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Abstract

Fat, ethanol, and nicotine share a number of properties, including their ability to reinforce

behavior and produce overconsumption. To test whether these substances act similarly on the

same neuronal populations in specific brain areas mediating these behaviors, we administered the

substances short-term, using the same methods and within the same experiment, and measured

their effects, in areas of the hypothalamus (HYPO), amygdala (AMYG), and nucleus accumbens

(NAc), on mRNA levels of the opioid peptide, enkephalin (ENK), using in situ hybridization and

on c-Fos immunoreactivity (ir) to indicate neuronal activity, using immunofluorescence

histochemistry. In addition, we examined for comparison another reinforcing substance, sucrose,

and also took measurements of stress-related behaviors and circulating corticosterone (CORT) and

triglycerides (TG), to determine if they contribute to these substances’ behavioral and

physiological effects. Adult Sprague-Dawley rats were gavaged three times daily over five days

with 3.5 ml of water, Intralipid (20% v/v), ethanol (12% v/v), nicotine (0.01% w/v) or sucrose

(22% w/v) (approximately 7 kcal/dose), and tail vein blood was collected for measurements of

circulating CORT and TG. On day five, animals were sacrificed, brains removed, and the HYPO,

AMYG, and NAc processed for single- or double-labeling of ENK mRNA and c-Fos-ir. Fat,

ethanol, and nicotine, but not sucrose, increased the single- and double-labeling of ENK and c-

Fos-ir in precisely the same brain areas, the middle parvocellular but not lateral area of the

paraventricular nucleus, central but not basolateral nucleus of the AMYG, and core but not shell of

the NAc. While having little effect on stress-related behaviors or CORT levels, fat, ethanol, and

nicotine all increased circulating levels of TG. These findings suggest that the overconsumption of

these three substances and their potential for abuse are mediated by the same populations of ENK-

expressing neurons in specific nuclei of the hypothalamus and limbic system.

Keywords

hypothalamus; amygdala; nucleus accumbens; rat; sucrose

© 2014 IBRO. Elsevier Ltd. All rights reserved.

Address for Correspondence: Sarah F. Leibowitz, Laboratory of Behavioral Neurobiology, The Rockefeller University, 1230 York
Avenue, New York, NY 10065, USA. Phone: 212-327-8378, Fax: 212-327-8447, leibow@rockefeller.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2015 September 26.

Published in final edited form as:
Neuroscience. 2014 September 26; 277: 665–678. doi:10.1016/j.neuroscience.2014.07.050.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1.1 INTRODUCTION

Recent evidence suggests that food rich in fat has a variety of common features with drugs

of abuse, with animal studies showing dietary fat to have similar behavioral effects to those

observed after acute or low doses of ethanol and nicotine. While the effects may vary

depending on the specific experimental paradigm, these three substances can each cause

overconsumption and signs of reward (Balfour, 1994; Lewis, 1996; Levin, 2005; Barrett and

Bevins, 2012; Hilario et al., 2012) and also produce changes in emotional behaviors, such as

arousal, anxiety, and impulsivity (Aragon et al., 1992; Prasad and Prasad, 1996; Langen et

al., 2002; Balerio et al., 2005; Soulis et al., 2007; Chepulis et al., 2009), which themselves

can contribute to the increase in intake (Koob and Volkow, 2010; Tsujino and Sakurai,

2013). These similar effects, along with clinical (Kesse et al., 2001) and animal (Olausson et

al., 2001; Carrillo et al., 2004; Fornari et al., 2007) studies showing intake of one substance

to stimulate or substitute for intake of another, may help to explain why these three

substances are often simultaneously overconsumed (Barson et al., 2011b; Morganstern et al.,

2011).

These common features of fat, ethanol, and nicotine lead one to ask whether these

substances act through the same areas and neurochemical systems of the brain. While these

three substances have not yet been directly compared within the same study, data collected

in separate reports using different experimental paradigms show that fat (Rada et al., 2012),

ethanol (Yoshimoto et al., 1992; Gonzales and Weiss, 1998), and nicotine (Nisell et al.,

1994) each stimulate the release of accumbal dopamine, an effect that may underlie their

common reinforcing properties. These substances also modulate endogenous expression of

the opioid peptide, enkephalin (ENK), in brain structures involved in consummatory

behavior, reward, and emotional aspects of eating and drug use (Chang et al., 2007; Chang

et al., 2010a; Petruzziello et al., 2013). The changes observed in these studies, however, are

not always consistent. For example, the expression of ENK is stimulated in the

paraventricular nucleus of the hypothalamus (PVN) and central nucleus of the amygdala

(CeA) by both fat and ethanol (Chang et al., 2007; Chang et al., 2010a) but only in the CeA

by nicotine (Loughlin et al., 2006), and investigations of ENK in the nucleus accumbens

(NAc) have yielded mixed results with these different substances (Mathieu et al., 1996;

Kelley et al., 2003; Chang et al., 2010a). Studies of the immediate early gene, c-Fos, a

transcription factor, have also yielded mixed findings in these brain areas. Whereas acute

administration of fat, ethanol, or nicotine has a similar stimulatory effect in the PVN (Chang

et al., 2004; Herring et al., 2004; Loughlin et al., 2006), and ethanol and nicotine both

stimulate c-Fos in the CeA (Matta et al., 1993; Leriche et al., 2008), inconsistent effects

have again been observed in the NAc (Bachtell et al., 1999; Shram et al., 2007). Further,

studies involving chronic administration show c-Fos immunoreactivity (ir) to be increased in

the CeA and NAc core (NAcC) after ethanol (Bachtell et al., 1999) and in the NAcC after

nicotine (Pich et al., 1997), but they have failed to reveal any effect of ethanol on c-fos in the

PVN or NAc shell (NAcSh) (Hansson et al., 2008). Whereas the neurochemical phenotype

of the activated neurons is generally unknown, there are two studies focusing on ENK which

show the density of neurons that double-label with c-Fos to be increased in the PVN after
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acute ethanol (Criado and Morales, 2000) and in the PVN and CeA after acute nicotine

(Loughlin et al., 2006).

It remains unclear which specific features shared by fat, ethanol, and nicotine may

contribute to their similar effects on ENK in hypothalamic and limbic brain regions. While

some reports show these substances to induce psychological stress (Scheufele et al., 2000;

Walker et al., 2010; Can et al., 2012), which itself may stimulate ENK and c-Fos (Shoji and

Mizoguchi, 2010; Christiansen et al., 2011; Noh et al., 2012), there are others using low

doses or short-term administration showing no such effects (Pohorecky, 1990; Villegier et

al., 2010; Morganstern et al., 2012). These three substances also have reinforcing properties

in common (Corrigall et al., 1994; Czachowski and Samson, 1999; Ackroff and Sclafani,

2014). While another substance, sucrose, is also reinforcing (Czachowski et al., 2003) and

its intake similarly stimulates accumbal dopamine release (Hajnal and Norgren, 2001; Rada

et al., 2005), its consumption is actually found to suppress ENK expression in the NAc

(Kelley et al., 2003) and to have little impact on c-Fos-ir in the PVN, CeA, or NAc (Bachtell

et al., 1999; Pomonis et al., 2000; Ulrich-Lai et al., 2007; Mitra et al., 2010). Thus, neither

psychological stress nor reinforcement appears to be a primary factor involved in any similar

neurochemical effects induced by fat, ethanol, and nicotine.

To clarify these issues, the present report provides a systematic analysis of the specific

neuronal populations stimulated by dietary fat and drugs of abuse, to determine whether they

are similar in their sites of action and neurochemical changes in the brain and, if so, whether

these changes are accompanied by similar behavioral or physiological responses that may

contribute to or explain their actions. The first goal was to examine fat, ethanol, and

nicotine, as well as sucrose for comparison, within the same experiment and using the same

mode and short period of administration. The second goal was to provide a more precise

anatomical analysis of changes in three main brain structures, hypothalamus (HYPO),

amygdala (AMYG), and NAc, with measurements of both single- and double-labeling of

ENK mRNA and c-Fos-ir. The final goal was to take steps towards determining whether fat,

ethanol, and nicotine have specific behavioral and physiological effects in common, which

may be related to their similar actions in the brain. These analyses involved measurements

of stress-related behaviors and blood levels of the stress hormone corticosterone (CORT)

and also the lipids, triglycerides (TG), which under some conditions are increased by these

substances (Balfour et al., 1975; Widmaier et al., 1992; Scheufele et al., 2000;

Chattopadhyay and Chattopadhyay, 2008; Barson et al., 2009; Cippitelli et al., 2014) and

can themselves stimulate expression of ENK (Ahima et al., 1992; Chang et al., 2004) and c-

Fos (Chang et al., 2004; Herring et al., 2004; Loughlin et al., 2006). A 5-day exposure was

used in order to examine animals beyond their first encounter with the substances, which

generally stimulates c-Fos expression in the brain (Ryabinin et al., 1997; Salminen et al.,

2000; Chang et al., 2004), but before they become dependent or obese, which can decrease

basal levels of ENK (McLaughlin et al., 1986) and greatly reduce a c-Fos response

(Ryabinin et al., 1997; Salminen et al., 2000; Chang et al., 2004), therefore masking direct

effects of the substances themselves. By directly comparing fat, ethanol, and nicotine, the

results of this study should allow a more definitive answer as to whether and why these

substances are similar in their effects on the activity of ENK-expressing neurons in specific

brain sites.
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1.2 EXPERIMENTAL PROCEDURES

1.2.1 Subjects

Adult, Sprague-Dawley rats (N=84, Charles River Laboratories International, Inc.,

Wilmington, MA), weighing approximately 350–400 g at the onset of experiments, were

individually housed (22°C, 12:12-hr light-dark cycle with lights off at 11:00 a.m.) in a fully

accredited American Association for the Accreditation of Laboratory Animal Care facility.

All animals were given one week to acclimate to laboratory conditions, during which time

they were maintained ad libitum on laboratory chow (LabDiet Rodent Chow 5001) and

water. All procedures were approved by the Rockefeller University Animal Care and Use

Committee and were in compliance with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals. Only male rats were used, as the greater preference of

females for fat, ethanol, and nicotine (Leibowitz et al., 1991; Torres et al., 2009; Torres et

al., 2014) can fluctuate significantly across the estrus cycle (Forger and Morin, 1982;

Leibowitz et al., 1998), which could introduce variability in the neurochemical responses

examined in this study.

1.2.2 Administration of fat, ethanol, nicotine, and sucrose

Rats were separated into four groups (N=64; n=16/group) of equal body weight, handled

daily and given 5 days of mock gavage to adapt them to this test procedure in order to

minimize stress. Equal volumes (3.5 mL) of Intralipid (20% v/v), ethanol (12% v/v),

nicotine (0.01% w/v), or water were administered three times a day (at 10 a.m., 2 p.m., and 6

p.m.) for 5 days. An additional set of rats was divided into two groups (N=20; n=10/group)

and was treated in the same manner with sucrose solution (22% w/v) or water. The

concentrations of ethanol and sucrose were chosen to match the calorie content of Intralipid

(7 kcal). On the day of the sacrifice, after a total of 13 treatments, animals were food

deprived for one hour, gavaged one hour prior to dark onset, and sacrificed at dark onset.

The experimental design is similar to our previously published studies that show a 5-day

exposure to have profound effects on neurochemical and behavioral parameters with little

effect on body weight (Chang et al., 2010b; Barson et al., 2011a).

1.2.3 Digoxigenin-labeled in situ hybridization for ENK

One hour after the final substance administration, animals were sacrificed by rapid

decapitation. Brains were immediately removed and fixed in 4% paraformaldehyde in 0.1 M

phosphate buffer (PB; pH 7.4) for 72 hr and then transferred to 25% sucrose in PB for 28 hr

prior to freezing at − 80°C. Thirty µm free-floating serial coronal sections (every third

section) were cut with a cryostat and used for digoxigenin-labeled in situ hybridization

(DIG) to label ENK. DIG-labeled cRNA probes were synthesized as previously described

(Wortley et al., 2003). As described (Leibowitz et al., 2007; Chang et al., 2010a), sections

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

paraformaldehyde, 8 min in 0.2 N HCl, and 10 min in acetylation solution, with a 10-min

wash in PB between each step. After the wash, the sections were hybridized with a DIG-

labeled probe at 55 °C for 18 hr. Post-hybridization, the sections were washed in 5× sodium

chloride and sodium citrate (SSC), and the nonspecifically bound probe was removed by

RNase (Sigma-Aldrich, St. Louis, MO) treatment for 30 min at 37 °C. Sections were then
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run through a further stringency wash with formamide (Invitrogen, Carlsbad, CA) in 2× SSC

at 55 °C and then were blocked and incubated in AP-conjugated sheep anti-digoxigenin

antibody (Sheep Anti-DIG-AP, Fab fragments, 1:1000; Roche Diagnostics, Indianapolis, IN)

overnight. After washing in Tris buffer (0.1 M, pH 9.5), the signal was revealed with NBT/

BCIP, and the sections were mounted, dehydrated, cleared, and coverslipped.

1.2.4 Immunofluorescent histochemistry for c-Fos expression

One hour after the final substance administration, animals were deeply anesthetized with

Nembutal (Henry Schein, Inc., Melville, NY; 50 mg/kg, i.p.) and transcardially perfused

with 300 ml of 0.9% normal saline followed by 200 ml of 4% paraformaldehyde in 0.1 M

PB (pH 7.4). Brains were immediately removed and post-fixed for 4 hr in the same fixative

at 4°C, then transferred in 25% sucrose in PB (0.1M, pH 7.4) at 4°C for 48 hr. Thirty µm

free-floating serial coronal sections (every third section) were cut with a cryostat and used

for c-Fos immunofluorescent histochemistry. Sections were sequentially incubated as

follows: 3 hr in 0.5% Triton X-100, 1% normal donkey serum, 0.5% TNB buffer in PBS,

60–72 hr at 4°C in rabbit anti-c-Fos serum (1:50, Santa Cruz Biotechnology, CA), 6 × 10

min wash in PBS, 1 hr Cy3-conjugated donkey anti-rabbit (1:200, JacksonImmunoResearch

Inc., West Grove, PA). Sections were then rinsed 6 × 10 min in PBS (0.01M, pH 7.4),

mounted, dehydrated, cleared, and coverslipped with VECTASHIELD mounting medium

(Vector Laboratories Inc., Burlingame, CA).

1.2.5 Fluorescent double-labeling of c-Fos with ENK

Alternate slices from the brains of animals from section 1.2.4 were processed for

fluorescence in situ hybridization (FISH) to label ENK mRNA. Antisense RNA probe was

labeled with Fluorescein-12-UTP (Roche), using the same methods as in section 1.2.3 for

DIG until the post-hybridization wash. After this wash, sections were blocked for 2 hr in

0.5% TNB blocking buffer (TSA Fluorescein Kit, Perkin Elmer, Inc., Boston MA) and then

incubated overnight at 4°C in sheep anti-fluorescein-POD (1:100, Roche) in 0.3%

TritonX-100, 0.5% TNB buffer. After rinsing 3 × 15 min each in TNT wash buffer (TSA

Fluorescein Kit, Perkin Elmer, Inc., Melville, NY), sections were treated for 5 min with

fluorescein-tyramide (1:50, Perkin Elmer) and then washed 3 × 10 min in TNT buffer.

Sections were then processed for fluorescently-labeled c-Fos. First, they were blocked in

0.5% TritonX-100, 1% normal donkey serum, 0.5% TNB buffer for 3 hr, then incubated in

rabbit anti-c-Fos (1:50) for 60–72 hr at 4°C. After washing in PBS 6 × 10 min, sections were

incubated for 1 hr in Cy3-conjugated donkey anti-rabbit (1:100, JacksonImmunoResearch

Inc., West Grove, PA). Finally, sections were washed 6 × 10 min in PBS, mounted, and

coverslipped with VECTASHIELD mounting medium (Vector Laboratories Inc.,

Burlingame, CA).

1.2.6 Quantitation

For quantitation of DIG, sections were viewed using a light microscope (Leitz Dialux 20,

Leica Microsystems, Buffalo Grove, IL) with 10× illumination objective, and images were

captured with a Nikon DXM 1200 digital camera (Melville, NY). For quantitation of c-Fos,

fluorescent images were captured using a fluorescence microscope (Zeiss Axioplan 2;
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Thornwood, NY) with MetaVue acquisition software (Molecular Devices, Downington,

PA). Images were analyzed using Image-Pro Plus software (Version 4.5, Media Cybernetics

Inc., MD) on a grey-value scale from 1 to 255. Sections containing the parvocellular PVN

were defined as anterior (−0.8 to −1.3 mm), middle (−1.4 to −1.9 mm), or posterior (−2.00

to −2.3 mm), depending on their relative position from bregma, as defined by Paxinos and

Watson (2005). Magnocellular cells of the lateral PVN were also examined (−1.4 to −2.3

mm). The CeA and basolateral nucleus (BLA) within the AMYG and the NAcC and NAcSh

regions of the NAc were defined by their relative positions according to Paxinos and Watson

(2005). For each animal, 8–12 sections at the same level were used to examine each nucleus

of interest, and the entire nucleus was outlined and analyzed. The number of DIG or c-Fos-

labeled cells in the area was counted and expressed as density of ENK mRNA-containing

cells (number of cells/µm2) or as density of c-Fos-ir (cells/µm2). Before measurements, a

threshold for each nucleus was established. Using the selected sections, this threshold was

set by matching the number of cells counted by the software in a defined area with the

number of cells counted manually in that same area. This method, which was the same for

all brain areas, yielded different threshold values (average of thresholds obtained within the

same area in the 8–12 sections) for the different brain areas. This semi-quantitative

procedure allowed us to count the number of neurons in a specific area, which was then

expressed as the cell density. 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. The average cell density for the different

groups was then compared and statistically analyzed. Analyses were performed by an

observer blind to the identity of the animals.

For quantitation of FISH and double-labeling of FISH with c-Fos-ir, 8–12 sections were

collected from the middle PVN, CeA, and NAcC of each animal, and the fluorescent images

were captured using a fluorescence microscope (Zeiss Axioplan 2) with MetaVue

acquisition software, with exposure conditions kept the same for each antibody. The density

of immunofluorescent signal was quantified with Image-Pro Plus software, as described

above for c-Fos-ir and DIG, and is reported as cell density (cells/µm2). Images were

captured with a 20× objective, and the cells double-labeled for ENK with c-Fos were

confirmed with a 40× objective and further validated by confocal Z-sectioning with a 40×

water-immersion lens on a Zeiss LSM 510 META confocal microscope (Melville, NY).

Double-labeled cells were counted and reported as percentage of total single-labeled cells.

1.2.7 Behavioral testing

On the third day of gavage, one hour following the second daily administration, a separate

group of rats receiving Intralipid, ethanol, nicotine, or water was tested for locomotor

activity, rearing, and grooming in a novel open field. This time-point relative to

administration was chosen to match the time of blood collection (see Section 1.2.8) and of

sacrifice for ENK and c-Fos analysis (see Sections 1.2.3 and 1.2.4), to allow the animals to

recover from any acute stress from the administration procedure itself, and to examine the

animals while levels of fatty acids, ethanol, and nicotine in the brain should still be in their

rising or plateau phase (Ferraro et al., 1991; Crooks et al., 1997; Adalsteinsson et al., 2006).

Rats were moved to a 60 cm × 60 cm × 60 cm wooden box, with its plexiglass floor divided
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into 16 equal-sized squares, located in a sound-attenuated room under red light. Similar to

published studies (Takeda et al., 2007; Kucuk et al., 2008; Ishikawa et al., 2014), rats were

placed in the center of the open field and left to explore the field for five minutes while

being videotaped with an overhead camera. The videotapes were later scored, by an observer

blind to the treatment condition, for lines crossed (number of squares crossed with four

paws), number of rearing episodes (posture sustained with hind-paws on the floor), and

number of grooming episodes (washing of limbs, face, and body). Line crossing was used to

determine locomotor activity, rearing to determine exploration, and grooming to determine

arousal.

On the fourth day of gavage, one hour following the second daily administration, the same

group of rats was tested for anxiety in an elevated plus maze (EPM). Rats were placed on

the maze, which was located in a sound-attenuated room under red light and consisted of

four arms (10 × 50 cm each) elevated 55 cm above the floor. Two opposite arms were

enclosed by 30 cm-high opaque walls, while the two other arms were not enclosed. Rats

were placed in the center of the maze, alternated between facing an open or closed arm, and

were left to explore the maze for 5 minutes while being videotaped. The videotapes were

later scored, by an observer blind to the treatment condition, for the amount of time in open

arms and the number of entries into open and closed arms. The criterion used to determine

arm entry was both forepaws into an arm. Time and entries into the open arm was used to

determine anti-anxiety behavior, while closed and total arm entries were used to determine

locomotor activity.

1.2.8 Corticosterone, triglycerides, blood ethanol, and nicotine concentration

In the rats given behavioral testing, on the fifth day of gavage, tail vein blood was collected

one hour following administration of Intralipid, ethanol, or nicotine at dark onset. Serum

from blood was used to measure levels of corticosterone (CORT) using a Corticosterone 3H

RIA kit (MP Biomedicals, Orangeburg, NY) and levels of triglycerides (TG) using a

Triglyceride Assay kit (Sigma-Aldrich Co.), with values measured on an E-Max Microplate

Reader (Sunnyvale, CA). Blood ethanol concentration was measured in ethanol-treated

animals using the Analox GM7 Fast Enzymatic Metabolic Analyser (Lunenburg, MA).

Plasma nicotine analysis by HPLC was measured in nicotine treated animals and carried out

at the Proteomics Resource Center of The Rockefeller University.

1.2.9 Statistical analysis

Comparisons between the four groups, water, Intralipid, ethanol, and nicotine, were made

using a univariate analysis of variance, followed-up by Tukey’s post-hoc tests when

appropriate. Comparisons between the two groups, water and sucrose, were performed using

unpaired two-tailed Student’s t-tests. The criterion for significance was p < 0.05, and all

values greater than this are reported as ns (not significant). Data are reported as mean ±

standard error of the mean (S.E.M.).
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1.3 RESULTS

1.3.1 Experiment 1: Effect of fat, ethanol, and nicotine on neurons expressing ENK mRNA

This experiment used in situ hybridization to examine the effects of short-term

administration of fat, ethanol, and nicotine, compared to water (n=5/group), on the gene

expression of ENK in different brain areas. In the water control group, consistent with our

prior findings (Barson et al., 2011a), the ENK-expressing neurons in the HYPO, almost

exclusively of the parvocelluar type that were small (4–6 µm) and medium (10–18 µm) in

size, were densest in the medial region of the PVN at the level of the middle and posterior

PVN and less concentrated in the anterior and lateral PVN. In the AMYG, they were denser

in the CeA, specifically its lateral subregion and lateral capsular area, than in the BLA where

a small number could be seen in the ventral part of this nucleus, and in the NAc, they were

dense throughout the NAcC and also evident in the ventral part of the NAcSh.

When compared to the water group, the rats administered fat, ethanol, or nicotine exhibited a

significant increase in the density of ENK mRNA-expressing neurons. This effect occurred

in precisely the same sites within the HYPO, AMYG, and NAc, with the percent increase

ranging from 16–40% (Fig. 1) as illustrated for nicotine in the photomicrographs (Fig. 2),

and it was rarely evident in certain other nearby regions examined within these brain areas

(Table 1). In the HYPO, this effect was seen specifically in the medial parvocellular area of

the PVN, at the anterior-posterior level of the anterior PVN (F(3,16)=8.95, p<0.01), middle

PVN (F(3,16)=20.09, p<0.01), and posterior PVN (F(3,16)=4.60, p<0.05), but it was not

seen in the lateral PVN (F(3,16)=0.00, not significant ns). Post-hoc analyses showed this

stimulatory effect to occur most consistently in the middle PVN, where all three substances

produced an increase (31–43%, p<0.01) that was similar in magnitude (ns for fat vs. ethanol

vs. nicotine) (Fig. 1). This is in contrast to the posterior PVN, where only fat (21%, p<0.05)

and ethanol (19%, p<0.05) produced a significant increase in ENK, and also to the anterior

PVN, where only ethanol was effective (19%, p<0.01). In the AMYG, this increase in ENK

mRNA-expressing neurons was seen for all three substances, specifically in the CeA

(F(3,6)=11.18, p<0.01) where it was similar in magnitude (23–39%, p<0.05) (ns for fat vs.

ethanol vs. nicotine) (Fig. 1), but it was not evident for any of the substances in the BLA

(F(3,6)=0.00, ns). In the NAc, a significant increase was detected specifically in the NAcC

(F(3,16)=25.00, p<0.01), where all three substances produced an increase (16–23%, p<0.01)

similar in magnitude (ns for fat vs. ethanol vs. nicotine) (Fig. 1), but it was not evident in the

NAcSh (F(3,16)=1.06, ns). These results, obtained in the same experiment and using the

same treatment paradigm, focus attention on three specific populations of ENK-expressing

neurons, located specifically in the middle PVN, CeA, and NAcC, where fat, ethanol, and

nicotine have a similar, stimulatory effect on the density of these peptide neurons.

1.3.2 Experiment 2: Effect of fat, ethanol, and nicotine on c-Fos immunofluorescent cells

To more precisely localize the neuronal populations activated by these different reinforcing

substances, this next experiment used immunofluorescent histochemistry to examine in a

second set of rats (n=4–5/group) c-Fos-ir cells in the different brain areas. As compared to

the water control animals which had generally low c-Fos-ir, short-term administration of fat,

ethanol, or nicotine each produced a significant increase in c-Fos-ir cells (Fig. 3) in the same
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areas where their administration altered ENK mRNA, while having little effect (Table 2) in

the areas where ENK was unaffected. In the PVN, this stimulatory effect was once again

restricted to the medial parvocellular part of this nucleus, at the anterior-posterior levels of

the middle PVN (F(3,14)=5.42, p<0.05) and posterior PVN (F(3,13)=4.04, p<0.05) but not

the anterior PVN (F(3,12)=0.09, ns), and it was not evident in the lateral PVN

(F(3,12)=2.39, ns). Post-hoc analyses showed this stimulatory effect in the middle PVN to

be significant (p<0.01) for all three substances, where it was similar in magnitude (46–92%,

ns for fat vs. ethanol vs. nicotine) (Fig. 3). However, in the posterior PVN, it was evident

only for fat (16%, p<0.01). In the AMYG, the increase in c-Fos-ir cells induced by the three

substances occurred exclusively in the CeA (F(3, 12)=6.59, p<0.01) (Fig. 3), with no change

observed in the BLA (F(3, 12)=0.00, ns), and in the NAc, it was evident in the NAcC

(F(3,12)=5.83, p<0.05) (Fig. 3) but not in the NAcSh (F(3,12)=0.00, ns). In the CeA and

NAcC, post-hoc analyses showed the three substances to produce a significant increase

(p<0.01) in c-Fos-ir cells that was similar in magnitude in the CeA (30–50%, ns for fat vs.

ethanol vs. nicotine) and NAcC (30–40%, ns for fat vs. ethanol vs. nicotine). Thus, these

results reveal neuronal activation in the same brain sites, middle PVN, CeA, and NAcC,

where fat, ethanol, and nicotine were found in Experiment 1 to increase the density of ENK-

expressing neurons.

1.3.3 Experiment 3: Effect of fat, ethanol, and nicotine on ENK mRNA and c-Fos
colocalization

To determine whether the neurons that are activated by fat, ethanol, and nicotine are in fact

those that express ENK, we examined in alternate slices from the same set of rats used in

Experiment 2 (n=4/group) the double-labeling of ENK mRNA using FISH and c-Fos-ir

using immunofluorescent histochemistry in the middle PVN, CeA and NAcC. In the water

control group, only a few neurons (3–5%) in these areas exhibited ENK and c-Fos

colocalization. As compared to this group, the rats administered fat, ethanol, or nicotine

exhibited significant differences with measurements of cells co-expressing ENK mRNA and

c-Fos relative to single-labeled cells (Fig. 4), as illustrated in the photomicrographs (Fig. 5).

Specifically, an increase in double-labeled neurons was observed in the middle PVN relative

to single-labeled ENK+ (F(3,12)=41.89, p<0.01) and c-Fos+ (F(3,12)=14.74, p<0.01)

neurons, in the CeA relative to single-labeled ENK+ (F(3,12)=11.19, p<0.01) and c-Fos+

(F(3,12)=17.68, p<0.01) neurons, and in the NAcC relative to single-labeled ENK+

(F(3,12)=4.49, p<0.01) and c-Fos+ (F(3,12=13.8, p<0.01) neurons. For all three substances,

post-hoc analyses revealed in each brain region significant, stimulatory effects on double-

labeled neurons (p<0.01) relative to single-labeled neurons, with the effects of these

substances similar in magnitude within each brain area (ns for fat vs. ethanol vs. nicotine).

Thus, fat, ethanol, and nicotine are each found to activate the same population of ENK-

expressing neurons in specific areas of the HYPO, AMYG, and NAc, underscoring the

similarity of their actions in the brain.

1.3.4 Experiment 4: Effect of sucrose on ENK gene expression and c-Fos immunoreactivity

The consistency and similarity of the stimulatory effect of fat, ethanol, and nicotine on

ENK- and c-Fos-labeled neurons in the middle PVN, CeA, and NAcC encouraged us to

examine, by testing sucrose for comparison, whether the reinforcing properties of these
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substances are an essential component of this effect. Using the same experimental

procedures as with fat, ethanol, and nicotine, we found in an additional set of rats (n=5/

group) that sucrose had little effect on single-labeling of ENK mRNA in the middle PVN

(t(8)=0.07, ns), CeA (t(8)=0.14, ns) or NAcC (t(8)=1.03, ns) and also on single-labeling of

c-Fos-ir in the middle PVN (t(8)=0.91, ns), CeA (t(8)=1.10, ns), or NAcC (t(8)=0.87, ns) as

compared to the water control group (Table 3). These results, clearly distinguishing sucrose

from fat, ethanol, and nicotine in their ability to stimulate ENK and c-Fos-ir in these specific

brain sites, suggest that other factors besides the reinforcing properties are involved in the

activation of the ENK neurons.

1.3.5 Experiment 5: Effect of fat, ethanol, and nicotine on stress-related behaviors and
circulating factors

The question addressed in this experiment is whether short-term, intraoral administration of

fat, ethanol, and nicotine, at the same low doses used in Experiments 1–3 (n=6/group),

produces behavioral changes indicative of a stress response that may be related to the

stimulation of ENK neurons. The behaviors measured were locomotor activity (line

crossing), exploratory behavior (rearing), and arousal (grooming) in a novel open field, and

also anxiety and locomotor activity in an EPM (Table 4). As compared to the control group,

the rats administered fat, ethanol, or nicotine exhibited a significant increase in locomotor

activity (F(3,24)=3.76, p<0.05), rearing (F(3,24)=3.91, p<0.05), and grooming

(F(3,24)=10.14, p<0.01) in the open field. Post-hoc analyses showed that the stimulatory

effect on locomotor activity occurred only in the ethanol-treated rats (45%, p<0.05), with no

effect in the fat- and nicotine-treated groups (ns vs. control). The stimulatory effect on

rearing and grooming occurred only in the nicotine-treated rats (42–173%, p<0.05), with no

effect in the fat- and ethanol-treated groups (ns vs. control). The EPM test revealed no

anxiety in response to fat, ethanol, or nicotine, as indicated by no group difference in the

percent time spent in the open arms (F(3,24)=1.89, ns) or in the number of open arm entries

(F(3,24)=3.15, ns), and also no difference in locomotor activity in the EPM, as measured by

the number of closed and total arm entries (F(3,24)=1.15, ns). Thus, the three substances,

fat, ethanol, and nicotine, have very different effects on these stress-related behavioral

measures, suggesting that psychological stress may not be an essential factor in their

neurochemical effects.

To assess their possible relation to certain physiological parameters, measurements were

taken of circulating levels of CORT and different metabolites. Compared to the water

control group, measurements of serum CORT levels (130±33 ng/ml in this group) showed

little change (F(3,24)=0.87, ns) after short-term intraoral administration of fat, ethanol, or

nicotine (Fig. 6), again suggesting that these substances in this paradigm had little impact on

stress. In addition to causing elevated blood ethanol levels after ethanol gavage (61±5

mg/dl) and blood nicotine levels after nicotine gavage (39±5 ng/mL), the three substances

each produced a significant rise in levels of TG (F(3,24)=12.80, p<0.001) (Fig. 6).

Compared to the water control group, levels of TG were increased most strongly by fat

(+96%, p<0.05) but also by ethanol (+26.5%, p<0.05) and nicotine (+31%, p<0.05), with no

significant difference evident between the experimental groups (ns for fat vs. ethanol vs.
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nicotine). Thus, while having little impact on the stress hormone CORT, short-term

administration of fat, ethanol, and nicotine each causes an increase in circulating TG.

1.4 DISCUSSION

Studies have shown that administration or consumption of fat, ethanol, or nicotine can

stimulate endogenous ENK gene expression in certain brain areas (Mathieu et al., 1996;

Chang et al., 2004; Chang et al., 2010a; Can et al., 2012) and that peripheral and local

injections of ENK agonists can, in turn, stimulate consummatory behavior (Sanger and

McCarthy, 1981; Simmons and Self, 2009; Barson et al., 2010), suggesting a positive

relationship between ENK and consumption of food and drugs of abuse. The goal of the

present study was to identify more precisely the anatomical location of the ENK-responsive

neurons involved in this feedback circuit and determine whether these three substances do in

fact act on the same population of neurons. By administering fat, ethanol, or nicotine at

relatively low doses, using the same mode and short-term duration, and by closely

examining the specific brain sites affected, the results clearly demonstrate that these three

reinforcing substances similarly increase, by 20–40%, the gene expression of ENK in the

same population of neurons in particular areas. Within the HYPO, this effect was observed

in the PVN and found for each substance to be strongest and most consistent in the medial

region of this nucleus, at the anterior-posterior level of the middle PVN. It was also detected

in the AMYG, where the anatomical analysis identified a population of ENK neurons in the

CeA, particularly its lateral subregion and lateral capsular area, as being most responsive, in

contrast to those in the BLA which were unaffected. Further, in the NAc, the present results

clearly distinguished the two major subregions of this structure, revealing a significant

increase in the density of ENK neurons specifically in the NAcC but not in the NAcSh,

consistent with effects described with repeated administration of nicotine (Mathieu et al.,

1996). Thus, within the HYPO, AMYG, and NAc, these findings identify three populations

of ENK neurons in specific sites, the middle PVN, CeA, and NAcC, which are similarly

responsive to the stimulatory effect of fat, ethanol, and nicotine, and they exclude

populations of neurons in other areas, specifically the lateral PVN, BLA and NAcSh, which

are unresponsive to these substances. Interestingly, the density of c-Fos-ir cells was affected

by fat, ethanol, and nicotine, which caused a 40–80% increase, in precisely the same brain

areas where the density of ENK-expressing neurons was altered. This evidence underscores

the anatomical specificity of this stimulatory effect of these substances on different

subpopulations of neurons in general and on ENK neurons in particular.

When these three responsive areas were examined using double-labeling

immunofluorescence, some of the neurons that were activated by fat, ethanol, or nicotine

were found to have an ENK phenotype. With short-term oral administration, these three

substances each significantly increased the density of double-labeled neurons, which

accounted for up to 18% of the single-labeled ENK or c-Fos-ir neurons. The largest increase

in c-Fos+ENK double-labeled neurons was observed in the medial parvocellular region of

the middle PVN and the lateral subdivision of the CeA, consistent with published reports

examining the PVN and CeA after acute nicotine injection (Loughlin et al., 2006) and the

CeA after acute ethanol injection (Criado and Morales, 2000). While not previously studied,

the NAcC exhibited a similar effect as the PVN and CeA, although it was smaller in
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magnitude, with the number of double-labeled neurons accounting for only 8% of the single-

labeled ENK or c-Fos-ir neurons. The c-Fos-ir neurons that failed to double-label ENK may

express a variety of other neurochemicals, such as the amino acid neurotransmitter, γ-

aminobutyric acid (GABA). Brain levels of GABA are increased by all three substances

(Fisler et al., 1989; De Witte, 1996; Benowitz, 2009), and GABA neurons are found to be

dense in the PVN (Vincent et al., 1982), CeA (Sun and Cassell, 1993), and NAcC (Rogard et

al., 1993). The present results reveal, at least with short-term administration, a clear

similarity between fat, ethanol, and nicotine in their ability to activate specific populations

of ENK-expressing neurons in these subregions of the hypothalamus and limbic system.

With these neurochemical changes induced by post-ingestive stimuli rather than by taste,

they may differ somewhat from results produced by voluntary oral intake. This is

exemplified by the finding that the density of c-fos-ir in cells of the hypothalamic arcuate

nucleus that express the opioid β-endorphin precursor pro-opiomelanocortin is increased by

intragastric administration of Intralipid at a later time than by oral ingestion of Intralipid

(Matsumura et al., 2012).

While sucrose is similar to fat, nicotine, and ethanol in being overconsumed and having

reinforcing properties(Corrigall et al., 1994; Czachowski and Samson, 1999; Czachowski et

al., 2003; Ackroff and Sclafani, 2014), the results obtained here clearly differentiate this

sweet substance from the others tested. Whereas there is little information on the effects of

acute sucrose exposure, studies with chronic sucrose administration or drinking have

described a suppression of ENK mRNA in the NAc (Kelley et al., 2003), mixed effects on c-

Fos in the BLA (Bachtell et al., 1999; Ulrich-Lai et al., 2007), and little change in c-Fos-ir in

the PVN, CeA, or NAcC (Bachtell et al., 1999; Pomonis et al., 2000; Ulrich-Lai et al., 2007;

Mitra et al., 2010). Our findings with short-term oral administration fail to reveal any effect

of sucrose on ENK-expressing neurons or c-Fos-ir in the middle PVN, CeA, or NAcC, in

marked contrast to the strong stimulatory effect observed with fat, ethanol, and nicotine. In

addition to clearly differentiating these reinforcing substances, this finding suggests that the

opioid ENK may have relatively little role in mediating the effects and behavioral

consequences of sucrose on the brain. This is consistent with other evidence showing that

PVN injection of an ENK analog, which increases the consumption of fat or ethanol (Barson

et al., 2010; Chang et al., 2010b), has little impact on the consumption of sucrose (Naleid et

al., 2007). In contrast to ENK, sucrose may have a stronger effect on levels of another

opioid peptide, β-endorphin. Both consumption and sham-feeding of sucrose are found to be

reduced by an antagonist of the mu-opioid receptor, which is targeted by β-endorphin, but

are generally unaffected by antagonists of the delta-opioid receptor, which is targeted by

ENK (Beczkowska et al., 1992; Leventhal et al., 1995).

In addition to reinforcing properties, results obtained here with fat, ethanol, and nicotine

suggest that psychological stress, sometimes induced by these substances (Scheufele et al.,

2000; Walker et al., 2010; Can et al., 2012), may not be critical to their stimulatory effect on

ENK-expressing neurons. Under some circumstances, stress is found to stimulate ENK

mRNA (Ceccatelli and Orazzo, 1993; Christiansen et al., 2011) and c-Fos or c-fos

(Honkaniemi et al., 1992; Miyata et al., 1995) in the HYPO, AMYG, and NAc, and the

administration of fat, ethanol, and nicotine, particularly at chronic and high doses, can
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produce behavioral signs of stress (Scheufele et al., 2000; Walker et al., 2010; Can et al.,

2012). The results of the present study, which examined the effects of these three substances

after short-term oral administration at relatively low doses, provide little evidence of stress-

related behaviors and reveal few similarities between the behavioral effects these substances

do have. Oral administration of fat produced little change in the different behaviors

measured, locomotor activity, rearing, grooming, or anxiety, indicating little effect on stress.

Also, ethanol gavage produced effects that are inconsistent with stress, namely, no change in

anxiety in the EPM, no difference in rearing or grooming, and a small increase in locomotor

activity in a novel open field that indicates an increase in exploratory behavior, similar to

previous results with low to moderate ethanol doses (Paivarinta and Korpi, 1993; Sharko et

al., 2013). Nicotine differed from ethanol in having no effect on locomotor activity but

stimulating both rearing and grooming as previously reported (Collins et al., 1988;

Zarrindast et al., 1998; Jandova et al., 2013), while it was similar to ethanol in having no

impact on anxiety in the EPM as previously reported (Irvine et al., 2001). Importantly, the

administration of fat, ethanol, or nicotine produced little change in circulating levels of the

stress hormone, CORT, when measured one hour later, at a time when acute stress would

lead these levels to be in the descending phase of their elevation (Rittenhouse et al., 2002)

but when levels of fatty acids, ethanol, and nicotine should still be in the rising or plateau

phase after gavage (Ferraro et al., 1991; Crooks et al., 1997; Adalsteinsson et al., 2006).

Thus, in addition to revealing clear differences between the three substances in their effects

on stress-related behaviors, these findings provide evidence that, when orally administered

short-term, the substances have little lasting impact on stress hormones.

There are a variety of studies indicating that fat, ethanol, and nicotine have a common

feature of increasing circulating levels of lipids (Scheufele et al., 2000; Chattopadhyay and

Chattopadhyay, 2008; Barson et al., 2009). Our findings are consistent with this evidence,

showing short-term oral administration of these substances to significantly increase levels of

TG, with fat producing the strongest effect. While circulating TG from Intralipid invariably

come from the lipid emulsion itself (Chen, 1984), those from ethanol and nicotine are

increased due to de novo synthesis in the liver (Tsukamoto et al., 1984; Ma et al., 2014) or a

reduction of basal lipolysis (Ashakumary and Vijayammal, 1997; Szkudelski et al., 2004).

There is evidence that lipids can contribute to the stimulation of ENK gene expression, as

indicated in studies showing ENK mRNA in the PVN to be increased by acute injection of

Intralipid or by the fatty acid linoleic acid and also by the consumption of a fat-rich meal

(Oomura et al., 1975; Chang et al., 2004; Chang et al., 2007). This elevated PVN ENK may,

in turn, further stimulate consummatory behavior, as shown in rats that have spontaneously

high post-meal TG (Karatayev et al., 2009) and subsequently eat more fat and drink more

ethanol when offered these substances (Karatayev et al., 2009; Karatayev et al., 2010).

Although further studies are needed to characterize the mechanisms mediating the

stimulatory effect of lipids on ENK, there is evidence showing that lipids can alter, either

directly or indirectly, a variety of central neural processes. This was demonstrated in vitro

with short-chain fatty acids, which increase ENK gene expression in PC12 rat cells via the

PKA signaling pathway (Mally et al., 2004), suggesting that lipid-activated transcription

factors may be involved. Lipids may also influence the ENK system by modulating the

binding of opioid peptides to their receptor (Murphy et al., 1987; Remmers et al., 1990) and
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by producing oxidative stress in cells (Rosenberger et al., 2001; Amin et al., 2011).

Together, these studies provide initial evidence supporting the idea that the stimulatory

effect that fat, ethanol, and nicotine each have on ENK-expressing neurons, specifically in

the middle PVN, CeA, and NAcC, may be mediated, in part, by their common effect of

elevating circulating lipids.

1.5 Conclusions

The results of this study demonstrate for the first time that fat, ethanol, and nicotine can act

in an anatomically specific manner to stimulate a common neurochemical system that

promotes consumption. This system is found to involve ENK, which is enhanced

specifically in the middle PVN, CeA, and NAcC, areas known to have appetitive-related

functions (Kalra and Kalra, 2004; Cybulska-Klosowicz et al., 2009; Tandon et al., 2012), but

is unaffected in nearby areas, the BLA or NAcSh, which are more closely related to reward

(Soderman and Unterwald, 2008; Lintas et al., 2012). This stimulatory effect of these

reinforcing substances on ENK expression in these appetite-controlling brain sites may have

a variety of behavioral consequences, as evidenced by studies showing peripheral or central

injection of ENK to stimulate the consumption of fat, ethanol, and nicotine (Naleid et al.,

2007; Barson et al., 2010; Liu and Jernigan, 2011). Thus, the population of ENK neurons

stimulated in these areas, perhaps acting in conjunction with circulating lipids, may direct

appetitive actions that increase the chances of these three substances being consumed again,

and they may also increase chow intake, although this remains to be tested using the current

dosing paradigm. This evidence, showing increased activation of ENK-expressing neurons

in specific nuclei with a high degree of interconnectivity, suggests that the positive

relationship which exists between ENK and these reinforcing substances is a defining

commonality that allows the intake of one of these three substances to stimulate intake of the

others (Carrillo et al., 2004; Barson et al., 2009; Bito-Onon et al., 2011), ultimately leading

to overconsumption and potential abuse of any or all of the substances.
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Highlights

• Fat, ethanol, and nicotine but not sucrose activate neurons in the same

hypothalamic and limbic areas

• Fat, ethanol, and nicotine but not sucrose activate enkephalin in the same

neuronal populations

• Fat, ethanol, and nicotine dosing regimens have little effect on stress-related

behaviors or levels of cortisol

• Fat, ethanol, and nicotine increase circulating levels of the lipids, triglycerides
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Fig. 1.
Short-term oral gavage of Intralipid (20% v/v), ethanol (12% v/v), or nicotine (0.01% w/v)

(3.5 mL each) increases the density of enkephalin mRNA-expressing neurons in the middle

paraventricular nucleus (mPVN), central nucleus of the amygdala (CeA), and nucleus

accumbens core (NAcC), as measured by digoxigenin-labeled in situ hybridization. Data are

mean ± S.E.M., *p<0.05 vs. water, n=5/group.
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Fig. 2.
Photomicrographs illustrate changes in the density of enkephalin mRNA-expressing neurons

in the middle paraventricular nucleus (mPVN, 10× magnification), central nucleus of the

amygdala (CeA, 4× magnification), and nucleus accumbens core (NAcC, 10×

magnification), in response to oral gavage of nicotine (0.01% w/v) or water (3.5 mL each),

as measured by digoxigenin-labeled in situ hybridization. aca: anterior commissure, opt:

optic tract, v: third ventricle.

Chang et al. Page 24

Neuroscience. Author manuscript; available in PMC 2015 September 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
Short-term oral gavage of Intralipid (20% v/v), ethanol (12% v/v), or nicotine (0.01% w/v)

(3.5 mL each) increases the density of c-Fos-immunoreactive cells in the middle

paraventricular nucleus (mPVN), central nucleus of the amygdala (CeA), and nucleus

accumbens core (NAcC). Data are mean ± S.E.M., *p<0.05 vs. water, n=4–5/group.
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Fig. 4.
Short-term oral gavage of Intralipid (20% v/v), ethanol (12% v/v), or nicotine (0.01% w/v)

(3.5 mL each) increases the percentage of neurons that double-label for enkephalin (ENK)

mRNA and c-Fos-immunoreactivity in the middle paraventricular nucleus (mPVN), central

nucleus of the amygdala (CeA), and nucleus accumbens core (NAcC), as measured by

immunofluorescence and fluorescence in situ hybridization. Left panel: Double-labeled

neurons vs. single-labeling of c-Fos. Right panel: Double-labeled neurons vs. single-labeling

of ENK mRNA. Data are mean ± S.E.M., *p<0.05 vs. water, n=4/group.
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Fig. 5.
Photomicrographs illustrate double-labeling of c-Fos (red) and enkephalin mRNA (green) in

the middle paraventricular nucleus (mPVN) and central nucleus of the amygdala (CeA) in

response to oral gavage of water (3.5 mL), Intralipid (20% v/v), ethanol (12% v/v), nicotine

(0.01% w/v), and sucrose (22% w/v) as labeled with immunofluorescence and fluorescence

in situ hybridization. White arrows indicate double-labeled neurons depicted in inset images.

Main images: 20× magnification; insets: 40× magnification.
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Fig. 6.
Short-term oral gavage of Intralipid (20% v/v), ethanol (12% v/v), or nicotine (0.01% w/v)

(3.5 mL each) increases circulating levels of triglycerides while have no effect on levels of

corticosterone. Data are mean ± S.E.M., *p<0.05 vs. water, n=6/group.
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Table 1

Density of enkephalin-expressing neurons, measured by digoxigenin-labeled in situ hybridization, in brain

areas showing few changes after short-term oral gavage of Intralipid (20% v/v), ethanol (12% v/v), or nicotine

(0.01% w/v) (3.5 mL each). These generally unresponsive brain areas include the anterior paraventricular

nucleus (aPVN), posterior paraventricular nucleus (pPVN), lateral paraventricular nucleus (lPVN), basolateral

amygdala (BLA), and nucleus accumbens shell (NAcSh). Data are mean ± S.E.M.

Enkephalin Cell Density (cells/µm2 × 10−4)

Brain areas Water Fat Ethanol Nicotine

aPVN 0.87 ± 0.04 0.93 ± 0.02 1.02 ± 0.03* 0.91 ± 0.05

pPVN 2.68 ± 0.11 3.16 ± 0.23* 3.12 ± 0.29* 3.01 ± 0.25

lPVN 0.35 ± 0.01 0.37 ± 0.02 0.36 ± 0.02 0.35 ± 0.02

BLA 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01

NAcSh 2.91 ± 0.16 3.27 ± 0.11 3.19 ± 0.07 3.16 ± 0.09

*
p<0.05 vs. water, n=5/group.
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Table 2

Density of c-Fos-labeled cells in brain areas showing no change after short-term oral gavage of Intralipid

(20% v/v), ethanol (12% v/v), or nicotine (0.01% w/v) (3.5 mL each). These unresponsive brain areas include

the anterior paraventricular nucleus (aPVN), posterior paraventricular nucleus (pPVN), lateral paraventricular

nucleus (lPVN), basolateral amygdala (BLA), and nucleus accumbens shell (NAcSh). Data are mean ± S.E.M.

c-Fos Cell Density (cells/um2 × 10−5)

Brain areas Water Fat Ethanol Nicotine

aPVN 7.85 ± 1.06 8.05 ± 0.46 8.21 ± 0.42 8.25 ± 0.70

pPVN 7.53 ± 0.25 8.75 ± 0.46* 7.66 ± 0.29 7.53 ± 0.33

lPVN 3.43 ± 0.69 3.93 ± 0.57 3.84 ± 0.92 3.63 ± 0.64

BLA 0.74 ± 0.03 0.78 ± 0.01 0.79 ± 0.01 0.76 ± 0.02

NAcSh 7.42 ± 0.44 7.47 ± 0.33 7.51 ± 0.32 7.35 ± 0.44

*
p<0.05 vs. water, n=4–5/group.
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Table 3

Density of enkephalin (ENK)-expressing neurons and c-Fos immunoreactive cells in the middle

paraventricular nucleus (mPVN), central nucleus of the amygdala (CeA), and nucleus accumbens core

(NAcC) after short-term oral gavage of sucrose (22% w/v) compared to water (3.5 mL). Data are mean ±

S.E.M., n=5/group.

ENK cell density (× 10−5) c-Fos cell density (× 10−5)

Brain areas Water Sucrose Water Sucrose

mPVN 2.34 ± 0.07 2.41 ± 0.05 7.87 ± 0.34 7.73 ± 0.32

CeA 1.41 ± 0.06 1.46 ± 0.02 7.55 ± 0.24 7.75 ± 0.26

NAcC 3.19 ± 0.03 3.25 ± 0.03 6.90 ± 0.11 6.93 ± 0.14
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Table 4

Few effects occurred after short-term oral gavage of Intralipid (20% v/v), ethanol (12% v/v), or nicotine

(0.01% w/v) compared to water (3.5 mL) on behavior in an open field and elevated plus maze. Data are mean

± S.E.M.

Behaviors Water Fat Ethanol Nicotine

Open Field

  Line crossings (#) 66.0 ± 4.6 67.0 ± 4.5 95.0 ± 7.0* 55.0 ± 8.9

  Rearing episodes (#) 16.0 ± 1.3 17.0 ± 2.3 18.5 ± 1.2 22.7 ± 0.7*

  Grooming episodes (#) 1.8 ± 0.5 2.0 ± 0.6 2.3 ± 0.4 5 .0 ± 0.4*

Elevated Plus Maze

  Open arm time (%) 11.0 ± 2.6 10.8 ± 3.3 18.6 ± 0.9 19.7 ± 5.4

  Open arm entries (#) 2.7 ± 0.7 2.0 ± 0.4 5.2 ± 0.9 4.0 ± 0.9

  Closed arm entries (#) 7.0 ± 1.5 8.0 ± 1.6 5.3 ± 1.0 10.0 ± 0.4

*
p<0.05 vs. water, n=6/group.
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