropin 
releasing factor levels between the high ethanol drinking C57BL/6J and low ethanol drinking 
DBA/2J inbred mouse strains. Alcohol Clin Exp Res. 2005; 29:721–729. [PubMed: 15897715] 

Hervieu GJ, Cluderay JE, Harrison D, Meakin J, Maycox P, Nasir S, Leslie RA. The distribution of the 
mRNA and protein products of the melanin-concentrating hormone (MCH) receptor gene, slc-1, in 
the central nervous system of the rat. Eur J Neurosci. 2000; 12:1194–1216. [PubMed: 10762350] 

Hetherington AW, Ranson SW. Hypothalamic lesions and adiposity in the rat. The Anatomical 
Record. 1940; 78:149–172.

Hillhouse EW, Randeva H, Ladds G, Grammatopoulos D. Corticotropin-releasing hormone receptors. 
Biochem Soc Trans. 2002; 30:428–432. [PubMed: 12196108] 

Hoebel BG, Teitelbaum P. Hypothalamic control of feeding and self-stimulation. Science. 1962; 
135:375–377. [PubMed: 13907995] 

Hughes J, Smith T, Morgan B, Fothergill L. Purification and properties of enkephalin - the possible 
endogenous ligand for the morphine receptor. Life Sci. 1975a; 16:1753–1758. [PubMed: 1152599] 

Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, Morgan BA, Morris HR. Identification of two 
related pentapeptides from the brain with potent opiate agonist activity. Nature. 1975b; 258:577–
580. [PubMed: 1207728] 

Hwang BH, Zhang JK, Ehlers CL, Lumeng L, Li TK. Innate differences of neuropeptide Y (NPY) in 
hypothalamic nuclei and central nucleus of the amygdala between selectively bred rats with high 
and low alcohol preference. Alcohol Clin Exp Res. 1999; 23:1023–1030. [PubMed: 10397286] 

Jacobowitz DM, O’Donohue TL. alpha-Melanocyte stimulating hormone: immunohistochemical 
identification and mapping in neurons of rat brain. Proc Natl Acad Sci U S A. 1978; 75:6300–
6304. [PubMed: 366617] 

Jingami H, Mizuno N, Takahashi H, Shibahara S, Furutani Y, Imura H, Numa S. Cloning and 
sequence analysis of cDNA for rat corticotropin-releasing factor precursor. FEBS Lett. 1985; 
191:63–66. [PubMed: 3876950] 

Joseph SA, Pilcher WH, Bennett-Clarke C. Immunocytochemical localization of ACTH perikarya in 
nucleus tractus solitarius: evidence for a second opiocortin neuronal system. Neurosci Lett. 1983; 
38:221–225. [PubMed: 6314185] 

Jupp B, Krivdic B, Krstew E, Lawrence AJ. The orexin(1) receptor antagonist SB-334867 dissociates 
the motivational properties of alcohol and sucrose in rats. Brain Res. 2011; 1391:54–59. [PubMed: 
21439948] 

Karatayev O, Baylan J, Leibowitz SF. Increased intake of ethanol and dietary fat in galanin 
overexpressing mice. Alcohol. 2009; 43:571–580. [PubMed: 20004335] 

Barson and Leibowitz Page 18

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Karatayev O, Baylan J, Weed V, Chang S, Wynick D, Leibowitz SF. Galanin knockout mice show 
disturbances in ethanol consumption and expression of hypothalamic peptides that stimulate 
ethanol intake. Alcohol Clin Exp Res. 2010; 34:72–80. [PubMed: 19860804] 

Kawauchi H, Kawazoe I, Tsubokawa M, Kishida M, Baker BI. Characterization of melanin-
concentrating hormone in chum salmon pituitaries. Nature. 1983; 305:321–323. [PubMed: 
6621686] 

Kelley SP, Nannini MA, Bratt AM, Hodge CW. Neuropeptide-Y in the paraventricular nucleus 
increases ethanol self-administration. Peptides. 2001; 22:515–522. [PubMed: 11287109] 

Kim MS, Rossi M, Abusnana S, Sunter D, Morgan DG, Small CJ, Edwards CM, Heath MM, Stanley 
SA, Seal LJ, Bhatti JR, Smith DM, Ghatei MA, Bloom SR. Hypothalamic localization of the 
feeding effect of agouti-related peptide and alpha-melanocyte-stimulating hormone. Diabetes. 
2000; 49:177–182. [PubMed: 10868932] 

Knapp DJ, Overstreet DH, Huang M, Wills TA, Whitman BA, Angel RA, Sinnett SE, Breese GR. 
Effects of a stressor and corticotrophin releasing factor on ethanol deprivation-induced ethanol 
intake and anxiety-like behavior in alcohol-preferring P rats. Psychopharmacology (Berl). 2011; 
218:179–189. [PubMed: 21643675] 

Koegler FH, York DA, Bray GA. The effects on feeding of galanin and M40 when injected into the 
nucleus of the solitary tract, the lateral parabrachial nucleus, and the third ventricle. Physiol 
Behav. 1999; 67:259–267. [PubMed: 10477058] 

Koenig HN, Olive MF. Ethanol consumption patterns and conditioned place preference in mice 
lacking preproenkephalin. Neurosci Lett. 2002; 325:75–78. [PubMed: 12044625] 

Kokare DM, Chopde CT, Subhedar NK. Participation of alpha-melanocyte stimulating hormone in 
ethanol-induced anxiolysis and withdrawal anxiety in rats. Neuropharmacology. 2006; 51:536–
545. [PubMed: 16762375] 

Kokare DM, Singru PS, Dandekar MP, Chopde CT, Subhedar NK. Involvement of alpha-melanocyte 
stimulating hormone (alpha-MSH) in differential ethanol exposure and withdrawal related 
depression in rat: neuroanatomical-behavioral correlates. Brain Res. 2008; 1216:53–67. [PubMed: 
18499089] 

Kopp J, Xu ZQ, Zhang X, Pedrazzini T, Herzog H, Kresse A, Wong H, Walsh JH, Hokfelt T. 
Expression of the neuropeptide Y Y1 receptor in the CNS of rat and of wild-type and Y1 receptor 
knock-out mice. Focus on immunohistochemical localization. Neuroscience. 2002; 111:443–532. 
[PubMed: 12031341] 

Krahn DD, Gosnell BA, Levine AS, Morley JE. Behavioral effects of corticotropin-releasing factor: 
localization and characterization of central effects. Brain Res. 1988; 443:63–69. [PubMed: 
2834018] 

Kyrkouli SE, Stanley BG, Seirafi RD, Leibowitz SF. Stimulation of feeding by galanin: anatomical 
localization and behavioral specificity of this peptide’s effects in the brain. Peptides. 1990; 
11:995–1001. [PubMed: 1704616] 

Lawrence AJ, Cowen MS, Yang HJ, Chen F, Oldfield B. The orexin system regulates alcohol-seeking 
in rats. Br J Pharmacol. 2006; 148:752–759. [PubMed: 16751790] 

Lee S, Schmidt ED, Tilders FJ, Rivier C. Effect of repeated exposure to alcohol on the response of the 
hypothalamic-pituitary-adrenal axis of the rat: I. Role of changes in hypothalamic neuronal 
activity. Alcohol Clin Exp Res. 2001; 25:98–105. [PubMed: 11198721] 

Leibowitz SF, Avena NM, Chang GQ, Karatayev O, Chau DT, Hoebel BG. Ethanol intake increases 
galanin mRNA in the hypothalamus and withdrawal decreases it. Physiol Behav. 2003; 79:103–
111. [PubMed: 12818715] 

Leighton GE, Hill RG, Hughes J. The effects of the kappa agonist PD-117302 on feeding behaviour in 
obese and lean Zucker rats. Pharmacol Biochem Behav. 1988; 31:425–429. [PubMed: 2854265] 

Lembo PM, Grazzini E, Cao J, Hubatsch DA, Pelletier M, Hoffert C, St-Onge S, Pou C, Labrecque J, 
Groblewski T, O’Donnell D, Payza K, Ahmad S, Walker P. The receptor for the orexigenic 
peptide melanin-concentrating hormone is a G-protein-coupled receptor. Nat Cell Biol. 1999; 
1:267–271. [PubMed: 10559938] 

Barson and Leibowitz Page 19

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lerma-Cabrera JM, Carvajal F, Chotro G, Gaztanaga M, Navarro M, Thiele TE, Cubero I. MC4-R 
signaling within the nucleus accumbens shell, but not the lateral hypothalamus, modulates ethanol 
palatability in rats. Behav Brain Res. 2013; 239:51–54. [PubMed: 23146409] 

Lerma-Cabrera JM, Carvajal F, de la Torre L, de la Fuente L, Navarro M, Thiele TE, Cubero I. 
Control of food intake by MC4-R signaling in the lateral hypothalamus, nucleus accumbens shell 
and ventral tegmental area: interactions with ethanol. Behav Brain Res. 2012; 234:51–60. 
[PubMed: 22713514] 

Limbird LE, Taylor P. Endocrine disruptors signal the need for receptor models and mechanisms to 
inform policy. Cell. 1998; 93:157–163. [PubMed: 9568709] 

Lin S, Boey D, Lee N, Schwarzer C, Sainsbury A, Herzog H. Distribution of prodynorphin mRNA and 
its interaction with the NPY system in the mouse brain. Neuropeptides. 2006; 40:115–123. 
[PubMed: 16439015] 

Lindblom J, Wikberg JE, Bergstrom L. Alcohol-preferring AA rats show a derangement in their 
central melanocortin signalling system. Pharmacol Biochem Behav. 2002; 72:491–496. [PubMed: 
11900824] 

Lucas LA, McMillen BA. Effect of neuropeptide Y microinjected into the hypothalamus on ethanol 
consumption. Peptides. 2004; 25:2139–2145. [PubMed: 15572203] 

Macedo GC, Kawakami SE, Vignoli T, Sinigaglia-Coimbra R, Suchecki D. The influence of orexins 
on ethanol-induced behavioral sensitization in male mice. Neurosci Lett. 2013; 551:84–88. 
[PubMed: 23880022] 

Macey DJ, Koob GF, Markou A. CRF and urocortin decreased brain stimulation reward in the rat: 
reversal by a CRF receptor antagonist. Brain Res. 2000; 866:82–91. [PubMed: 10825483] 

Magga J, Bart G, Oker-Blom C, Kukkonen JP, Akerman KE, Nasman J. Agonist potency differentiates 
G protein activation and Ca2+ signalling by the orexin receptor type 1. Biochem Pharmacol. 2006; 
71:827–836. [PubMed: 16430869] 

Mansour A, Khachaturian H, Lewis ME, Akil H, Watson SJ. Autoradiographic differentiation of mu, 
delta, and kappa opioid receptors in the rat forebrain and midbrain. J Neurosci. 1987; 7:2445–
2464. [PubMed: 3039080] 

Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB, Yanagisawa M, Elmquist JK. 
Differential expression of orexin receptors 1 and 2 in the rat brain. J Comp Neurol. 2001; 435:6–
25. [PubMed: 11370008] 

Marfaing-Jallat P, Larue C, Le Magnen J. Alcohol intake in hypothalamic hyperphagic rats. Physiol 
Behav. 1970; 5:345–351. [PubMed: 5525715] 

Martel JC, Fournier A, St Pierre S, Quirion R. Quantitative autoradiographic distribution of 
[125I]Bolton-Hunter neuropeptide Y receptor binding sites in rat brain. Comparison with 
[125I]peptide YY receptor sites. Neuroscience. 1990; 36:255–283. [PubMed: 2170863] 

Martin-Fardon R, Weiss F. Blockade of hypocretin receptor-1 preferentially prevents cocaine seeking: 
comparison with natural reward seeking. Neuroreport. 2014; 25:485–488. [PubMed: 24407199] 

McLean S, Hoebel BG. Feeding induced by opiates injected into the paraventricular hypothalamus. 
Peptides. 1983; 4:287–292. [PubMed: 6314291] 

Michel MC, Beck-Sickinger A, Cox H, Doods HN, Herzog H, Larhammar D, Quirion R, Schwartz T, 
Westfall T. XVI. International Union of Pharmacology recommendations for the nomenclature of 
neuropeptide Y, peptide YY, and pancreatic polypeptide receptors. Pharmacol Rev. 1998; 
50:143–150. [PubMed: 9549761] 

Millan EZ, Furlong TM, McNally GP. Accumbens shell-hypothalamus interactions mediate extinction 
of alcohol seeking. J Neurosci. 2010; 30:4626–4635. [PubMed: 20357113] 

Mitra A, Klockars A, Gosnell BA, Le Greves M, Olszewski PK, Levine AS, Schioth HB. Expression 
levels of genes encoding melanin concentrating hormone (MCH) and MCH receptor change in 
taste aversion, but MCH injections do not alleviate aversive responses. Pharmacol Biochem 
Behav. 2012; 100:581–586. [PubMed: 21925200] 

Morganstern I, Chang GQ, Barson JR, Ye Z, Karatayev O, Leibowitz SF. Differential effects of acute 
and chronic ethanol exposure on orexin expression in the perifornical lateral hypothalamus. 
Alcohol Clin Exp Res. 2010a; 34:886–896. [PubMed: 20331576] 

Barson and Leibowitz Page 20

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Morganstern I, Chang GQ, Chen YW, Barson JR, Zhiyu Y, Hoebel BG, Leibowitz SF. Role of 
melanin-concentrating hormone in the control of ethanol consumption: Region-specific effects 
revealed by expression and injection studies. Physiol Behav. 2010b; 101:428–437. [PubMed: 
20670637] 

Mountjoy KG, Mortrud MT, Low MJ, Simerly RB, Cone RD. Localization of the melanocortin-4 
receptor (MC4-R) in neuroendocrine and autonomic control circuits in the brain. Mol Endocrinol. 
1994; 8:1298–1308. [PubMed: 7854347] 

Mountjoy KG, Robbins LS, Mortrud MT, Cone RD. The cloning of a family of genes that encode the 
melanocortin receptors. Science. 1992; 257:1248–1251. [PubMed: 1325670] 

Muschamp JW, Hollander JA, Thompson JL, Voren G, Hassinger LC, Onvani S, Kamenecka TM, 
Borgland SL, Kenny PJ, Carlezon WA Jr. Hypocretin (orexin) facilitates reward by attenuating 
the antireward effects of its cotransmitter dynorphin in ventral tegmental area. Proc Natl Acad 
Sci U S A. 2014; 111:E1648–1655. [PubMed: 24706819] 

Nadal R, Chappell AM, Samson HH. Effects of nicotine and mecamylamine microinjections into the 
nucleus accumbens on ethanol and sucrose self-administration. Alcohol Clin Exp Res. 1998; 
22:1190–1198. [PubMed: 9756032] 

Navarro M, Cubero I, Knapp DJ, Breese GR, Thiele TE. Decreased immunoreactivity of the 
melanocortin neuropeptide alpha-melanocyte-stimulating hormone (alpha-MSH) after chronic 
ethanol exposure in Sprague-Dawley rats. Alcohol Clin Exp Res. 2008; 32:266–276. [PubMed: 
18162070] 

Navarro M, Cubero I, Thiele TE. Decreased immunoreactivity of the polypeptide precursor 
proopiomelanocortin (POMC) and the prohormone convertase pc1/3 after chronic ethanol 
exposure in Sprague-Dawley rats. Alcohol Clin Exp Res. 2013; 37:399–406. [PubMed: 
23050949] 

Navarro M, Lerma-Cabrera JM, Carvajal F, Lowery EG, Cubero I, Thiele TE. Assessment of 
voluntary ethanol consumption and the effects of a melanocortin (MC) receptor agonist on 
ethanol intake in mutant C57BL/6J mice lacking the MC-4 receptor. Alcohol Clin Exp Res. 
2011; 35:1058–1066. [PubMed: 21332528] 

Ng GY, O’Dowd BF, George SR. Genotypic differences in mesolimbic enkephalin gene expression in 
DBA/2J and C57BL/6J inbred mice. Eur J Pharmacol. 1996; 311:45–52. [PubMed: 8884235] 

North RA, Williams JT, Surprenant A, Christie MJ. Mu and delta receptors belong to a family of 
receptors that are coupled to potassium channels. Proc Natl Acad Sci U S A. 1987; 84:5487–
5491. [PubMed: 2440052] 

O’Donohue TL, Miller RL, Jacobowitz DM. Identification, characterization and stereotaxic mapping 
of intraneuronal alpha-melanocyte stimulating hormone-like immunoreactive peptides in discrete 
regions of the rat brain. Brain Res. 1979; 176:101–123. [PubMed: 385110] 

Ogilvie KM, Lee S, Rivier C. Divergence in the expression of molecular markers of neuronal 
activation in the parvocellular paraventricular nucleus of the hypothalamus evoked by alcohol 
administration via different routes. J Neurosci. 1998; 18:4344–4352. [PubMed: 9592111] 

Olds ME, Williams KN. Self-administration of D-Ala2-Met-enkephalinamide at hypothalamic self-
stimulation sites. Brain Res. 1980; 194:155–170. [PubMed: 7378834] 

Oliva JM, Manzanares J. Gene transcription alterations associated with decrease of ethanol intake 
induced by naltrexone in the brain of Wistar rats. Neuropsychopharmacology. 2007; 32:1358–
1369. [PubMed: 17063152] 

Olney JJ, Sprow GM, Navarro M, Thiele TE. The protective effects of the melanocortin receptor 
(MCR) agonist, melanotan-II (MTII), against binge-like ethanol drinking are facilitated by 
deletion of the MC3 receptor in mice. Neuropeptides. 2014; 48:47–51. [PubMed: 24290566] 

Palm S, Roman E, Nylander I. Differences in basal and ethanol-induced levels of opioid peptides in 
Wistar rats from five different suppliers. Peptides. 2012; 36:1–8. [PubMed: 22564490] 

Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC, Sutcliffe JG, Kilduff TS. Neurons 
containing hypocretin (orexin) project to multiple neuronal systems. J Neurosci. 1998; 18:9996–
10015. [PubMed: 9822755] 

Pilcher WH, Joseph SA. Co-localization of CRF-ir perikarya and ACTH-ir fibers in rat brain. Brain 
Res. 1984; 299:91–102. [PubMed: 6326967] 

Barson and Leibowitz Page 21

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pissios P, Frank L, Kennedy AR, Porter DR, Marino FE, Liu FF, Pothos EN, Maratos-Flier E. 
Dysregulation of the mesolimbic dopamine system and reward in MCH−/− mice. Biol 
Psychiatry. 2008; 64:184–191. [PubMed: 18281019] 

Prasad AA, McNally GP. Effects of vivo morpholino knockdown of lateral hypothalamus orexin/
hypocretin on renewal of alcohol seeking. PLoS One. 2014; 9:e110385. [PubMed: 25329297] 

Rada P, Avena NM, Leibowitz SF, Hoebel BG. Ethanol intake is increased by injection of galanin in 
the paraventricular nucleus and reduced by a galanin antagonist. Alcohol. 2004; 33:91–97. 
[PubMed: 15528006] 

Rada P, Barson JR, Leibowitz SF, Hoebel BG. Opioids in the hypothalamus control dopamine and 
acetylcholine levels in the nucleus accumbens. Brain Res. 2010; 1312:1–9. [PubMed: 19948154] 

Rada P, Mark GP, Hoebel BG. Galanin in the hypothalamus raises dopamine and lowers acetylcholine 
release in the nucleus accumbens: a possible mechanism for hypothalamic initiation of feeding 
behavior. Brain Res. 1998; 798:1–6. [PubMed: 9666056] 

Rainero I, De Gennaro T, Visentin G, Brunetti E, Cerrato P, Torre E, Portaleone P, Pinessi L. Effects 
of chronic ethanol treatment on alpha-MSH concentrations in rat brain and pituitary. 
Neuropeptides. 1990; 15:139–141. [PubMed: 2174518] 

Richards JK, Simms JA, Steensland P, Taha SA, Borgland SL, Bonci A, Bartlett SE. Inhibition of 
orexin-1/hypocretin-1 receptors inhibits yohimbine-induced reinstatement of ethanol and sucrose 
seeking in Long-Evans rats. Psychopharmacology (Berl). 2008; 199:109–117. [PubMed: 
18470506] 

Rivier C, Lee S. Acute alcohol administration stimulates the activity of hypothalamic neurons that 
express corticotropin-releasing factor and vasopressin. Brain Res. 1996; 726:1–10. [PubMed: 
8836539] 

Rokaeus A, Melander T, Hokfelt T, Lundberg JM, Tatemoto K, Carlquist M, Mutt V. A galanin-like 
peptide in the central nervous system and intestine of the rat. Neurosci Lett. 1984; 47:161–166. 
[PubMed: 6205331] 

Roselli-Rehfuss L, Mountjoy KG, Robbins LS, Mortrud MT, Low MJ, Tatro JB, Entwistle ML, 
Simerly RB, Cone RD. Identification of a receptor for gamma melanotropin and other 
proopiomelanocortin peptides in the hypothalamus and limbic system. Proc Natl Acad Sci U S A. 
1993; 90:8856–8860. [PubMed: 8415620] 

Rossi M, Beak SA, Choi SJ, Small CJ, Morgan DG, Ghatei MA, Smith DM, Bloom SR. Investigation 
of the feeding effects of melanin concentrating hormone on food intake--action independent of 
galanin and the melanocortin receptors. Brain Res. 1999; 846:164–170. [PubMed: 10556632] 

Roy A, Pandey SC. The decreased cellular expression of neuropeptide Y protein in rat brain structures 
during ethanol withdrawal after chronic ethanol exposure. Alcohol Clin Exp Res. 2002; 26:796–
803. [PubMed: 12068247] 

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, Williams SC, Richardson JA, 
Kozlowski GP, Wilson S, Arch JR, Buckingham RE, Haynes AC, Carr SA, Annan RS, McNulty 
DE, Liu WS, Terrett JA, Elshourbagy NA, Bergsma DJ, Yanagisawa M. Orexins and orexin 
receptors: a family of hypothalamic neuropeptides and G protein-coupled receptors that regulate 
feeding behavior. Cell. 1998; 92:573–585. [PubMed: 9491897] 

Sawchenko PE, Swanson LW. Localization, colocalization, and plasticity of corticotropin-releasing 
factor immunoreactivity in rat brain. Fed Proc. 1985; 44:221–227. [PubMed: 2981743] 

Scanlon MN, Lazar-Wesley E, Grant KA, Kunos G. Proopiomelanocortin messenger RNA is 
decreased in the mediobasal hypothalamus of rats made dependent on ethanol. Alcohol Clin Exp 
Res. 1992; 16:1147–1151. [PubMed: 1471770] 

Schneider ER, Rada P, Darby RD, Leibowitz SF, Hoebel BG. Orexigenic peptides and alcohol intake: 
differential effects of orexin, galanin, and ghrelin. Alcohol Clin Exp Res. 2007; 31:1858–1865. 
[PubMed: 17850217] 

Shoblock JR, Welty N, Aluisio L, Fraser I, Motley ST, Morton K, Palmer J, Bonaventure P, Carruthers 
NI, Lovenberg TW, Boggs J, Galici R. Selective blockade of the orexin-2 receptor attenuates 
ethanol self-administration, place preference, and reinstatement. Psychopharmacology (Berl). 
2011; 215:191–203. [PubMed: 21181123] 

Barson and Leibowitz Page 22

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Silva SM, Paula-Barbosa MM, Madeira MD. Prolonged alcohol intake leads to reversible depression 
of corticotropin-releasing hormone and vasopressin immunoreactivity and mRNA levels in the 
parvocellular neurons of the paraventricular nucleus. Brain Res. 2002; 954:82–93. [PubMed: 
12393236] 

Simantov R, Kuhar MJ, Uhl GR, Snyder SH. Opioid peptide enkephalin: immunohistochemical 
mapping in rat central nervous system. Proc Natl Acad Sci U S A. 1977; 74:2167–2171. 
[PubMed: 194249] 

Skofitsch G, Jacobowitz DM, Zamir N. Immunohistochemical localization of a melanin concentrating 
hormone-like peptide in the rat brain. Brain Res Bull. 1985; 15:635–649. [PubMed: 4084816] 

Smith KE, Forray C, Walker MW, Jones KA, Tamm JA, Bard J, Branchek TA, Linemeyer DL, Gerald 
C. Expression cloning of a rat hypothalamic galanin receptor coupled to phosphoinositide 
turnover. J Biol Chem. 1997; 272:24612–24616. [PubMed: 9305929] 

Smith KE, Walker MW, Artymyshyn R, Bard J, Borowsky B, Tamm JA, Yao WJ, Vaysse PJ, 
Branchek TA, Gerald C, Jones KA. Cloned human and rat galanin GALR3 receptors. 
Pharmacology and activation of G-protein inwardly rectifying K+ channels. J Biol Chem. 1998; 
273:23321–23326. [PubMed: 9722565] 

Sparrow AM, Lowery-Gionta EG, Pleil KE, Li C, Sprow GM, Cox BR, Rinker JA, Jijon AM, Pena J, 
Navarro M, Kash TL, Thiele TE. Central neuropeptide Y modulates binge-like ethanol drinking 
in C57BL/6J mice via Y1 and Y2 receptors. Neuropsychopharmacology. 2012; 37:1409–1421. 
[PubMed: 22218088] 

Spence JP, Liang T, Habegger K, Carr LG. Effect of polymorphism on expression of the neuropeptide 
Y gene in inbred alcohol-preferring and -nonpreferring rats. Neuroscience. 2005; 131:871–876. 
[PubMed: 15749341] 

Srinivasan S, Simms JA, Nielsen CK, Lieske SP, Bito-Onon JJ, Yi H, Hopf FW, Bonci A, Bartlett SE. 
The dual orexin/hypocretin receptor antagonist, almorexant, in the ventral tegmental area 
attenuates ethanol self-administration. PLoS One. 2012; 7:e44726. [PubMed: 23028593] 

Stanic D, Brumovsky P, Fetissov S, Shuster S, Herzog H, Hokfelt T. Characterization of neuropeptide 
Y2 receptor protein expression in the mouse brain. I. Distribution in cell bodies and nerve 
terminals. J Comp Neurol. 2006; 499:357–390. [PubMed: 16998904] 

Stanley BG, Chin AS, Leibowitz SF. Feeding and drinking elicited by central injection of neuropeptide 
Y: evidence for a hypothalamic site(s) of action. Brain Res Bull. 1985; 14:521–524. [PubMed: 
3839709] 

Stanley BG, Leibowitz SF. Neuropeptide Y: stimulation of feeding and drinking by injection into the 
paraventricular nucleus. Life Sci. 1984; 35:2635–2642. [PubMed: 6549039] 

Swanson LW, Sawchenko PE. Paraventricular nucleus: a site for the integration of neuroendocrine and 
autonomic mechanisms. Neuroendocrinology. 1980; 31:410–417. [PubMed: 6109264] 

Tan CP, Sano H, Iwaasa H, Pan J, Sailer AW, Hreniuk DL, Feighner SD, Palyha OC, Pong SS, 
Figueroa DJ, Austin CP, Jiang MM, Yu H, Ito J, Ito M, Guan XM, MacNeil DJ, Kanatani A, Van 
der Ploeg LH, Howard AD. Melanin-concentrating hormone receptor subtypes 1 and 2: species-
specific gene expression. Genomics. 2002; 79:785–792. [PubMed: 12036292] 

Tang J, Chen J, Ramanjaneya M, Punn A, Conner AC, Randeva HS. The signalling profile of 
recombinant human orexin-2 receptor. Cell Signal. 2008; 20:1651–1661. [PubMed: 18599270] 

Tatemoto K, Carlquist M, Mutt V. Neuropeptide Y--a novel brain peptide with structural similarities to 
peptide YY and pancreatic polypeptide. Nature. 1982; 296:659–660. [PubMed: 6896083] 

Tatemoto K, Rokaeus A, Jornvall H, McDonald TJ, Mutt V. Galanin - a novel biologically active 
peptide from porcine intestine. FEBS Lett. 1983; 164:124–128. [PubMed: 6197320] 

Thorsell A, Slawecki CJ, Ehlers CL. Effects of neuropeptide Y and corticotropin-releasing factor on 
ethanol intake in Wistar rats: interaction with chronic ethanol exposure. Behav Brain Res. 2005; 
161:133–140. [PubMed: 15904720] 

Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-residue ovine hypothalamic peptide that 
stimulates secretion of corticotropin and beta-endorphin. Science. 1981; 213:1394–1397. 
[PubMed: 6267699] 

Barson and Leibowitz Page 23

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



van den Pol AN, Gao XB, Obrietan K, Kilduff TS, Belousov AB. Presynaptic and postsynaptic actions 
and modulation of neuroendocrine neurons by a new hypothalamic peptide, hypocretin/orexin. J 
Neurosci. 1998; 18:7962–7971. [PubMed: 9742163] 

Van Pett K, Viau V, Bittencourt JC, Chan RK, Li HY, Arias C, Prins GS, Perrin M, Vale W, 
Sawchenko PE. Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat and 
mouse. J Comp Neurol. 2000; 428:191–212. [PubMed: 11064361] 

Vincent SR, Hokfelt T, Christensson I, Terenius L. Dynorphin-immunoreactive neurons in the central 
nervous system of the rat. Neurosci Lett. 1982; 33:185–190. [PubMed: 6130499] 

Voorhees CM, Cunningham CL. Involvement of the orexin/hypocretin system in ethanol conditioned 
place preference. Psychopharmacology (Berl). 2011; 214:805–818. [PubMed: 21107540] 

Vrontakis ME, Peden LM, Duckworth ML, Friesen HG. Isolation and characterization of a 
complementary DNA (galanin) clone from estrogen-induced pituitary tumor messenger RNA. J 
Biol Chem. 1987; 262:16755–16758. [PubMed: 2445750] 

Wayner MJ, Greenberg I, Carey RJ, Nolley D. Ethanol drinking elicited during electrical stimulation 
of the lateral hypothalamus. Physiol Behav. 1971; 7:793–795. [PubMed: 5164371] 

Williams RG, Dockray GJ. Distribution of enkephalin-related peptides in rat brain: 
immunohistochemical studies using antisera to met-enkephalin and met-enkephalin Arg6Phe7. 
Neuroscience. 1983; 9:563–586. [PubMed: 6312371] 

Wittmann G, Fuzesi T, Singru PS, Liposits Z, Lechan RM, Fekete C. Efferent projections of 
thyrotropin-releasing hormone-synthesizing neurons residing in the anterior parvocellular 
subdivision of the hypothalamic paraventricular nucleus. J Comp Neurol. 2009; 515:313–330. 
[PubMed: 19425088] 

Wuster M, Schulz R, Herz A. Specificity of opioids towards the mu-, delta- and epsilon-opiate 
receptors. Neurosci Lett. 1979; 15:193–198. [PubMed: 231238] 

York DA, Boghossian S, Park-York M. Melanocortin activity in the amygdala influences alcohol 
intake. Pharmacol Biochem Behav. 2011; 98:112–119. [PubMed: 21167196] 

Young EA, Dreumont SE, Cunningham CL. Role of nucleus accumbens dopamine receptor subtypes 
in the learning and expression of alcohol-seeking behavior. Neurobiol Learn Mem. 2014; 
108:28–37. [PubMed: 23742917] 

Young WS 3rd, Mezey E, Siegel RE. Quantitative in situ hybridization histochemistry reveals 
increased levels of corticotropin-releasing factor mRNA after adrenalectomy in rats. Neurosci 
Lett. 1986; 70:198–203. [PubMed: 3490635] 

Zorrilla EP, Valdez GR, Weiss F. Changes in levels of regional CRF-like-immunoreactivity and 
plasma corticosterone during protracted drug withdrawal in dependent rats. Psychopharmacology 
(Berl). 2001; 158:374–381. [PubMed: 11797058] 

Barson and Leibowitz Page 24

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Certain orexigenic hypothalamic neuropeptides promote alcohol drinking and 

reward

• These same neuropeptides participate in a positive feedback relationship to 

alcohol

• Anorexigenic hypothalamic neuropeptides inhibit alcohol drinking and reward

• These neuropeptides act in a negative feedback relationship to alcohol

• Hypothalamic neuropeptides regulating food intake also control alcohol intake
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