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Abstract

Background—Alcoholism is a heterogeneous disease, with subjects possibly differing both in
the best measure that predicts their excess consumption and in their most effective
pharmacotherapy. Two different measures, of high novelty-induced activity and high fat-induced
triglycerides (TG), are known to identify subgroups of animals prone to consuming higher
amounts of ethanol. The question investigated here is whether these subgroups are, in fact, similar
in their neurochemical phenotype that may contribute to their overconsumption.

Methods—Ethanol-naive, Sprague-Dawley rats were subgrouped based on the two predictor
measures of activity or TG levels, and then quantitative real-time PCR and digoxigenin-labeled in
situ hybridization were used to measure their expression of hypothalamic peptides that affect
ethanol intake. In additional subgroups subsequently trained to drink 9% ethanol, the opioid
antagonist and alcoholism medication, naltrexone, was tested at a low dose (0.02 mg/kg s.c.) to
determine the rats’ sensitivity to its effects.

Results—The two measures, while both effective in predicting amount of ethanol intake, were
found to identify distinctive subgroups. Rats with high compared to low activity exhibited
significantly greater expression of galanin and enkephalin in the paraventricular nucleus (PVN)
and of orexin in the perifornical lateral hypothalamus (PFLH), but no difference in melanin-
concentrating hormone in PFLH or neuropeptide Y in arcuate nucleus. This contrasts with rats
having high TG, which exhibited greater expression only of PVVN galanin, along with reduced
PFLH orexin. The high activity rats with elevated enkephalin, but not high TG rats, were also
unusually sensitive to naltrexone, which significantly reduced their alcohol intake.

Conclusions—In addition to revealing differences in endogenous peptides and drug
responsiveness in predicted high ethanol drinkers, this study demonstrates that these disturbances
differ markedly between the two at-risk subgroups. This indicates that simple tests may be
effective in identifying subjects most responsive to a specific pharmacotherapy.
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Alcohol use disorders may appear similar phenotypically; however, they have considerable
heterogeneity (Heilig et al., 2011). This may be due to genetic heterogeneity, with alcohol
use disorders having a large degree of genetic susceptibility, suggesting that individuals
require different interventions. This is supported by findings with the alcoholism medication
and opioid antagonist, naltrexone, which is effective only in a subgroup of patients (Heilig et
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al., 2011), such as those with a specific allele of the mu-opioid receptor (Heilig et al., 2011;
Oslin et al., 2003). While pharmacogenetic tests will be beneficial in implementing
personalized medication, behavioral and physiological phenotypes that correspond to these
genetic variations may also help to identify subjects who are not only more likely to be
responsive to a drug treatment but also at greater risk for developing alcohol use disorders.

A number of measures can identify subjects at risk for drinking excess alcohol. In
prospective clinical studies, the development of alcohol use disorders can be predicted by
personality factors such as anxiety or novelty-seeking, and also metabolic factors such as
low level of response to alcohol that reflects poor ethanol oxidation (Schmidt et al., 2007;
Schuckit et al., 2011). Similarly, in outbred rats, novelty-seeking assessed by high locomotor
activity in a novel environment and also circulating triglyceride (TG) levels after a high-fat
meal can identify at-risk animals (Karatayev et al., 2010a; Nadal et al., 2002). This latter
measure, reflecting less efficient hydrolysis of meal-induced TGs by lipoprotein lipase, may
be related to the poor ethanol oxidation of certain at-risk patients (Schuckit et al., 2011) as
well as the inhibition of lipoprotein lipase by alcohol (Liu et al., 2011). While both measures
detect at-risk rats, they show little relationship to each other and thus may identify
phenotypically different subgroups (Karatayev et al., 2010a). These subgroups, due to
biological heterogeneity, may also differ in their responsiveness to pharmacological
treatment. Indeed, rats with high compared to low novelty-induced activity are more
responsive to naltrexone’s ability to reduce both activity levels (Radcliffe and Erwin, 1998)
and ingestion of palatable food (White et al., 2004).

In determining biological mechanisms that drive subgroups to drink alcohal, it is preferable
to study subjects in the absence of ethanol, as it alters neurochemicals (Vengeliene et al.,
2008). Studies in ethanol-naive rats bred to consume ethanol suggest that at-risk subjects
already show dysregulation of specific systems. Selectively-bred P and HAD compared to
NP and LAD rats exhibit altered levels of monoamines (Strother et al., 2005), and AA
compared to ANA rats show elevated expression of the opioid enkephalin (ENK) in
corticolimbic regions (Marinelli et al., 2000). While these reports provide information on
neurochemicals that may contribute generally to ethanol intake, they do not distinguish
between subgroups that may drink for different reasons. Humans with the novelty-seeking
personality trait also have altered levels of monoamines (Heck et al., 2009). In addition, a
recent study in our laboratory comparing high-risk subjects showed that novelty-seeking rats
have elevated expression of ENK in the hypothalamic paraventricular nucleus (PVN) and
neuropeptide Y (NPY) in the arcuate nucleus (ARC), whereas those with high fat-induced
TGs exhibit elevated galanin (GAL) and ENK in the PVN but not NPY in the ARC
(Karatayev et al., 2010a). Whereas this provides some evidence that high-risk subgroups
differ in their hypothalamic neurochemical profile, it is unclear whether the peptides,
assessed immediately after the predictor tests, were differentially affected by the tests
themselves.

Neurochemicals may not only drive ethanol intake but may also contribute to the predictor
measures themselves. The hypothalamic orexigenic peptides that may serve these functions
include GAL and ENK in the PVN, orexin/hypocretin (OX) and melanin-concentrating
hormone (MCH) in the perifornical lateral hypothalamus (PFLH), and NPY in the ARC.
When injected, GAL, ENK, OX and MCH each promote ethanol intake (Barson et al., 2010;
Morganstern et al., 2010b; Schneider et al., 2007), while NPY decreases drinking, at least in
Myers' high ethanol-preferring rats (Karatayev et al., 2010b). Also, both GAL and ENK
stimulate locomotor activity (Lyudyno et al., 2008; Vujic-Redzic et al., 2000), but only GAL
decreases fat oxidation that determines TG levels (Gunion et al., 1991; Yun et al., 2005).
With neurochemicals affecting both risk for drinking and the associated behavioral or
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metabolic profile, assessment of these latter measures could give insight into the
neurochemical phenotypes of different high-risk subgroups.

With subjects prone to drinking ethanol for different reasons, the present study was designed
to determine whether at-risk animals show peptide disturbances prior to exposure and
whether this varies as a function of the specific predictor measure. In outbred rats with
variability in their responses, we used novelty-induced locomotor activity and fat-induced
TG levels to identify high-risk subjects, examining these measures first in the same set of
rats to determine their relationship to each other. We then examined different subgroups for
their expression of hypothalamic peptides and responsiveness to naltrexone. For peptide
measurements, we kept subjects ethanol-naive and gave them a one-week rest period
following the predictor tests, to ensure that baseline expression was evaluated. We
hypothesized that predicted high ethanol consumers would show disturbances in their
peptide systems and responsiveness to medication, but that these disturbances would differ
as a function of the predictor employed and thus subgroup identified.

MATERIALS AND METHODS

Subjects

Adult, male Sprague—-Dawley rats (N = 120, 225-250 g, Charles River Laboratories
International, Inc., Wilmington, MA) were housed individually, on a 12-hour reversed light/
dark cycle. Animals were allowed one week to acclimate to housing conditions, during
which they received ad libitum chow (LabDiet Rodent Chow 5001, St. Louis, MO) and
water. The facility was fully accredited by AAALAC. Protocols were approved by the
Rockefeller University Animal Care Committee and followed the NIH Guide for the Care
and Use of Laboratory Animals.

Experimental Procedures

Experiment 1: Rats (N = 24) were tested for novelty-induced locomotor activity and then
fat-induced TG levels. They were sorted by their activity counts or TG levels and separated
by tertile split into “high”, “middle”, and “low” subgroups (n = 8/subgroup), then trained to
consume 9% ethanol.

Experiments 2 and 3: Rats (N = 96; n = 24/experiment) were tested for novelty-induced
locomotor activity (Exp. 2) or fat-induced TG levels (Exp. 3) and separated into “high”,
“middle”, and “low” subgroups (n = 8/subgroup). One week later, with chow removed 1 h
prior, they were sacrificed by rapid decapitation during the middle of the dark cycle for
quantitative real time polymerase chain reaction (QRT-PCR) (Exps. 2A and 3A) or
digoxigenin-labeled in situ hybridization (DIG) (Exps. 2B and 3B).

Experiment 4. With naltrexone being one of the few medications approved by the United
States Food and Drug Administration for the treatment of alcoholism (Heilig et al., 2011),
the rats from Experiment 1 (N = 24), after one week of 9% ethanol access, were injected
immediately prior to daily 9% ethanol in a counterbalanced design on consecutive days with
naltrexone hydrochloride (0.02 mg/kg s.c.) (Sigma-Aldrich, St. Louis, MO) in 0.9% sodium
chloride (Hospira, Lake Forest, IL) or an equivalent volume (~0.3 ml) of sodium chloride
(Williams and Broadbridge, 2009). Ethanol, food and water intake was then measured for 4
hours.

Behavioral Testing

Novelty-Induced Locomotor Activity—During the middle of the dark period, each rat
was moved to a sound-attenuated room, placed for 15 minutes in a 17.0" x 17.0" chamber
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(Med Associates, Inc., St. Albans, VT) and activity counts (number of infrared beam breaks)
were recorded.

Fat-Induced Triglycerides—Rats were acclimated to the 50% high-fat diet (Karatayev et
al., 2010a) over 3 days with a daily 15-kcal meal. For the following 3 days, chow was
removed at dark onset, rats 1 h later were given a 15-kcal high-fat meal for 30 minutes, and
tail vein blood was sampled for serum TGs 30 min after that. TG values were averaged for
each subject.

Ethanol Drinking—Ethanol was made available, in addition to the water, in a second 8 o0z
bottle with a non-drip sipper tube at the top of the cage (PETCO Animal Supplies, Inc, San
Diego, CA), with the relative positions alternated each day to prevent side preference.
Ethanol was provided for 8 hours each day, starting 3.5 hours after dark onset. The
concentration was increased every 4 days, from 1% to 2%, 4%, 7%, and finally 9% v/v.
Water and chow were available ad libitum. Ethanol, water and food were measured daily.
Spillage of solution is less than 1 g per day even with extensive handling. Daily intake at 9%
was averaged across the first 4 days of access. After the end of experiments, with intake
consistent with initial 9% intake, tail vein blood was sampled 45 min after the start of daily
access for blood ethanol concentration (BEC).

Brain Dissections

Immediately after sacrifice, the brain was placed in a matrix slicing guide with the ventral
surface facing up. Four coronal cuts were made, starting with the anterior middle optic
chiasm (Bregma —0.8 mm) (Paxinos and Watson, 2005). The second cut was 1.0 mm caudal
to this, yielding a slice (Bregma —0.8 to —1.8 mm) for microdissection of the PVN. The third
and fourth cuts were 1.0 mm caudal to the prior cuts, yielding a slice (Bregma -2.8 to -3.8
mm) for the PFLH and ARC.

Under a microscope, the PVN was rapidly dissected as a reversed isosceles triangle, 1.0 mm
bilateral to the third ventricle and between the fornix structures. The PFLH was taken
bilaterally, 0.2 mm medial and ventral to the fornix, 0.3 mm dorsal, and 0.4 mm lateral. The
ARC was dissected as an isosceles triangle dorsal to the median eminence, 0.5 mm bilateral
to the third ventricle. These dissections were stored in RNAlater (Sigma—Aldrich).

Quantitative Real-Time PCR

Total RNA from each sample was purified using the RNeasy Mini Kit (Qiagen Inc., Valenia,
CA) and DNA removed using RNase-free DNase 1 (Qiagen Inc.). The yield was quantified
with a Nanodrop ND-8000 spectrophotometer (NanoDrop, Wilmington, DE), with resulting
Aogo/Aggp ratios between 1.91 and 2.18. cDNA was reverse transcribed from 1 pug of RNA
using high capacity RNA-to-cDNA master mix (Applied Biosystems, Foster City, CA).
Minus RT controls were synthesized by replacing DNA polymerase with distilled water. The
SYBR Green PCR core reagents kit (Applied Biosystems) was used for gqRT-PCR. qRT-
PCR was performed in MicroAmp Optic 96-well Reaction Plates (Applied Biosystems),
using 12.5 ng of cDNA template in a 25 pl reaction volume, and run on an ABI PRISM
7900 Sequence Detection system (Applied Biosystems), under the condition of 2 min at 50
°C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Each sample was run in
triplicate, and each run included a no-template and negative RT control. The specificities of
PCR products were confirmed by a single band of corresponding molecular weight revealed
by agarose gel electrophoresis. Target gene expression was quantified relative to the level of
cyclophilin using the relative quantification method and average Ct values for the
endogenous control versus the target genes differed by no more than 4 Ct. The primers were
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designed with ABI Primer Express V.1.5a software (Table 1). All reagents, unless indicated,
were from Invitrogen (Carlsbad, CA).

In Situ Hybridization

In situ hybridization with digoxigenin-labeled probes was used to measure the density of
neurons expressing the peptide gene. With brains from Experiments 2B and 3B processed
separately, frozen brains were cut into 30 um coronal sections with every third section saved
for analysis of a specific peptide, GAL or ENK through the PVN and OX or MCH through
the PFLH. As NPY was not altered in either group using qRT-PCR, it was not tested. DIG-
labeled cRNA probes were synthesized as previously described (Wortley et al., 2003). Free-
floating sections were processed as described (Chang et al., 2010; Leibowitz et al., 2007).
Gene expression level was measured by semiquantification with Image-Pro Plus software
(Version 4.5, Media Cybernetics Inc., Silver Spring, MD) as described (Leibowitz et al.,
2007) and expressed as “cellss/mm2.” Sections through the entire nucleus were examined,
resulting in 13-14 slices for the PVN and 15-17 for the PFLH.

Blood Assessment

Blood serum was assayed for TGs using a Triglyceride Assay kit (Sigma-Aldrich) and for
BEC using an Analox GM8 Alcohol Analyzer (Lunenberg, MA).

Data Analysis

RESULTS

Correlations were made using the Pearson product-moment correlation coefficient. Multiple
regression analysis was performed using the enter method. Differences between subgroups
were tested with a one-way analysis of variance followed up by multiple comparisons with a
Bonferroni correction when appropriate. Effects of drug injection (Experiment 4) were
tested with a repeated-measures analysis of variance with the simple effects tested with
paired, two-tailed t-tests. Differences between two groups were tested using unpaired, two-
tailed t-tests. Significance was determined at p < 0.05. All data are reported as mean +
standard error of the mean (S.E.M.) except for data from Experiment 4, which are mean +
standard error of the difference (S.E.D.) (Keppel and Wickens, 2004).

Experiment 1: “High Activity” and “High TG” Predict High Ethanol Intake but Identify
Distinct Subgroups

To reexamine the ability of novelty-induced locomotor activity and fat-induced TG levels to
predict the level of ethanol intake, rats were separated into “high”, “middle”, and “low”
subgroups for these measures and trained to drink ethanol. There was no difference in body
weight between the subgroups (activity: F(2, 21) = 0.60, ns; TG: F(2, 21) = 0.31, ns).
Ethanol intake ranged from 0.14 to 4.7 g/kg/day, and BEC ranging from 0 to 77 mg/dl was
highly correlated both with daily intake (r = +0.79, p < 0.001) and 45-min intake prior to
blood sampling (r = +0.96, p < 0.001). Multiple regression analysis of 9% ethanol intake
revealed a significant model (F(2, 21) = 10.91, p < 0.01) that accounted for 51% of the
variance, with both activity and TGs emerging as significant predictors (Table 2). Activity
correlated significantly with intake of ethanol (r = +0.45, p < 0.05), but not water (r = —0.03,
ns) or chow (r = —0.24, ns), and the high and low subgroups consumed significantly
different levels of 9% ethanol (t(8) = 2.48, p < 0.05) (Fig. 1). Similarly, TGs correlated
significantly with intake of ethanol (r = +0.46, p < 0.05), but not water (r = —-0.21, ns) or
chow (r = +0.11, ns), and the high and low subgroups also drank significantly different
levels of 9% ethanol (t(8) = 2.38, p < 0.05) (Fig. 2). Further analyses showed that these
activity and TG measures were not closely related. They were not correlated with each other
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(r =-0.22, ns), with only two animals high in both activity and TGs, and the activity
subgroups showed no differences in their fat-induced TG levels (F(2, 21) = 2.31, ns).
Neither measure correlated significantly with drinking at lower concentrations (Table 3).
Thus, while both emerged as significant predictors of 9% ethanol intake, these two measures
identify distinct subgroups of high-risk subjects.

Experiment 2: High Activity Rats Have Elevated GAL, ENK and OX mRNA

To understand the neurochemical mechanisms behind high novelty-induced locomotor
activity, we next examined ethanol-naive “high”, “middle”, and “low” activity subgroups
(Table 4) using gRT-PCR and DIG. As assessed by gRT-PCR (Exp. 2A), these groups,
while similar in PFLH MCH (F(2, 21) = 0.38, ns) and ARC NPY mRNA (F(2, 21) = 2.10,
ns), showed significant differences in PVN GAL (F(2, 21) = 5.12, p< 0.05), PVN ENK
(F(2, 21) =8.19, p< 0.01) and PFLH OX (F(2, 21) = 5.69, p < 0.05) (Fig. 3). Specifically,
the expression of both GAL and ENK was elevated in the high and middle groups compared
to the low group (p < 0.05), and OX was elevated in the high compared to both the low and
middle groups (p < 0.05). As assessed by DIG (Exp. 2B), the groups again exhibited
significant differences in PVN GAL (F(2, 21) = 17.23, p< 0.001), PVN ENK (F(2, 21) =
9.50, p<0.01), and PFLH OX (F(2, 21) = 5.51, p < 0.05) and no difference in PFLH MCH
mMRNA (F(2, 21) = 0.97, ns) (Table 5). The expression of GAL was elevated in the high and
middle groups compared to low group (p < 0.01), and ENK and OX were increased in the
high compared to both the low and middle groups (p < 0.05). Activity also correlated
positively and generally significantly with both GAL, measured using gRT-PCR (r = +0.31,
p =0.15) and DIG (r = +0.74, p < 0.01), and ENK, using qRT-PCR (r = +0.49, p < 0.05)
and DIG (r = +0.65, p < 0.05). It was weakly correlated with OX (r = +0.18, nsand r =
+0.43, p=0.16). As in Experiment 1, the groups showed no significant differences in their
body weights (Exp. 2A: F(2, 21) = 1.54, ns; Exp. 2B: F(2, 21) = 0.17, ns) or basal TG levels
(Exp. 2A: F(2, 21) = 0.61, ns; Exp. 2B: F(2, 21) = 0.53, ns). Thus, animals with high
novelty-induced locomotor activity, which are more likely to drink higher levels of ethanol,
have elevated mRNA expression of GAL and ENK in the PVN and OX in the PFLH.

Experiment 3: High TG Rats Have Increased GAL but Not ENK or OX mRNA

To understand the neurochemical mechanism underlying high fat-induced TGs, we
examined ethanol-naive “high”, “middle”, and “low” TG subgroups (Table 4), using gRT-
PCR and DIG. The subgroups showed no significant differences in body weight (Exp. 3A:
F(2, 21) = 0.95, ns; Exp. 3B: F(2, 21) = 2.50, ns). This experiment revealed a peptide
expression pattern that differed from that of the activity groups. As assessed by qRT-PCR
(Exp. 3A), the TG subgroups showed significant differences in PVN GAL (F(2, 21) = 4.60,
p < 0.05) and PFLH OX (F(2, 21) = 5.63, p < 0.05) but not PFLH MCH (F(2, 21) = 2.08,
ns), ARC NPY (F(2, 21) = 0.91, ns), or PVN ENK mRNA (F(2, 21) = 0.29, ns) (Fig. 4).
Similar to the activity groups, GAL was elevated in the high and middle groups compared to
the low group (p < 0.05). In contrast, OX was reduced in the middle compared to low group
(p < 0.05) and slightly decreased in the high compared to low group (ns). Similar results
were obtained with DIG (Exp. 3B), with the groups again exhibiting differences in PVN
GAL (F(2,21) =21.32, p<0.001) and PFLH OX (F(2, 21) = 162.85, p < 0.001), but not
PFLH MCH (F(2, 21) = 0.00, ns) or PVN ENK mRNA (F(2, 21) = 1.35, ns) (Table 6 and
Fig. 5). The expression of GAL was increased in the high and middle compared to low
group (p < 0.01), and OX was reduced in the high and middle compared to low group (p <
0.01). Levels of fat-induced TG correlated positively and significantly with GAL measured
using gRT-PCR (r = +0.45, p < 0.05) and DIG (r = +0.60, p < 0.05) but negatively with OX
using qRT-PCR (r = -0.19, ns) and DIG (r = -0.64, p < 0.05). At sacrifice, basal TG levels
were still different between the groups (Exp. 3A: F(2, 21) = 10.08, p < 0.01; Exp 3B: F(2,
21) = 3.63, p < 0.05), and while they correlated with fat-induced TGs (Exp. 3A: r =+0.67, p
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< 0.001; Exp 3B: r = +0.58, p < 0.01), they showed little relationship with peptide
expression. Thus, animals with high fat-induced TGs, which are predicted to drink higher
levels of ethanol, have elevated mRNA expression of GAL in the PVN but decreased OX in
the PFLH.

Experiment 4: Naltrexone is More Effective in High Activity Rats

With high activity but not high TG rats having elevated expression of ENK, we examined
whether they also exhibit greater sensitivity to the general opioid antagonist, naltrexone.
Using the rats from Experiment 1, analysis of the whole group showed no effect of
naltrexone on intake of ethanol (F(1, 23) = 2.45, ns) or water (F(1, 23) = 0.51, ns) and only
a small decrease in food intake (F(1, 23) = 4.71, p < 0.05) during the third hour after
injection (t(23) = 3.26, p < 0.01). Examination of the subgroups, however, revealed a
significant effect only in the high activity rats. While naltrexone had no effect in the high
TG and low activity subgroups on their intake of ethanol (TG: F(1, 7) = 0.01, ns; activity:
F(1, 7) = 0.01, ns), water (TG: F(1, 7) = 0.56, ns; activity: F(1, 7) = 0.36, ns), or food (TG:
F(1, 7) = 0.03, ns; activity: F(1, 7) = 0.99, ns), it had a significant effect in the high activity
subgroup (Fig. 6), causing a decrease in ethanol intake (F(1, 7) = 5.73, p < 0.05) during the
second (t(7) = 2.54, p < 0.05) and third (t(7) = 2.90, p < 0.05) hours. This change was
specific to ethanol, as naltrexone did not significantly affect consumption of water (F(1, 7) =
1.00, ns) or food (F(1, 7) = 5.52, p = 0.05). Thus, the high activity rats, one subgroup of
high ethanol drinkers, were uniquely responsive to naltrexone.

DISCUSSION
“High Activity” and “High TG” Predict High Ethanol Intake but Identify Distinct Subgroups

The results show that novelty-induced locomotor activity and fat-induced TG levels
measured in the same group of outbred rats can each positively and significantly predict the
relative level of ethanol drinking. This confirms our findings in separate groups of rats
(Karatayev et al., 2010a) and is consistent with other reports (Nadal et al., 2002). While both
measures predict intake, they identify different subgroups, confirming and extending our
earlier results in rats never tested with ethanol (Karatayev et al., 2010a). While high-risk
subjects differ from low-risk subjects in their peptide expression prior to ethanol exposure,
different high-risk subgroups also have a dissimilar neurochemical phenotype that reacts
differently to pharmacotherapy. High activity rats have elevated expression of PVN GAL,
PVN ENK and PFLH OX mRNA and a unique sensitivity to naltrexone, while high TG rats
have elevated expression only of PVN GAL along with reduced PFLH OX. It is notable that
this is evident prior to exposure to ethanol, which can affect peptide expression (Chang et
al., 2007a; Morganstern et al., 2010a; Morganstern et al., 2010b), and also one week
following the predictor tests, when effects from the tests themselves (Chang et al., 2007b;
Ferenczi et al., 2010; Gaysinskaya et al., 2007; Yukhananov and Handa, 1997) are likely to
have dissipated. While further testing involving outbred strains with greater ethanol
consumption than Sprague-Dawleys might strengthen these conclusions, the results support
the idea of disease heterogeneity as well as peptide specificity and suggest that particular
neurochemical differences may underlie this phenomenon.

Galanin May Drive High Ethanol Intake and Predictors

One major result is that PVN GAL mRNA is elevated in both subgroups of predicted high
ethanol drinkers. This is consistent with our previous finding showing high TG rats to have
elevated PVN GAL after the fatty meal (Karatayev et al., 2010a), although the high activity
subgroup in that same report failed to exhibit elevated GAL immediately after the predictor
test (Karatayev et al., 2010a), possibly due to their sensitivity to the stress from the novel
environment that suppresses hypothalamic GAL expression (Sergeyev et al., 2005). A role
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for GAL in driving ethanol intake is substantiated in other studies, showing that GAL
overexpressing mice drink more ethanol while GAL knockouts drink less (Karatayev et al.,
2009b; Karatayev et al., 2010b), that PVN GAL injection in rats stimulates consumption of
ethanol (Rada et al., 2004), and that a GAL haplotype in humans is associated with
alcoholism (Belfer et al., 2006). That GAL may also influence the predictor measures
themselves is suggested by the finding that locomotor activity is increased in GAL
overexpressing mice (Kuteeva et al., 2005) and that serum TGs are elevated in GAL
overexpressors (Poritsanos et al., 2009) and likely to be enhanced by PVN injection of GAL
as it reduces fat oxidation in muscle (Yun et al., 2005). Together, this evidence supports the
idea that GAL drives not only ethanol intake but also high novelty-induced locomotor
activity and fat-induced TG levels.

Enkephalin is Involved in Ethanol Intake in High Activity Subjects

Another important result is that PVN ENK mRNA is elevated in rats predicted to be high
ethanol drinkers by the activity but not the TG measure. This finding, obtained a week after
open field testing, substantiates our earlier result in rats examined immediately after this test
(Karatayev et al., 2010a) and agrees with the finding that PVN injections of ENK analogues
stimulate ethanol drinking (Barson et al., 2010). While this suggests that ENK can drive
ethanol intake, the lack of change in rats with high TGs indicates that it may contribute only
in certain high-risk subjects. In our earlier study (Karatayev et al., 2010a), ENK mRNA
immediately after the high-fat meal was also elevated in high TG subjects, but this was
likely from the meal itself, which stimulates ENK expression (Chang et al., 2007b). The
present results, with examination a week after the predictor test, support the idea of
biological heterogeneity behind alcohol use disorders and suggest that high ENK may lead
to one specific phenotype. Whereas central and peripheral injections of ENK analogues, like
GAL, increase locomotor activity (Dauge et al., 1988; Vujic-Redzic et al., 2000), they differ
in having no effect on fat oxidation (Gunion et al., 1991) that would affect TG levels.
Therefore, while ENK may drive the higher novelty-induced locomotor activity that predicts
one subgroup’s propensity to consume ethanol, it likely does not affect fat-induced TG
levels and ethanol drinking of this other subgroup.

Naltrexone is Specifically Effective in High Activity Rats

Our results additionally show that high activity rats with elevated PVN ENK mRNA, likely
accompanied by higher peptide levels (Chang et al., 2007a), are particularly sensitive to
naltrexone. Whereas the significant effect was on ethanol drinking, this subgroup also
showed reduced chow intake, with an effect size nearly as large as for ethanol (np2 =0.44
Vs, an = 0.45), suggesting that they may be more sensitive in general to naltrexone’s effects.
This substantiates findings with other behaviors in high activity rats and also studies of
alcoholics showing only certain patients to benefit from this opioid antagonist (see
Introduction). The possibility that this high activity subgroup has more opioid receptors to
which both naltrexone and ENK bind is suggested by evidence in alcohol-preferring AA
rats, showing a greater density of opioid receptors in concert with higher ENK expression in
the prefrontal cortex (Marinelli et al., 2000). Also, it is consistent with findings that subjects
with the Asp40 allele of the mu-opioid receptor, which has greater binding affinity, are more
responsive to naltrexone (Oslin et al., 2003). The results lend some support to the Opioid
Surfeit Hypothesis of alcoholism, which posits that individuals are vulnerable because of
excess opioid activity (Oswald and Wand, 2004), as opposed to the Opioid Deficit
Hypothesis, which holds that low opioids motivate compensatory consumption. Since
naltrexone also affects other neurochemicals, as indicated by its ability to block OX-induced
feeding (Sweet et al., 2004), the greater sensitivity of the high activity subgroup may also be
related to their elevated OX mRNA. Whether it is due to their higher ENK or OX, which
itself can stimulate PVN ENK (Barson et al., 2011; Karatayev et al., 2009a), novelty-
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seeking rats represent one subgroup responsive to the drinking-reducing effects of
naltrexone.

Orexin is Differentially Involved in Ethanol Intake and Predictor Measures

The results with PFLH OX represent a striking example of the biological heterogeneity of
alcohol use. Whereas rats predicted to be high ethanol drinkers by increased activity have
elevated OX mRNA, those predicted by high TGs show reduced expression. This may
parallel theorized roles for opioids, with high or low levels making individuals vulnerable to
alcoholism (Oswald and Wand, 2004). It is also notable that elevated OX was the major
difference between the high and middle activity rats, underscoring its importance in ethanol
drinking. This finding of high OX in the high activity subgroup agrees with evidence that
locomotor activity is stimulated by ventricular injection of OX (Samson et al., 2010) and
reduced in OX knockout mice (Mori et al., 2010). Whereas the result of low OX in the high
TG subgroup was unexpected given that elevated TGs from a high-fat meal can increase OX
expression (Karatayev et al., 2009c), OX itself can stimulate lipid substrate utilization
(Stricker-Krongrad et al., 2002), which would reduce TG levels. Thus, low OX may enable
TG levels to remain high after a fatty meal. As hypothalamic OX injection stimulates
ethanol intake (Schneider et al., 2007), the results suggest that OX, like ENK, is involved in
driving ethanol intake in the high activity but not the high TG subgroup. Whereas we did not
test an OX antagonist because it is not yet approved for clinical use and the receptor subtype
involved is unknown, we might also hypothesize that the high activity subgroup would be
more responsive to an OX antagonist.

Lack of Major Role for Melanin-Concentrating Hormone or Neuropeptide Y in Ethanol
Intake

In both predictor models, we observed no differences in PFLH MCH or ARC NPY mRNA,
suggesting that they do not play a major role in driving the enhanced exploratory behavior,
lower lipid oxidation, or excess ethanol intake of the high-risk subgroups. These results are
not surprising given the inconsistent relationship of these peptides with ethanol. Although
hypothalamic MCH injection stimulates ethanol intake (Morganstern et al., 2010b), MCH
receptor knockouts drink more than wild-type mice (Duncan et al., 2007). Also,
hypothalamic NPY injection does not affect ethanol drinking in outbred rats (Karatayev et
al., 2010b), and alcohol-preferring AA compared to alcohol-avoiding ANA rats show no
difference in ARC NPY mRNA (Caberlotto et al., 2001). We previously found NPY to be
elevated in high activity rats immediately after testing (Karatayev et al., 2010a), but this may
have been due to test-induced stress (Ferenczi et al., 2010). With regard to the predictor
measures, locomotor activity is not affected by central injection of either MCH (Sanchez et
al., 1997) or NPY (Heilig et al., 1989), and while MCH receptor knockouts show increased
fatty acid oxidation (Chung et al., 2010) that should reduce TG, they exhibit other
neurotransmitter changes that could explain this (Duncan et al., 2007). Thus, while they
affect ethanol intake under certain circumstances, MCH and NPY appear less important in
promoting the excess ethanol drinking of subjects with higher activity or TG levels.

Summary and Conclusions

These results provide the first evidence that measures which predict high ethanol
consumption can identify different subgroups of high-risk subjects that have distinct
hypothalamic peptide mRNA expression prior to drinking. This has major implications for
the treatment for alcohol use disorders. The differences between the high activity and high
TG subgroups in ENK and OX point to the likelihood that medications targeting these
systems may be effective only in a subset of subjects. In contrast, as high-risk subjects from
both models exhibit elevated GAL mRNA, this may be a major common factor in driving
ethanol intake, and targeting this system could result in broadly effective pharmacotherapy.
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It is also possible that GAL plays a dominant role in promoting initial ethanol intake, while
ENK and OX become more important with ethanol experience. Whereas the data are
correlational, and additional studies are needed to establish causality, the expression
alterations in the high-risk subgroups lead us to hypothesize that the peptides are responsible
not only for the subsequent ethanol drinking but also for the predictor measures themselves.
Thus, assessment of these phenotypes would allow insight into subjects’ heurochemical state
and could ultimately allow for the implementation of personalized medicine for problematic
alcohol use.
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Fig 1.

Sorting by activity counts in a novel open field predicts rats’ relative 9% ethanol intake.
Left: activity counts positively correlate with later daily 9% ethanol intake. Right: rats sorted
into “low”, “middle”, and “high” subgroups according to their different activity counts go on
to drink different amounts of 9% ethanol. Values are mean + S.E.M. *p < 0.05 vs. low
subgroup.
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Fig 2.

Sorting by triglyceride levels after a high-fat meal predicts rats’ relative 9% ethanol intake.
Left: triglyceride levels positively correlate with later daily 9% ethanol intake. Right: rats
sorted into “low”, “middle”, and “high” subgroups according to their different triglyceride
levels go on to drink different amounts of 9% ethanol. Values are mean = S.E.M. *p < 0.05
vs. low subgroup.
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High activity rats show increased hypothalamic galanin, enkephalin and orexin mRNA, as

assessed by gqRT-PCR (Experiment 2A). Values are mean £ S.E.M. **p < 0.01 vs. low

subgroup; *p < 0.05 vs. low; *p < 0.05 vs. middle. Abbreviations: ARC, arcuate nucleus;
ENK, enkephalin; GAL, galanin; MCH, melanin-concentrating hormone; NPY,

neuropeptide Y; OX, orexin; PFLH, perifornical lateral hypothalamus; PVN, paraventricular

nucleus of the hypothalamus.

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2014 April 11.

ARC NPY

Low Middle High



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Barson et al.

- - N N w w

o o o a o a

o o o o o o
M

Peptide mRNA (% of Low)

o
M

PVN GAL

Low Middle High

Fig 4.

250

200 4

150 4

100 A

50 o

PVN ENK

Low Middle High

200 1

150 1

100 41

50 1

PFLH OX

Low Middle High

200 -

150 o

100 A1

50 A1

PFLH MCH

Low Middle High

Page 17

150 1

100 +

50 4

High triglyceride rats show increased hypothalamic galanin but slightly decreased orexin
MRNA, as assessed by gRT-PCR (Experiment 2B). Values are mean = S.E.M. *p < 0.05 vs.
low subgroup. See text or legend to Figure 3 for abbreviations.

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2014 April 11.

ARC NPY

Low Middle High



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Barson et al.

PVN
Galanin

p S ‘ ; 2B,
PVN V;. 5a '.‘Q‘ ~'/",’.’ » .._. oy siaas? & ,41
- L l‘\ ‘:‘.;‘ . ;‘ » L'..‘- Sl 1 g .
Enkephalin 't*‘-‘f :}s.' ' ot :
el : % 5 \
W . - X
. 4 % 2"A% "’ .
j -_— ' .
PFLH V.- ] ‘.7?« :
Orexin f ” _;-;?'&_'_;_4
:. ‘ s - w." . -..-..'o
» & - :‘" & '.. e -g~.
MCH : .-s..'."f,iﬁ"'sf" kY ol
B R LY . B, 7
f .-'-?sé T e
PR s By
PSS 1 - IS

Fig 5.

Page 18

High TG

Photomicrographs for the fat-induced triglyceride group showing digoxigenin-labeled in situ
hybridization histochemistry analysis of cells expressing galanin and enkephalin mMRNA in

the paraventricular nucleus of the hypothalamus (PVN) and orexin and melanin-

concentrating hormone in the perifornical lateral hypothalamus (PFLH). Abbreviations: f,

fornix; v, third ventricle. 4X magnification. Scale bar = 125 um.
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High activity rats respond to a low dose of naltrexone. Top left panel: high activity rats
decrease their 9% ethanol drinking in response to naltrexone (0.02 mg/kg s.c.) compared to
saline. Top right panel: high activity rats do not significantly alter water or food intake in
response to naltrexone. Bottom left panel: high triglyceride rats do not significantly alter
their 9% ethanol drinking in response to naltrexone. Bottom right panel: high triglyceride
rats do not significantly alter water or food intake in response to naltrexone. Values are

mean + S.E.D. *p < 0.05 vs. saline.
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Table 1
Primers used for quantitative real time polymerase chain reaction

Primer sequences and concentrations used for quantitative real time polymerase chain reaction experiments
(Exp. 2A and Exp. 3A).

Primer Sequence Concentration

Cyclophilin 5-GTGTTCTTCGACATCACGGCT-3 (forward) 200 nM
5-CTGTCTTTGGAACTTTGTCTGCA-3’ (reverse)

Enkephalin 5-GGACTGCGCTAAATGCAGCTA-3'(forward) 100 nM
5-GTGTGCATGCCAGGAAGTTG-3' (reverse)

Galanin 5'-TTCCCACCACTGCTCAAGATG-3' (forward) 100 nM
5-TGGCTGACAGGGTTGCAA-3' (reverse)

Melanin concentrating hormone 5-ATCGGTTGTTGCTCCTTCTCTG-3 (forward) 100 nM
5-TCT GCT TGG AGC CTG TGT TCT T-3 (reverse)

Neuropeptide Y 5-CACAGAAAATGCCCCCAGAA-3’ (forward) 100 nM
5-GTCAGGAGAGCAAGTTTCATTTCC-3’ (reverse)

Orexin 5-AGATACCATCTCTCCGGATTGC-3’ (forward) 100 nM
5-CCAGGGAACCTTTGTAGAAGGA-3 (reverse)
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Table 2

Predictor variables for 9% ethanol intake

Both novelty-induced locomotor activity and fat-induced triglyceride (TG) levels emerge as significant

predictor variables for 9% ethanol intake.

Predictor Variable

Locomotor Activity

TG Levels

Beta p
056 p<0.01
058 p<001
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Table 4

Activity counts and triglyceride levels in Experiments 2 and 3

Page 23

Separation by tertile split results in “low”, “middle”, and “high” subgroups with different activity counts or
triglyceride levels. From left to right are novelty-induced locomotor activity in Experiments 2A and 2B and
fat-induced triglyceride levels in Experiments 3A and 3B.

Subgroup  Activity Count  Activity Count  Triglycerides  Triglycerides
Exp. 2A Exp. 2B (mg/dL) (mg/dL)

Exp. 3A Exp. 3B

Low 1851 + 119 1599 + 247 59+4 65+6
Middle 2631 +65 2436 + 67 85+6 96 +2
High 3663 + 369 3282 £ 143 123+4 122 +4

Values are mean + S.E.M.
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Table 5
Digoxigenin-labeled in situ hybridization in activity subgroups

High activity rats show increased hypothalamic galanin, enkephalin and orexin mRNA cell density, as
assessed by digoxigenin-labeled in situ hybridization (Experiment 2B).

Subgroup PVN GAL PVN ENK PFLH OX PFLH MCH
(cells/um x 107%)  (cells/um x 1075)  (cells/um x 107%)  (cells/um x 10-5)

Low 2.11+0.04 2.22+£0.26 342+0.71 417 +0.13

Middle g5+ 0 12** 251+0.12 3.91+0.66 4.44+0.27

*

High 3.15+0.19" 375+036°t  855+1.85 % 3.73+0.55

Values are mean + S.E.M.
p <0.01 vs. low subgroup;
*
p <0.05vs. low;

+p < 0.05 vs. middle.

See text or legend to Figure 3 for abbreviations.
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Table 6
Digoxigenin-labeled in situ hybridization in triglyceride subgroups

High triglyceride rats show increased hypothalamic galanin but decreased orexin mRNA cell density, as
assessed by digoxigenin-labeled in situ hybridization (Experiment 3B).

Subgroup PVN GAL PVN ENK PFLH OX PFLH MCH
(cells/um x 107%)  (cells/um x 1075)  (cells/um x 107%)  (cells/um x 1075)
Low 2.09+0.03 2.74+0.14 7.42+0.22 8.44 +0.22
Middle 579+ 007 279%005 314020 8.25+0.25
High  302+016™ 299£013 544030 8.29%0.19

Values are mean + S.E.M.

*%

p < 0.01 vs. low subgroup.

See text or legend to Figure 3 for abbreviations.
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