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Abstract

Background—Glutamate (GLUT) in the lateral hypothalamus (LH) has been suggested to

mediate reward behaviors and may promote the ingestion of drugs of abuse. The current study

tested the hypothesis that GLUT in the LH stimulates consumption of ethanol and that this effect

occurs, in part, via its interaction with local peptides, hypocretin/orexin (OX) and melanin-

concentrating hormone (MCH).

Methods—In Experiments 1 and 2, male Sprague-Dawley rats, after being trained to drink 9%

ethanol, were microinjected in the LH with N-methyl-D-aspartate (NMDA) or its antagonist, D-

AP5, or with alpha-amino-5-methyl-3-hydroxy-4-isoxazole propionic acid (AMPA) or its

antagonist, CNQX-ds. Consumption of ethanol, chow, and water was then measured. To provide

an anatomical control, a separate set of rats was injected 2 mm dorsal to the LH. In Experiment 3,

the effect of LH injection of NMDA and AMPA on the expression of OX and MCH was measured

using radiolabeled in situ hybridization (ISH) and also digoxigenin-labeled ISH, to distinguish

effects on OX and MCH cells in the LH and the nearby perifornical area (PF) and zona incerta

(ZI).

Results—When injected into the LH, NMDA and AMPA both significantly increased ethanol

intake while having no effect on chow or water intake. The GLUT receptor antagonists had the

opposite effect, significantly reducing ethanol consumption. No effects were observed with

injections 2 mm dorsal to the LH. In addition to these behavioral effects, LH injection of NMDA

significantly stimulated expression of OX in both the LH and PF while reducing MCH in the ZI,

whereas AMPA increased OX only in the LH and had no effect on MCH.

Conclusions—Glutamatergic inputs to the LH, acting through NMDA and AMPA receptors,

appear to have a stimulatory effect on ethanol consumption, mediated in part by increased OX in

LH and PF and reduced MCH in ZI.
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The neurotransmitter glutamate (GLUT), which exerts its fast actions by binding to the

ionotropic receptors N-methyl-D-aspartate (NMDA), alpha-amino-5-methyl-3-hydroxy-4-

isoxazole propionic acid (AMPA), and kainate (KA) (Monaghan et al., 1989), has been

widely studied in mesolimbic brain regions, where GLUT mediates consummatory and

reward-related behaviors. These regions include the nucleus accumbens (NAc), where

stimulation of the glutamatergic pathway increases cue-evoked sucrose intake (Stuber et al.,

2011). They also include the ventral tegmental area (VTA), where blockade of GLUT

receptors decreases drug self-administration (Kenny et al., 2009; You et al., 2007). Together

with evidence showing relapse to drug use to be attenuated by intra-VTA infusions of a

GLUT antagonist (Sun et al., 2005), the ionotropic GLUT receptors in this region appear to

be crucial not only in reinforcement but also in the reinstatement of drug intake.

A third area implicated in GLUT regulation is the lateral hypothalamus (LH), together with

the perifornical area (PF) and the zona incerta (ZI) dorsal to the LH. The LH/PF area, which

interacts closely with the NAc and VTA, is important in mediating reward (Aston-Jones et

al., 2010; Millan et al., 2010). This may be achieved through GLUT transmission, which has

extensive afferents throughout the LH/PF and ZI where it also exists in local interneurons

(Gao & van den Pol, 2001; van den Pol & Trombley, 1993). The possibility that GLUT in

the LH/PF mediates consummatory behavior is supported by feeding studies, showing local

injection of GLUT agonists NMDA and AMPA to elicit feeding (Stanley et al., 2011).

Whereas there is indirect evidence for the involvement of LH/PF GLUT in drug addiction

(Hamlin et al., 2008; Levy et al., 2007), it remains unclear whether GLUT inputs to the area

control the consumption of drugs such as alcohol. This is possible since neural mechanisms

underlying alcohol intake are similar to those controlling food intake (Leibowitz, 2007).

If GLUT in the LH is involved in controlling alcohol consumption, a neurochemical

mechanism through which it acts may include the peptide, hypocretin/orexin (OX), which is

expressed in the LH and nearby PF and controls feeding and arousal (de Lecea et al., 1998;

Sakurai et al., 1998). This peptide also mediates motivated behaviors such as intake of drugs

of abuse (Aston-Jones et al., 2010), including alcohol, as both ethanol exposure and an

ethanol-paired cue stimulate LH OX expression (Dayas et al., 2008; Morganstern et al.,

2010a) and local injection of OX enhances ethanol intake (Schneider et al., 2007). While

evidence has shown OX neurons to express both NMDA and AMPA receptors (Li et al.,

2002), it remains to be tested whether GLUT in the LH has effects on OX that, in turn, may

influence ethanol intake.

In addition to OX, GLUT in the LH may affect neurons expressing the melanin-

concentrating hormone (MCH), which also contain GLUT receptors and are expressed in the

LH as well as the ZI (Skofitsch et al., 1985; van den Pol et al., 2004). Being an inhibitory

peptide, MCH acts differently from OX in many respects. For example, MCH plays an

opposite role from OX in regulating arousal state and sleep cycle (Hassani et al., 2009;

Willie et al., 2008), and the administration of MCH into the LH suppresses ethanol drinking

(Morganstern et al., 2010b). Thus, if GLUT in the LH influences ethanol intake, it may have

differential effects on MCH as compared to OX.
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The current study using brain-cannulated rats investigated the GLUT system in the LH/PF in

terms of its impact on the consumption of ethanol and also on local peptide-expressing

neurons. In Experiments 1 and 2, Sprague-Dawley rats were trained to voluntarily drink 9%

ethanol, and the effects of NMDA and AMPA agonists or antagonists in the LH on ethanol,

food, and water consumption were examined. To investigate the mechanism underlying the

GLUT-induced changes in ethanol drinking, Experiment 3 tested whether LH injections of

GLUT agonists could influence local expression of OX and MCH as measured by in situ

hybridization.

METHODS

Subjects

Male Sprague-Dawley rats (225 to 250 g) were obtained from Taconic Farms (Germantown,

NY). Rats were individually housed in hanging wire cages (Experiments 1 and 2) or plastic

shoebox cages (Experiment 3) and maintained on a 12:12-hour reversed light–dark cycle

(lights off from 6:00 am). All experiments were conducted during the dark phase. Subjects

had ad libitum access to LabDiet rodent chow (St Louis, MO) and water. All animals were

allowed 1 week to acclimate to the facility and reversed light-dark cycle before experiments

began, which permitted the animals’ behavior and peptide expression to stabilize. Overall,

101 rats were included in the analysis. All procedures were approved by the Princeton

University Institutional Animal Care and Use Committee and The Rockefeller University

Animal Care Committee, and conformed to the National Institutes of Health guidelines on

the ethical use of animals.

Ethanol Training

Subjects were acclimated to unsweetened ethanol by using a variant of a 2-bottle choice

procedure (Martinetti et al., 2000). To encourage animals to drink and adapt to the

unsweetened ethanol, the concentration of ethanol was gradually increased every 4 days,

from 1, 2, 4, 7, to 9% (v/v). Animals had ad libitum access to ethanol solutions in addition to

food and water. Tests started after the subjects had at least 10 days of access to 9% ethanol.

Surgery

Subjects were anesthetized using ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.),

supplemented with ketamine when necessary. Stainless steel 21-gauge guide shafts (10 mm

in length) were implanted bilaterally in the LH (Experiments 1 and 2: A −2.9, L ± 1.9, V

3.9; Experiment 3: A −2.9, L ± 1.9, V 3.5), with reference to bregma, the midsaggital sinus,

and the level skull surface. In Experiment 3, the cannulas were implanted dorsal to the target

region to avoid tissue damage, which may interfere with analysis of peptide expression.

Subjects had 1 week to recover before testing. Stainless steel stylets were left in the guide

shafts between injections to prevent occlusion.

Microinjection Procedures

Drugs were delivered through 26-gauge stainless steel microinjectors with fused-silica

tubing inside (74 μm ID, 154 μm OD, Polymicro Technologies, Phoenix AZ) that reached

the region of interest (Experiments 1 and 2: V 8.4; Experiment 3: V 8.0). Doses were chosen
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based on the feeding literature (Hettes et al., 2010; Stanley et al., 1996; Stanley et al.,

1993b) and on pilot tests. For Experiment 3, the lower dose of NMDA was used to avoid

confounding variables, such as hyperactivity, that may occur in some rats. The 4 drugs and

doses used were as follows: (i) N-methyl-D-aspartic acid (NMDA, 5.6 nmol, 2.8 nmol/side);

(ii) D,L-aamino-3-hydroxy-5-methyl-isoxazole propionic acid (AMPA, 2.1 nmol, 1.1 nmol/

side); (iii) NMDA-receptor antagonist, D-AP5 (33.3 nmol, 16.7 nmol/side); and (iv) AMPA-

receptor antagonist, CNQX disodium salt hydrate (CNQX-ds, 15.0 nmol, 7.5 nmol/side).

While AMPA and CNQX-ds may act on KA receptors in addition to AMPA receptors

(Hettes et al., 2010), the latter predominate in the LH (Eyigor et al., 2001; van den Pol et al.,

1994), which leads us to focus on AMPA receptors in the present study. All drugs were

purchased from Sigma-Aldrich Co. (St Louis, MO) and dissolved in preservative-free 0.9%

NaCl solution (Hospira Inc., Lake Forest, IL) immediately prior to microinjection. For

behavioral studies (Experiments 1 and 2), injections were counterbalanced, so each animal

received vehicle or drug in counterbalanced order on 2 consecutive days. To minimize

stress, animals were handled on an almost daily basis throughout their ethanol training. All

injections were given 3 hours into the dark cycle, except for D-AP5 injections, which were

given at the onset of the dark period as recommended in a previous study (Stanley et al.,

1996). A syringe pump delivered 0.5 μl during 47 seconds with microinjectors left in place

for an additional 47 seconds to allow for diffusion. The intake of ethanol, food, and water

was measured 1 h, 2 h, and 4 h after injection, by manually weighing the ethanol and water

bottles, which had non-drip sipper tubes, and the food hoppers. Ethanol consumption is

expressed as g/kg, which was obtained using the following formula:

. Tests of

each dose included a counterbalanced control injection of saline vehicle. In Experiments 1

and 2, 28 rats received 4 injections, while the others received 2 injections. In Experiment 3,

all rats received only 1 injection. For the anatomical control injections, the most effective

behavioral dose of each drug was tested.

Ethanol Preference Ratio

The ethanol preference ratio was determined using the following formula:

. The average ethanol preference ratio of the vehicle groups during 4 h was 0.33 ± 0.02,

which was relatively constant across the sets of injections and consistent with previous

studies using Sprague-Dawley rats (Karatayev et al., 2010; Tordoff et al., 2008).

Radiolabeled In Situ Hybridization Histochemistry

In Experiment 3, the mRNA expression of OX and MCH was measured by radiolabeled in

situ hybridization (ISH) histochemistry in animals receiving either vehicle, NMDA, or

AMPA immediately dorsal to the LH (n = 5–6/group). The animals were sacrificed by rapid

decapitation 30 min post-injection. This time period was chosen based on the finding here

that glutamatergic agonists stimulated consumption during the first 1 h, post-injection period

and on published evidence showing alterations in peptide expression within 30 min after

manipulation (Ida et al., 2000). The brains were immediately removed and fixed in 4%

paraformaldehyde in phosphate buffer (PB) (0.1 M pH 7.2) for 72 h, cryoprotected in 25%
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sucrose for 72 h, and then frozen and stored at −80°C. The antisense and sense OX RNA

probes were generously donated by Dr. Luis de Lecea, and the MCH RNA probes were

donated by Dr. Nicholas A. Tritos. These probes were then labeled with 35S-UTP (Perkin

Elmer, Waltham, MA) as previously described (Sakamaki et al., 2005). Free-floating 30 μm

coronal sections were processed as follows: 10 min in 0.001% proteinase K, 5 min in 4%

paraformaldehyde, and 10 min each in 0.2 N HCl and acetylation solution, with a 10 min

wash in PB between each step. After washing, the sections were hybridized with 35S-labeled

probe (103 cpm/ml) at 55°C for 18 h. Following hybridization, the sections were washed in

5×SSC, followed by RNase (Sigma, St. Louis, MO) treatment for 30 min at 37°C. Then,

sections were run through a series of stringency washes with 0.1 M dithiothreitol (Sigma, St.

Louis, MO) in 2×SSC and 1×SSC and 0.1×SSC at 55°C. Finally, sections were mounted,

air-dried and exposed to Kodak BioMax MR film for 20 h at −80°C, developed and

microscopically analyzed. Gene expression was determined with a computer-assisted

microdensitometry of autoradiographic images on the MCID image analysis system (Image

Research, Inc., St. Catherines, Canada) as described (Reagan et al., 2004). Microscale 14C

standards (Amersham Biosciences, Piscataway, NJ) were exposed on the same Kodak film

with the sections and digitized. Gray level/optical density calibrations were performed using

a calibrated film strip ladder (Imaging Research, St. Catherines, ON, Canada) for optical

density. Optical density was plotted as a function of microscale calibration values. It was

determined that all subsequent optical density values of digitized autoradiographic images

fell within the linear range of the function. The values obtained represent the average of

measurements taken from 10 to 12 sections per animal from Bregma −2.8 to −3.1 mm. The

background optical density from a same size area in the thalamus was subtracted from these

measurements and the mean density for all the groups was reported as percentage of the

vehicle group.

Digoxigenin-Labeled In Situ Hybridization Histochemistry

In Experiment 3, the mRNA expression of OX and MCH was also measured with

digoxigenin (DIG)-labeled antisense RNA probes and 30-μm free-floating cryostat sections

were used for ISH histochemistry as described previously (Chang et al., 2008). AP-

conjugated sheep anti-digoxigenin Fab fragments (1:1000, Roche, Nutley, NJ) and NBT/

BCIP (Roche, Nutley, NJ) were used to visualize the signal. Gene expression was measured

by semi-quantification with Image-Pro Plus software, version 4.5 (Media Cybernetics, Inc.,

Silver Spring, MD, USA) and was expressed as number of cells/mm2, reflecting regional

density of mRNA-containing cells. In all analyses, the cell number was counted only on one

plane in each section, and only those cells containing a nucleus in the plane (>10 μm2) were

counted, thereby excluding fractions of cells. This analysis with the DIG-labeled probe

allows for more anatomically precise measurements to be made, thus permitting us to

analyze separately the sub-populations of OX and MCH neurons in the PF, LH and ZI. The

values obtained represent an average of measurements taken from 10 to 12 sections per

animal from Bregma −2.8 to −3.1 mm. OX cells lateral to the fornix were considered to be

in the LH, and all OX neurons located dorsal and 0.4 mm medial to the fornix were

considered to be in the PF. MCH cells lateral to the fornix were considered to be in the LH,

while all MCH cells dorsal to the fornix were considered to be in the ZI. The analysis of

average cell density was performed by an observer blind to the treatment groups.
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Histology and Data Analysis

To verify the sites of microinjections, rats receiving microinjections in Experiments 1 and 2

were sacrificed by rapid decapitation. Their brains were sliced as 40 μm coronal sections and

examined microscopically. Rats in Experiment 3 had their cannulation sites examined

visually as their brains were cut in 30 μm coronal sections for in situ hybridization, as well

as during microscopic analysis. As the injections were made in the LH, a large region that

can be clearly identified by anatomical landmarks such as the fornix and optic tract, this

microscopic examination permitted us to identify the injection sites. A few animals (1–2

rats/group) with probes 0.5 mm or farther from the LH were included in the corresponding

anatomical control group or discarded from the analysis. Data from animals consuming little

or no ethanol on measurement days (less than 0.2 g/kg during 4 hours) were also excluded

(N = 8; 1–2 rats/group).

In Experiments 1 and 2, ethanol, food, and water intake was analyzed for each dose of drug

using a two-way repeated measures analysis of variance (ANOVA), with treatment and time

as within-subject factors. Pairwise 2-tailed t-tests were used to analyze differences at

specific time points (1 h, 2 h, and 4 h), with the p value set at 0.017 after Bonferroni

correction for each of the 3 pairwise comparisons. For Experiment 3, changes in peptide

expression were analyzed using a one-way ANOVA. Values of p < 0.05 were considered

significant for the main effect of ANOVA. In the figures, data are expressed as mean ±

standard error of the mean and the cumulative intake at 1 h, 2 h, 4 h is presented. The

vehicle intake presented in the figures is the average between the 2 sets of injections, as

intake after vehicle, although slightly different in each test, did not significantly differ within

each group.

RESULTS

Experiment 1: Effects of NMDA and its antagonist on ethanol intake

The cannula placements for the injections, which were aimed at the LH, are illustrated in

Fig. 1. Rats were injected with NMDA or its antagonist D-AP5, and measurements were

taken of ethanol, food, and water consumption. As revealed by two-way repeated measures

ANOVA, NMDA injected into the LH significantly increased ethanol intake compared to

vehicle (Fig. 2A). At the dose of 5.6 nmol, NMDA significantly stimulated ethanol

consumption (F(1,7) = 9.02, p < 0.05), and this effect was observed throughout the full 4 h

of testing, when ethanol intake was elevated by 138–235% (4 h: t = 3.7, df = 7, p < 0.017). It

also significantly increased ethanol preference (F(1,7) = 14.99, p < 0.05). The lower dose of

2.8 nmol had a similar but smaller effect on ethanol intake (F(1,5) = 7.39, p < 0.05),

stimulating ethanol consumption by 69% at 1 h (t = 3.4, df = 5, p = 0.018), although it did

not change ethanol preference (F(1,5) = 0.92, p = 0.38). At both doses of NMDA, this

stimulatory effect was observed only in the case of ethanol consumption, with food and

water intake not affected at any time period. The antagonist of NMDA had the opposite

effect, causing a decrease in ethanol drinking (Fig. 2B). Injection of D-AP5 at the dose of

33.3 nmol significantly reduced ethanol intake (F(1,9) = 21.57, p < 0.05), suppresing

ethanol drinking by 64% at the 1 h time-point (t = 3.4, df = 9, p < 0.017) and continuing to

suppress it over the 4 h post-injection period (t = 4.7, df = 9, p < 0.017). This dose also
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significantly suppressed ethanol preference (F(1,9) = 6.40, p < 0.05). While it also reduced

food intake (F(1,9) = 17.76, p < 0.05), D-AP5 had no effect on intake of water. The lower

dose of 16.7 nmol produced a similar reduction of ethanol intake (F(1,5) = 8.12, p < 0.05),

without significantly affecting ethanol preference, or consumption of food (F(1,5) = 3.74, p

= 0.11) or water (F(1,5) = 4.84, p = 0.08) (Fig. 2B). At the control site 2 mm dorsal to the

LH, neither NMDA nor D-AP5 produced any significant change in the intake of ethanol,

food, or water (Table 1). These results show that glutamate acts tonically through the

NMDA receptor in the LH to stimulate ethanol intake in ethanol-drinking rats.

Experiment 2: Effect of AMPA and its antagonist on ethanol intake

Rats were injected with AMPA or its antagonist CNQX-ds, and measurements were taken of

ethanol, food, and water consumption. Injection of AMPA, when compared to vehicle,

significantly increased 9% ethanol intake but not food or water consumption (Fig. 3A). A

two-way repeated measures ANOVA revealed that, at the higher dose of 2.1 nmol, AMPA

significantly increased ethanol drinking (F(1,7) = 8.99, p < 0.05) at 2 h post-injection (t =

2.8, df = 7, p < 0.017) as compared to vehicle. This dose of AMPA also significantly

increased the preference for ethanol (F(1,7) = 6.09, p < 0.05). A similar effect was observed

in rats receiving the lower, 1.1 nmol dose, which caused ethanol intake to significantly

increase (F(1,9) = 8.42, p < 0.05) by 90% at 1 h post-injection (t = 2.9, df = 9, p = 0.019),

while not significantly changing ethanol preference. This stimulatory effect was not

observed for food or water intake, which remained unchanged at both doses. The opposite

effect was observed with injection of the AMPA antagonist, CNQX-ds, which suppressed

ethanol intake (Fig. 3B). At the dose of 15.0 nmol, CNQX-ds in the LH significantly

reduced ethanol intake (F(1,12) = 10.30, p < 0.05) at 4 h post-injection (t = 3.1, df = 12, p <

0.017). It also marginally reduced preference for ethanol (F(1,12) = 4.33, p = 0.06), while

having little effect on food and water consumption at any time point. This suppresion was

not observed, however, at the lower dose of 7.5 nmol. At the anatomical control site 2 mm

dorsal to the LH, neither AMPA nor CNQX-ds produced any change in the intake of

ethanol, food, or water (Table 1). Overall, these results demonstrate that the AMPA receptor

is similar to the NMDA receptor in having a stimulatory effect on ethanol drinking.

Experiment 3: Effect of glutamate in the LH on expression of OX and MCH

To explore the effect of glutamatergic agonists on local neuropeptides at a dose that

stimulates ethanol drinking, the gene expression of OX and MCH in the LH was measured

using ISH in animals (n = 5–6/group) given injections of either vehicle, NMDA (2.8 nmol/

side), or AMPA (2.1 nmol/side) just dorsal to the LH. The first measurements, performed

using a more quantitative radiolabeled probe that does not permit one to clearly distinguish

the subregions where the peptides are expressed, are described here for OX in the area of the

LH and PF and for MCH in the area of the LH and ZI. As shown in Fig. 4A and illustrated

in the photomicrographs of Fig. 4B, NMDA as compared to vehicle produced a significant,

116% increase in OX expression (F(1,11) = 5.95, p < 0.05) while causing a strong

suppression of MCH expression (F(1,10) = 7.19, p < 0.05), and AMPA had a similar

stimulatory effect on OX expression (F(1,11) = 11.94, p < 0.01) while having no impact on

MCH (F(1,11) = 1.27, p = 0.286). The second measurements were performed using a DIG-

labeled probe, which permits a more precise anatomical analysis of effects on specific
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subpopulations of OX and MCH neurons. A one-way ANOVA showed that NMDA as

compared to vehicle significantly increased OX expression in both the LH (F(1,11) = 7.66, p

< 0.05) and the PF (F(1,11) = 6.81, p < 0.05) (Fig. 5A and 5B) but inhibited MCH

expression specifically in the ZI (F(1,11) = 4.91, p = 0.05) and not in the LH area ventral to

the ZI (F(1,11) = 0.14, p = 0.72). In contrast, AMPA significantly enhanced OX mRNA in

the LH (F(1,11) = 27.41, p < 0.01) but not the PF region (F(1,11) = 1.52, p = 0.24), and it

had no effect on MCH mRNA in either the ZI or LH (ZI: F(1,10) = 2.45, p = 0.152; LH:

F(1,10) = 2.96, p = 0.12). These results obtained with both radiolabeled and DIG-labeled

probes demonstrate that GLUT, acting through both NMDA and AMPA receptors, has a

stimulatory effect on the OX system in the LH, while NMDA alone has an inhibitory effect

on MCH and only in the ZI.

DISCUSSION

The present study assessed the role of GLUT in the LH in affecting consummatory behavior

in ethanol-drinking rats and also endogenous expression of local neuropeptides, OX and

MCH. We found that GLUT, acting through both NMDA and AMPA receptors,

significantly stimulates the drinking of and preference for ethanol. It also increases local

expression of OX in the LH/PF area, while reducing MCH expression in the ZI. These

results provide evidence that, in animals trained to drink ethanol, GLUT inputs to the LH

increase the consumption of ethanol rather than food or water, possibly through their impact

on local orexigenic peptide systems.

Glutamatergic signaling in the hypothalamus mediates motivated behaviors

Glutamatergic transmission is important in regulating consummatory behaviors through

reward-related regions, such as the NAc or VTA (Kenny et al., 2009; Maldonado-Irizarry et

al., 1995). The LH, which has extensive interactions with the NAc and VTA (Aston-Jones et

al., 2010; Millan et al., 2010), contains GLUT inputs and interneurons that have also been

implicated in motivated behaviors, such as feeding and cocaine addiction (Levy et al., 2007;

Rada et al., 2003; Stanley et al., 1993a). The present findings are in agreement with these

results, showing that GLUT acts on both NMDA and AMPA receptors in the LH to mediate

ethanol drinking. Whereas the NMDA antagonist D-AP5 has also been shown to suppress

chow intake (Stanley et al., 1996), the results here revealed no effects of NMDA or AMPA

and its antagonist on food or water intake in rats trained to consume ethanol. This indicates

that the presence of ethanol overrides the role of these LH GLUT receptors in controlling

feeding behavior and causes them instead to stimulate the intake of ethanol.

NMDA and AMPA increase ethanol drinking possibly by stimulating local OX

With the evidence indicating that GLUT acts in the LH to stimulate ethanol intake, we next

examined the mechanism that may mediate this effect. Results from our in situ hybridization

analysis showed that LH injection of NMDA and AMPA, at a dose that stimulates ethanol

drinking, also increases the expression of OX in the LH. Consistent with a recent study

showing AMPA to stimulate c-Fos immunoreactivity in OX neurons (Li et al., 2011), our

results demonstrate that GLUT acts through both NMDA and AMPA receptors to enhance

OX expression and that this effect when induced by NMDA occurs in both the LH and PF
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but only in the LH when induced by AMPA. The possibility that this peptide underlies the

GLUT-induced ethanol drinking is consistent with evidence that OX administration in the

LH facilitates ethanol intake (Schneider et al., 2007) and that the OX system in the LH, in

turn, is activated by acute ethanol exposure (Morganstern et al., 2010a). The differential

effects of NMDA and AMPA on the two subpopulations of OX neurons suggest that these

GLUT receptors may potentiate ethanol drinking through different behavioral processes.

The OX neurons in the two areas are found to have dichotomous functions, with those in the

LH enhanced primarily by reward and those in the PF preferentially activated by arousal

(Harris & Aston-Jones, 2006). Thus, NMDA may act in these areas to increase both reward

salience and arousal state, whereas AMPA may act only in the LH to stimulate the process

of reward. These differential effects of the two receptors may be related to the finding that

blockade of LH AMPA receptors has no impact on feeding during the light period of the

circadian cycle, whereas NMDA acts in the light as well as dark period (Hettes et al., 2010),

suggesting its additional stimulatory effect on arousal. Further tests using OX antagonists

could more precisely identify the mechanism and brain regions involved in the process. For

example, antagonism of OX in the VTA attenuates drug-seeking behaviors (Espana et al.,

2011; James et al., 2011; Mahler et al., 2012), suggesting that GLUT-stimulated ethanol

drinking may occur, in part, through a stimulation of OX release in the VTA. It is important

to note that these changes in OX expression were demonstrated in the dark phase, and the

magnitude of changes may differ depending on the specific time of day since OX activity is

found differ across the circadian cycle (Hassani et al., 2009; McGregor et al., 2011; Stutz et

al., 2007). Overall, our results demonstrate that the GLUT system in the LH, via both

NMDA and AMPA receptors, may facilitate ethanol drinking by enhancing OX expression.

Significance of glutamate-OX interaction in the LH

The interaction between GLUT and OX has been found in other brain regions, such as the

VTA, where these neurochemical systems appear to be crucial for potentiating drug abuse

(Harris et al., 2004). In the LH, the GLUT-OX interaction may be especially important in

integrating the diverse functions of this region. The OX cell bodies in the LH receive

multiple inputs from areas related to stress, emotion, and reward, many of which are

glutamatergic in nature (Henny & Jones, 2006), suggesting that the stimulatory effect of

GLUT on OX is important in transmitting information and generating an allostatic state

(Boutrel et al., 2010). The reciprocal, stimulatory effect of OX on GLUT activity (Doane et

al., 2007; van den Pol et al., 1998), providing positive feedback, may be involved in

sustaining behavioral outputs over a long period, possibly explaining the persistent

stimulatory effect of GLUT on ethanol intake observed in the present study. This GLUT-OX

interaction in the LH may also have a specific function in initiating ethanol drinking. This is

supported by evidence revealing a surge of LH GLUT release during the initiation of

feeding (Rada et al., 2003) and is consistent with the involvement of GLUT in relapse to

alcohol drinking (Knackstedt & Kalivas, 2009) and the importance of OX in reinstatement

of addiction (Aston-Jones et al., 2010; Lawrence et al., 2006). The present findings elucidate

the nature of the GLUT-OX interaction in the LH, indicating its crucial role not only in

integrating diverse information from extra-hypothalamic regions but also in initiating and

prolonging ethanol drinking behavior.
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Glutamate interacts with the MCH system

Our results clearly dissociate MCH from OX in controlling ethanol intake, with both NMDA

and AMPA having little effect on MCH expression in the LH. The only effect seen with

measurements of MCH was an inhibitory effect of NMDA on its expression in the ZI. This

change in MCH expression was demonstrated in the dark phase, and with evidence showing

that MCH is especially active during sleep (Hassani et al., 2009; Stutz et al., 2007), the

magnitude of a GLUT-induced alteration may differ, and further changes may be revealed,

with a different time for the tests. Although the functional role of this change is not yet clear,

this reduction in ZI MCH may be related to alcohol drinking behavior, with studies showing

acute ethanol to suppress MCH expression in the ZI but not LH (Morganstern et al., 2010b).

The ZI, in addition to the neuronally inhibitory peptide MCH, contains glutamatergic

neurons that promote locomotion (Heise & Mitrofanis, 2004; Milner & Mogenson, 1988).

Together, this suggests that ethanol may activate the NMDA receptor to suppress MCH

neurons in the ZI and disinhibit this region, consistent with our hypothesis that NMDA

facilitates ethanol drinking, in part, by promoting arousal.

Conclusions

Our results show that glutamatergic inputs to the LH elicit ethanol drinking through both

NMDA and AMPA receptors and that this occurs, in part, by stimulating OX while

inhibiting MCH. Whereas NMDA and AMPA receptors may affect ethanol drinking

primarily by enhancing reward processing, the NMDA receptor may also mediate this

behavior by facilitating arousal. This analysis of the functional role of GLUT and its

interaction with local peptides underscores the importance of these neurochemical systems

in the LH, and also demonstrates their potential as targets for future medications for treating

alcohol abuse.
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FIGURE 1.
Injection sites for animals included in the analysis. (A) Sites for LH injections, as indicated by black dots. (B) Sites for

anatomical control injections. Adapted from The Rat Brain, compact 6th edition, G. Paxinos and C. Watson, Copyright 2007.
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FIGURE 2.
(A) NMDA injected in the LH significantly increased ethanol intake but left food and water intake unaffected (5.5 nmol: n = 8/

group; 2.8 nmol: n = 6/group). Values are mean ± S.E.M., *p < 0.017, ‡p = 0.018, #p < 0.05, vs. saline injection at specific time

point. (B) NMDA receptor antagonist D-AP5 in the LH dose-dependently decreased ethanol consumption (33.3 nmol: n = 10/

group; 16.7 nmol: n = 6/group). Values are mean ± S.E.M., *p < 0.017, #p < 0.05 vs. saline injection at specific time point.
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FIGURE 3.
(A) AMPA in the LH produced a dose-dependent stimulatory effect on ethanol drinking similar to NMDA, without affecting

food or water consumption (2.1 nmol: n = 8/group; 1.1 nmol: n = 10/group). Values are mean ± S.E.M., *p < 0.017, ‡p = 0.019,

#p < 0.05 vs. saline injection at specific time point. (B) AMPA receptor antagonist CNQX-ds significantly suppressed ethanol

intake, while having no effect on food and water intake (15.0 nmol: n = 13/group; 7.5 nmol: n = 13/group). Values are mean ±

S.E.M., *p < 0.017, #p < 0.05 vs. saline injection at specific time point.
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FIGURE 4.
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(A) As measured by radiolabeled in situ hybridization, NMDA in the LH significantly increased the expression of OX while

significantly suppressing MCH expression. AMPA in the LH also significantly stimulated the expression of OX while showing

a tendency to reduce MCH expression (n = 5–6/group). Values are mean ± S.E.M., *p < 0.05 vs. saline injection. (B)

Photomicrographs of radiolabeled in situ hybridization illustrating the stimulatory effect of NMDA and AMPA on OX

expression in the LH region, as well as the inhibitory effect of NMDA on MCH expression.
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Fig. 5.
(A) The stimulatory effect of glutamate on OX expression was confirmed using in situ hybridization with a digoxigenin-labeled

probe (n = 5–6/group). In the LH, NMDA significantly increased the expression of OX in both PF and LH region, while AMPA

significantly stimulated the OX in the LH but not the PF. Conversely, NMDA decreased the expression of MCH in ZI region, an
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effect not observed in the LH, and AMPA had no effect on MCH in any area. Values are mean ± S.E.M., *p < 0.05 vs. saline

injection. (B) Photomicrographs of digoxigenin-labeled in situ hybridization illustrating the stimulatory effect of NMDA and

AMPA on OX expression and the inhibitory effect of NMDA on MCH expression in the ZI.
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Table 1

The effects of NMDA, AMPA, D-AP5, and CNQX-ds on ethanol were region-specific.

Nutrient Hour 1 Hour 2 Hour 4

Ethanol (g/kg)

Vehicle 0.33 ± 0.05 0.52 ± 0.07 0.69 ± 0.10

NMDA 5.6 nmol 0.38 ± 0.05 0.55 ± 0.06 0.74 ± 0.08

Food (g)

Vehicle 1.55 ± 0.36 2.95 ± 0.56 5.99 ± 0.82

NMDA 5.6 nmol 1.32 ± 0.63 2.42 ± 0.75 4.96 ± 1.11

Water (ml)

Vehicle 3.71 ± 0.45 5.31 ± 0.47 9.01 ± 0.77

NMDA 5.6 nmol 3.54 ± 0.45 5.40 ± 0.75 8.51 ± 1.15

Ethanol (g/kg)

Vehicle 0.31 ± 0.08 0.50 ± 0.12 0.64 ± 0.17

AMPA 2.1 nmol 0.42 ± 0.10 0.58 ± 0.14 0.74 ± 0.20

Food (g)

Vehicle 1.47 ± 0.40 2.67 ± 0.60 5.77 ± 0.80

AMPA 2.1 nmol 0.70 ± 0.35 1.77 ± 0.67 4.27 ± 0.99

Water (ml)

Vehicle 3.89 ± 0.49 5.41 ± 0.49 9.28 ± 0.93

AMPA 2.1 nmol 3.26 ± 0.47 4.70 ± 0.58 7.74 ± 1.26

Ethanol (g/kg)

Vehicle 0.52 ± 0.14 0.76 ± 0.18 1.53 ± 0.36

D-AP5 33.3 nmol 0.51 ± 0.10 0.84 ± 0.18 1.38 ± 0.31

Food (g)

Vehicle 2.46 ± 0.63 4.88 ± 0.68 8.98 ± 0.89

D-AP5 33.3 nmol 3.18 ± 0.21 6.43 ± 0.56 11.7 ± 2.02

Water (ml)

Vehicle 5.40 ± 0.99 7.76 ± 1.47 12.73 ± 2.35

D-AP5 33.3 nmol 5.05 ± 0.46 7.56 ± 1.55 12.11 ± 2.56

Ethanol (g/kg)

Vehicle 0.37 ± 0.09 0.63 ± 0.12 0.97 ± 0.18

CNQX-ds 15.0 nmol 0.48 ± 0.12 0.69 ± 0.16 1.17 ± 0.28

Food (g)

Vehicle 1.86 ± 0.58 5.08 ± 0.78 9.65 ± 0.84

CNQX-ds 15.0 nmol 2.05 ± 0.73 4.56 ± 0.84 8.38 ± 1.20

Water (ml)

Vehicle 4.40 ± 0.16 7.63 ± 1.21 12.91 ± 1.57

CNQX-ds 15.0 nmol 5.23 ± 0.88 7.85 ± 0.60 12.20 ± 0.94

For NMDA injection, n = 10/group. For AMPA injection, n = 9/group. For D-AP5 and CNQX-ds injections, n = 6/group.
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