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Abstract

Background—~Recent reports support the involvement of hypothalamic orexigenic peptides in
stimulating ethanol intake. Our previous studies have examined the effects of ethanol on
hypothalamic peptide systems of the paraventricular nucleus of the hypothalamus (PVN) and
identified a positive feedback loop in which PVN peptides, such as enkephalin and galanin,
stimulate ethanol intake and ethanol, in turn, stimulates the expression of these peptides. Recently,
orexin (OX), a peptide produced mainly by cells in the perifornical lateral hypothalamus (PFLH),
has been shown to play an important role in mediating the rewarding aspects of ethanol intake.
However, there is little evidence showing the effects that ethanol itself may have on the OX
peptide system. In order to understand the feedback relationship between ethanol and the OX
system, the current investigation was designed to measure OX gene expression in the PFLH
following acute as well as chronic ethanol intake.

Methods—In the first experiment, Sprague-Dawley rats were trained to voluntarily consume a
2% or 9% concentration of ethanol, and the expression of OX mRNA in the PFLH was measured
using quantitative real-time polymerase chain reaction (QRT-PCR). The second set of experiments
tested the impact of acute oral gavage of 0.75 and 2.5 g/kg ethanol solution on OX expression in
the PFLH using gRT-PCR, as well as radiolabeled /n situ hybridization. Further tests using
digoxigenin-labeled /n situ hybridization and immunofluorescence histochemistry allowed us to
more clearly distinguish the effects of acute ethanol on OX cells in the lateral hypothalamic (LH)
vs perifornical (PF) regions.

Results—The results showed chronic consumption of ethanol vs water to dose-dependently
reduce OX mRNA in the PFLH, with a larger effect observed in rats consuming 2.5 g/kg/day
(-70%) or 1.0 g/kg/day (-50%) compared to animals consuming 0.75 g/kg/day (-40%). In contrast
to chronic intake, acute oral ethanol compared to water significantly enhanced OX expression in
the PFLH, and this effect occurred at the lower (0.75 g/kg) but not higher (2.5 g/kg) dose of
ethanol. Additional analyses of the OX cells in the LH vs PF regions identified the former as the
primary site of ethanol's stimulatory effect on the OX system. In the LH but not the PF, acute
ethanol increased the density of OX-expressing and OX-immunareactive neurons. The increase in
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gene expression was detected only at the lower dose of ethanol (0.75 g/kg), whereas the increase
in OX peptide was seen only at the higher dose of ethanol (2.5 g/kg).

Conclusion—These results lead us to propose that OX neurons, while responsive to negative
feedback signals from chronic ethanol consumption, are stimulated by acute ethanol
administration, most potently in the LH where OX may trigger central reward mechanisms that
promote further ethanol consumption.
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Introduction

Worldwide, alcohol use accounts for 4% of global disease burden and is related to
approximately 1.8 million deaths each year (WHO, 2009). Alcoholism, also known as
alcohol dependence, is a chronic debilitating disorder characterized by excessive ingestion
of alcohol, the development of tolerance and withdrawal, and impairment in social and
occupational functioning (APA, 2000; Becker, 2008). Although physiological systems
involved in and affected by alcoholism have been extensively studied, the neurobiological
mechanisms that contribute to ethanol intake and abuse are not well understood.

The lateral hypothalamus has been suggested to play an important role in reward-related
behaviors for over fifty years now. Early studies of intracranial self-stimulation (ICSS)
determined that animals would repeatedly press a lever associated with an electrical
stimulation of the lateral hypothalamus, suggesting that this region is involved in reinforcing
behavior (Olds, 1958; Olds and Milner, 1954). In addition, systemic administration of a low
to moderate dose of ethanol, similar to cocaine, reduces the rate of responding for ICSS of
the lateral hypothalamus, suggesting that the rewarding effects of ethanol and cocaine may
be mediated directly by this brain region (Fish et al., 2010; Schaefer and Michael, 1987).
Although we now understand that the lateral hypothalamus is intimately involved in reward,
a precise understanding of the local systems mediating such positive reinforcement has only
surfaced in the last decade. In 1989, two independent research groups isolated and cloned
the peptide, hypocretin, also known as orexin (OX), which is produced mainly by neurons
located in the perifornical lateral hypothalamus (PFLH) (de Lecea et al., 1998; Sakurai et al.,
1998a). Originally, OX was shown to play a role in feeding behavior; however, subsequent
studies have revealed an important role for this peptide in waking, arousal, and later in drug
addiction (Chemelli et al., 1999; Georgescu et al., 2003; Hara et al., 2001; Lin et al., 1999;
Sakurai et al., 1998b). Investigations examining the involvement of OX pathways in reward-
seeking behavior have distinguished OX neurons in the perifornical (PF) and lateral
hypothalamic (LH) regions and found the former to be involved in sleep and arousal and the
latter to be more sensitive to rewarding substances, such as morphine, cocaine and food
(DiLeone et al., 2003; Estabrooke et al., 2001; Georgescu et al., 2003; Harris et al., 2005).

Recent studies suggest a role for the OX peptide system in ethanol-seeking and drinking
behaviors. For example, central injection of OX in the LH stimulates ethanol consumption
(Schneider et al., 2007), and ethanol-paired stimuli increase the number of Fos-positive, OX
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neurons in the PFLH region (Dayas et al., 2008). OX projections from the PFLH directly
innervate and stimulate the dopamine (DA) reward pathway, depolarizing DA neurons in the
ventral tegmental area (VTA) and increasing DA release in terminal regions (Li and van den
Pol, 2005; Narita et al., 2006; Vittoz and Berridge, 2006). Moreover, systemic administration
of an OX-R1 antagonist alleviates reinstatement and operant responding for ethanol in
ethanol-preferring rats (Harris et al., 1978; Lawrence et al., 2006), and injection of OX
peptide directly into the VTA reinstates drug-seeking behavior (Wang et al., 2009). These
and other studies suggest that the OX system, originating in the PFLH, is actively involved
in the rewarding aspect of ethanol, as well as other drugs of abuse (Borgland et al., 2006;
Boutrel et al., 2005).

In order to understand the role of OX neurons in controlling ethanol intake, it is important to
examine the impact that ethanol itself has on the expression and production of this peptide in
the PFLH, where OX neurons originate. Whereas little is known about the relationship of
ethanol to endogenous OX, recent studies of other orexigenic peptides in the hypothalamus
have shown ethanol to have a strong, stimulatory effect on their expression. These peptides
include galanin (GAL) and the opioid, enkephalin (ENK), which similar to OX increase
ethanol intake when injected into the paraventricular nucleus (PVN) of the hypothalamus
(Lewis et al., 2004; Rada et al., 2004; Schneider et al., 2007). Studies measuring these
endogenous peptides in the hypothalamus have shown both acute and chronic ethanol intake
to increase their peptide expression and levels specifically in the PVN (Chang et al., 2007;
Leibowitz et al., 2003). Together, these reports of injections and measurements of GAL and
ENK have led to the proposal that these peptides function within a positive feedback circuit
to stimulate the consumption of ethanol that, in turn, activates the endogenous peptide
systems to promote further ethanol intake (Leibowitz, 2007). The question to be addressed
in the present study is whether OX is similar to GAL and ENK peptides in terms of its
response to acute as well as chronic manipulations with ethanol. The first experiment
examined the impact of chronic ethanol consumption on OX expression in the PFLH, while
the next two experiments explored the effect of acute oral administration of ethanol. The
final experiment performed an anatomically more precise analysis of ethanol's effects on
OX-expressing neurons in the LH vs PF regions of the posterior hypothalamus. The results
obtained from these experiments revealed clear differences between the effects of acute vs
chronic ethanol on OX neurons in the PFLH and also distinguished the LH and PF areas in
terms of their responsiveness to ethanol.

Materials and Methods

Subjects

Adult, male Sprague-Dawley rats (Charles River Breeding Labs, Kingston, NY) were
housed individually, on a 12-h reversed light/dark cycle in a fully accredited American
Association for the Accreditation of Laboratory Animal Care facility, according to
institutionally approved protocols as specified in the NIH Guide to the Use and Care of
Animals and also with the approval of the Rockefeller University Animal Care Committee.
The rats in each set of water- and ethanol-drinking groups were approximately matched for
body weight, with an overall range of 300-350 g at the start of the experiment and 400-475 g
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at the end (for Experiment 1). All animals were allowed 1 week to acclimate to their
individual housing conditions, during which time they were given ad /ibitum access to
standard rodent chow (LabDiet Rodent Chow 5001, St. Louis, MO; 12% fat, 60%
carbohydrate, and 28% protein) and water.

Test Procedures

In Experiment 1, rats were given ad /ibitum access to lab chow, water and in some cases
ethanol over a 28-day period. The water-drinking control rats (n=5-10/experiment) were
maintained on chow and water, and the ethanol-drinking experimental groups (n=30/
experiment) were additionally given access to ethanol (95% ethanol, David Sherman Corp.,
St. Louis, MO) diluted with water. This was presented in the home cage in a 100-mL
graduated glass cylinder, which was fitted with a sipper tube containing a steel ball as a tip
valve to prevent spillage. In order to increase the amount of daily ethanol consumed, access
to the ethanol-containing cylinder over the 28 days was provided for 12 h rather than 24 h
each day, as described in our previous publications (Chang et al., 2007; Leibowitz et al.,
2003). In one subset of animals (n=15), the concentration of ethanol was increased stepwise,
every 4 days, from 1% to 2%, 4%, 7% and then 9% v/v, with the rats maintained for an
additional 8 days on 9% ethanol. In a second subset of animals (n=15), ethanol was provided
as a 1% solution for the first four days and then kept at 2% for the remainder of the
experiment. Animals consuming the 2% and 9% ethanol solution were further subdivided
based on low and high daily ethanol consumption, with the 2% low drinkers consuming an
average of 0.25 g/kg/day and the high drinkers consuming 0.75 g/kg/day and the 9% low
drinkers consuming 1.0 g/kg/day and the high drinkers consuming 2.5 g/kg/day. Body
weight and daily food intake were measured every 4 days and showed no significant
differences between groups. Following the 28 days of ethanol exposure, animals showed no
physical or affective disturbances, no motor abnormalities, convulsions or autonomic
disturbances, in the absence of ethanol, indicating that they were not dependent. On the final
day of ethanol drinking, chow was provided for 4 h after dark onset, to allow the animals to
be satiated. The food was then removed to minimize its effect on ethanol consumption or
absorption, and the rats were given water alone (control group) or ethanol plus water and
allowed to drink ad /ibitum for the next 2 h. With this intermittent access schedule, the rats
consume a large percentage (25-30%) of their daily ethanol intake during the first few hours
of exposure. While this leads to peak BEC values within the 2 h consumption period, these
values do not rise to the level that might occur with 12 h of consumption. After being
allowed to drink for 2 h, the water- and ethanol-drinking rats were sacrificed by rapid
decapitation, their brains were removed and examined for peptide gene expression using
quantitative real-time polymerase chain reaction (QRT-PCR), and trunk blood was collected
for BEC measurements.

In Experiment 2, three additional groups of rats (n=5/group) were used to determine the
effects of acute ethanol administration on OX expression in the PFLH. Oral gavage was used
to administer ethanol in order to minimize the effects of stress on peptide expression. Rats
were separated into three groups of equal body weights the day before the experiment and
were given two days of mock gavages prior to the test day. Animals received a single gavage
of water (n=5), 0.75 g/kg ethanol (n=5), or 2.5 g/kg ethanol (n=5) of a 30% (v/v) ethanol
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solution. Tail vein blood was collected 15 minutes following oral gavage in order to measure
blood ethanol concentration (BEC). Animals were sacrificed 2 h after gavage procedure by
rapid decapitation. Brains were processed according to experimental procedures described
below for gRT-PCR and trunk blood collected for further analysis.

In Experiment 3, a new set of animals was used to confirm the qRT-PCR results obtained in
Experiment 2. Briefly, animals received an acute dose of ethanol or water, as described in
more detail in Experiment 2. They were sacrificed 2 h later, and their brains were processed
for analysis using radiolabeled /n situ hybridization (ISH), as described below.

In Experiment 4, three additional groups of animals were examined for a more precise
analysis of the OX-expressing cells in the PF and LH. The three groups received a single
gavage of water (n=5), 0.75 g/kg ethanol (n=5), or 2.5 g/kg ethanol (n=5) of a 30% (v/v)
ethanol solution, and they were sacrificed 2 h later. Their brains were examined using ISH
with a digoxigenin-labeled probe, to measure the density of OX-expressing cells in the PF
and LH, while immunoflourescence histochemistry in adjacent sections was used to measure
OX peptide levels in these regions.

Blood Ethanol Concentration

In Experiment 1, trunk blood at the time of sacrifice was used for BEC measurements. In
Experiment 2, BEC values were measured from tail vein blood collected 15 minutes
following ethanol gavage and trunk blood collected during the sacrifice procedure 2 h after
gavage. BEC measurements were made using the Analox GM7 Fast Enzymatic Metabolic
Analyser (Lunenburg, MA) and reported as mg/dl.

Brain Dissections

Immediately after sacrifice, the brains for Experiment 1 and 2 were removed for peptide
measurements using gRT-PCR. Brains were placed, with the ventral surface facing up in a
matrix and three 1.0 mm coronal sections were made, with the middle optic chiasm as the
anterior boundary (Paxinos and Watson, 1986). For microdissection, the sections were
placed on a glass slide and the PFLH (Bregma - 2.8 to - 3.6 mm) was removed under a
microscope, using the fornix and third ventricle as landmarks. The PFLH was taken from the
area surrounding the fornix, within a range of 0.2 mm medial and ventral to the fornix, 0.3
mm dorsal and 0.4 mm lateral. These dissections were stored in RNA /ater (Sigma-Aldrich
Co., St. Louis, MO) until processed.

Quantitative Real-time PCR Analysis

In Experiments 1 and 2, qRT-PCR was used to measure OX mRNA levels in the PFLH. As
previously described (Chang et al., 2004), total RNA from pooled microdissected
hypothalamic samples (h=10) was extracted with Trizol reagent and treated with RNase-free
DNase 1. The brain regions were pooled in order to maximize the amount and purity of
extracted RNA from brain regions of interest. The cDNA and minus RT were synthesized
using an oligo-dT primer with or without SuperScript Il reverse transcriptase. The gRT-PCR
experiments were conducted with Applied Biosystems (ABI) system. With Applied
Biosystems Primer Express V1.5a software, primers were designed to have a melting
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temperature of 58-60°C and to produce an amplicon of 50-160 base pairs. The last five bases
on the 3" end contained no more than 2 G and/or C bases, to reduce the possibility of
nonspecific product formation.

The SYBR Green PCR core reagents kit (ABI, CA) was used with cyclophilin (cyc) as an
endogenous control. PCR was performed in MicroAmp Optic 96-well Reaction Plates (ABI)
on an ABI PRISM 7900 Sequence Detection system, with the condition of 2 min at 50°C, 10
min at 95°C, then 40 cycles of 15 sec at 95°C and 1 min at 60°C. Each study consisted of 4
independent runs of PCR in triplicate, and each run included a standard curve, non-template
control, and negative RT control. The levels of target gene expression were quantified
relative to the level of cyc by standard curve method, based on threshold with Ct value of
18-25 for the different genes. For our initial OX expression experiments, we used cyc, B-
actin and GAPDH as controls. Since cyc gave the most reliable data with no region or
treatment specific changes in quantity, we continued to use cyc to normalize our data for OX
expression. The primers, designed with ABI Primer Express V.1.5a software based on
published sequences, were: 1) cyc: 5'- GTGTTCTTCGACATCACGGCT -3” (forward) and
5 - CTGTCTTTGGAACTTTGTCTGCA -3’ (reverse); and 2) OX: 5'-
AGATACCATCTCTCCGGATTGC -3 (forward) and 5'-CCAGGGAACCTT TGT
AGAAGGA-3’ (reverse). The concentrations of primers were 100 to 200 nM, and all
reagents, unless indicated, were from Invitrogen (Carlsbad, CA). The specificities of RT-
PCR products were confirmed by both a single dissociation curve of the product and a single
band with a corresponding molecular weight revealed by an agarose gel electrophoresis. In
addition to the non-template control and a negative RT control, the specificity of the
quantitative PCR was verified with an anatomical negative control by using the corpus
callossum in the same brain. No signals above threshold of all 7 targeted genes were
detected by gRT-PCR in all of the controls.

Radiolabeled In Situ Hybridization Histochemistry

In Experiment 3, the mRNA levels of OX were also measured by radiolabeled-1SH
histochemistry in animals treated with water or an acute gavage of 0.75 g/kg ethanol or 2.5
g/kg ethanol (n=8/group). The animals were sacrificed by rapid decapitation, and the brains
were immediately removed and fixed in 4% paraformaldehyde PB (0.1M pH 7.2) for 48-72
h, cryoprotected in 25% sucrose for 48-72 h, and then frozen and stored at -80°C. The
antisense and sense RNA probes were donated by Dr. Luis de Lecea and labeled with 35S-
UTP (Perkin Elmer, Waltham, MA) as described (Wortley et al., 2003). Free-floating 30 um
coronal sections were processed as follows: 10 min in 0.001% proteinase K, 5 min in 4%
paraformaldehyde, and 10 min each in 0.2 N HCI and acetylation solution, with 10 min
wash in PB between each step. After washing, the sections were hybridized with 3°S-labeled
probe (103 cpm/ ml) at 55°C for 18 h. Following hybridization, the sections were washed in
4 x SSC, and nonspecifically bound probe was removed by RNase (Sigma, St. Louis, MO)
treatment for 30 min at 37°C. Then, sections were run through a series of stringency washes
with 0.1 M dithiothreicitol (Sigma, St. Louis, MO) in 2 x SSC and 1 x SSC and 0.1 x SSC
at 55°C. Finally, sections were mounted, air-dried and exposed to Kodak BioMax MR film
for 8-18 h at -80°C, developed and microscopically analyzed. The sense probe control was
performed in the same tissue, and no signal was found.
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Gene expression level was determined with a computer-assisted microdensitometry of
autoradiographic images on the MCID image analysis system (Image Research, Inc., St.
Catherines, Canada) as described (Lucas et al., 1998; Reagan et al., 2004). Microscale 14C
standards (Amersham Biosciences, Piscataway, NJ) were exposed on the same Kodak film
with the sections and digitized. Gray level/optical density calibrations were performed by
using a calibrated film strip ladder (Imaging Research, St. Catherines, ON, Canada) for
optical density. Optical density was plotted as a function of microscale calibration values. It
was determined that all subsequent optical density values of digitized autoradiographic
images fell within the linear range of the function. The values obtained represent the average
of measurements taken from 10-12 sections per animal. In each section, the optical density
for the PFLH was recorded, from which the background optical density from a same size
area in the thalamus was subtracted. The mean value of the 0.75 g/kg ethanol and 2.5 g/kg
ethanol groups in each experiment was reported as percentage of the water group.

Digoxigenin-labeled In Situ Hybridization Histochemistry

As previously described (Chang et al., 2008), digoxigenin-labeled antisense RNA probes
and 30-Im free-floating cryostat sections were used for ISH histochemistry. AP-conjugated
sheep anti-digoxigenin Fab fragments (1:1000, Roche, Nutley, NJ) and NBT / BCIP (Roche,
Nutley, NJ) were used to visualize the signal. Gene expression level was measured by semi-
quantification with Image-Pro Plus software, version 4.5 (Media Cybernetics, Inc., Silver
Spring, MD, USA) and was expressed as cells /mm2, reflecting density of mRNA containing
cells. Densitometry was performed adjacent, anatomically matched sections. 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 Im2) were counted, thereby excluding fractions of
cells. All OX cells lateral to the fornix were considered to be in the LH, and all OX neurons
located dorsal and 0.4 mm medial to the fornix were considered to be in the PF. The average
cell density in each region for the different groups was compared and statistically analyzed,
with the analyses being performed by an observer who was blind to the identity of the rats.

Immunofluorescence Histochemistry

Adjacent sections from Experiment 4 were used to measure OX peptide immunoreactivity
via immunofluorescence histochemistry, specifically the more lateral LH area and more
medial PF area, as previously described (Chang et al., 2008). Briefly, 30 um free-floating
sections were used for immunofluorescence histochemistry. First, sections were blocked in
1% normal donkey serum containing 0.02% triton X-100 PBS for 1 h, then incubated in
primary antiserum overnight (anti-OX 1gG 1:200, Santa Cruz, CA). The primary antibody
used, orexin-A (C-19), is an affinity purified goat polyclonal antibody raised against a
peptide mapping at the C-terminus of orexin-A of human origin. This antibody is
recommended for detection of orexin-A processed active peptide of rat by
immunoflourescence. After a 30-min rinse in PBS, the sections were incubated in FITC-
conjugated Donkey anti-goat 1gG (1:100, Jackson ImmunoRes PA) for 2 h. After a 10-min
rinse in PBS, the sections were mounted and coverslipped with vectashield mounting
medium (Vector, CA). Immunofluorescence image was captured with a Zeiss fluorescence
microscope with Met Vue software. Density of immunofluorescence objects was quantified
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with ImagePro software as described (Chang et al., 2008) and reported as density (objects/
um?2). The LH and PF regions were defined by parameters described in the previous section.

Data Analysis

Results

The values in the figures are expressed as mean + SEM. Statistical analyses of these data
were performed using a one-way analysis of variance (ANOVA) followed by post-hoc tests
(Bonferroni or Fisher for the peptides and Holm-Sidak for blood ethanol) for multiple
comparisons between groups, or using an unpaired £test where appropriate. Two-way
repeated measure ANOVA (RM-ANOVA) followed by post-hoc Holm-Sidak test was used
to compare acute blood ethanol measurements taken at two different time points. The
different within-group measures were related using a Pearson's product-moment correlation.
The probability values given in the text or legends to the figures and tables reflect the results
of these tests.

Experiment 1: Effect of Chronic Ethanol Intake on OX Expression in the PFLH Using gRT-

PCR

This experiment compared rats given only water to those on 2% ethanol, which consumed an
average of 0.25 g/kg/day or 0.75 g/kg/day over 28 days, or those on 9% ethanol, which
consumed an average of 1 g/kg/day or 2.5 g/kg/day. As depicted in Fig. 1a, chronic
consumption of 2% ethanol produced an unexpected result, a strong reduction in OX
expression in the PFLH [F(2,15) = 30.8, p<0.001]. Whereas the group consuming 0.25
g/kg/day showed no difference compared to the water control group, the rats drinking the
higher daily amount of ethanol (0.75 g/kg/day) exhibited significantly lower (-40%) levels of
OX mRNA expression. As shown in Fig. 1b, chronic consumption of 9% ethanol solution
caused a similar reduction in OX mRNA expression in the PFLH [F(2,15) = 41.5, p<0.001].
This effect was dose related; the 2.5 g/kg/day concentration produced a significantly greater
reduction (-70%) than that seen with the 1.0 g/kg/day concentration (-50%) (p<0.001),
which was slightly greater than the effect seen in the 0.75 g/kg/day rats on 2% ethanol.
Measurements of circulating ethanol levels at the time of sacrifice (Table 1) indicated a
significant rise in BEC values in animals consuming 0.75 g/kg/day on the 2% ethanol
solution [F(2,15) = 25.7, p<0.001] but not those consuming 0.25 g/kg/day. In the animals
consuming the 9% ethanol solution, BEC values were dose-dependently increased [F(2,15)
= 39.6, p<0.001], with the rats consuming 1.0 g/kg/day or 2.5 g/kg/day ethanol showing
significantly greater BEC values compared to the water-drinking rats (p<0.001). These
results demonstrate that chronic, voluntary ethanol consumption in Sprague-Dawley rats
leads to a dose-dependant reduction in OX mRNA expression in the PFLH. This change
occurs only when BEC values are elevated, and it is unlikely to be due to any difference in
total calories consumed, as the ethanol-drinking rats showed no difference in body weight
compared to the water-drinking rats, and the ethanol they consumed accounted for only a
small percentage (<8%) of their daily intake.
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Experiment 2: Effect of Acute Ethanol on OX Expression in the PFLH Using qRT-PCR

This experiment tested the effects of acute ethanol administration at different doses on OX
expression in the PFLH. The rats received a single gavage of either water or ethanol, at 0.75
g/kg or 2.5 g/kg, and they were examined 2 h later. In contrast to chronic ethanol intake,
acute oral administration of ethanol was found to stimulate OX expression compared to the
water control group [F(2,17) = 11.6, p<0.001] (Fig. 2). This effect was detected at the lower
0.75 g/kg dose, which produced a 60% increase in OX mRNA in the PFLH (p<0.001), but
not at the higher 2.5 g/kg dose, which produced no change in OX mRNA. This dose
relationship may be attributed to differences detected in the measurements of BEC at
different times after the gavage (Table 1). A significant main effect in BEC values [F(1,18) =
45.31, p<0.001] reflected a moderate and transient rise (4-fold) in the 0.75 g/kg group that
was evident only at the 15-min time point, in contrast to a much larger and sustained rise in
the 2.5 g/kg group apparent at both the 15-min (20-fold) and 120-min (10-fold)
measurement periods. These results suggest that the stimulatory effect of acute ethanol on
OX expression in the PFLH is evident at lower doses of ethanol (0.75 g/kg), when BEC
values range from 25-35 mg/dl, but not when ethanol intake and BEC values rise to higher
levels.

Experiment 3: Effect of Acute Ethanol on OX Expression in the PFLH Using Radiolabeled

ISH

This experiment with oral administration of ethanol used radiolabeled ISH to provide a
further test of the stimulatory effect of acute ethanol on OX in the PFLH. Examination of the
brains showed that the distribution of the radioactive probe was contained within the medial
and lateral hypothalamus and that the dose-related increase in OX expression observed using
gRT-PCR in Experiment 2 was confirmed. As shown in Fig. 3 and illustrated in the
photomicrographs of Fig. 4, oral administration of 0.75 g/kg ethanol compared to water
produced a significant, 40% increase in mRNA expression in the PFLH [F(2,15) = 4.56,
p<0.05]. As with qRT-PCR, OX mRNA was unaffected at the higher 2.5 g/kg dose. These
results with acute manipulations confirm the responsiveness of OX neurons to the lower
dose of ethanol and the lack of this response at the higher dose.

Experiment 4: Effect of Acute Ethanol on OX Expression and Peptide Levels in the PF vs

LH Regions

In order to better visualize and anatomically differentiate OX cells in the lateral LH vs more
medial PF areas, digoxigenin-labeled ISH and immunofluorescence histochemistry were
performed in adjacent brain sections in an additional set of animals given acute gavage of
ethanol, as performed in Experiments 2 and 3. When compared to the water group, the 0.75
g/kg oral dose of ethanol produced a significant increase in the density of OX-expressing
cells specifically in the LH [F(2,15) = 3.87, p<0.05] but not the PF [F(2,15) = 0.34, n.s.]
(Fig. 5a), as illustrated in the photomicrographs (Fig. 6a). Consistent with results of
Experiments 2 and 3, this effect of acute ethanol on gene expression was not observed at the
higher, 2.5 g/kg dose of ethanol, in either the LH or PF. Measurements of peptide
immunoreactivity also showed a stimulatory effect of acute ethanol that was anatomically
specific but revealed a different dose relationship. The density of OX-immunoreactive cells
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was significantly increased in the LH [F(2,15) = 4.21 p<0.05] but not the PF [F(2,15) = 0.46,
n.s] (Figs. 5b and 6b). In contrast to the change in mRNA, this effect on peptide was
strongest at the 2.5 g/kg dose of ethanol and not statistically significant at the 0.75 g/kg
dose. Thus, in addition to showing a change in peptide as well as mRNA in the LH, these
findings suggest that the increase in OX peptide requires a higher dose of ethanol than the
increase in OX mRNA.

Discussion

The present study is the first to examine the consequences of acute and chronic ethanol on
OX expression and peptide levels. Whereas chronic consumption of ethanol profoundly
suppresses OX expression, the results with acute oral administration of ethanol reveal a
stimulatory effect. This effect, which is only observed in the LH and absent in the PF region,
is reflected by an increase in gene expression at the lower dose of ethanol and increased
peptide levels at the higher ethanol dose.

Effects of Chronic Ethanol on OX Expression

With chronic, voluntary consumption of ethanol in Sprague-Dawley rats, the present study
demonstrates a suppression of OX expression in the PFLH, which becomes stronger as the
amount of ethanol consumed rises from 0.25 g/kg/day to 2.5 g/kg/day, and BEC values
increase, respectively, from 13 to 38mg/dl. Although a study of chronic ethanol intake in
selectively-bred, ethanol-preferring rats revealed little change in the density of OX-
expressing neurons with higher daily ethanol consumption (5g/kg/day) (Lawrence et al.,
2006), the suppression of OX mRNA seen here with chronic ethanol intake in Sprague-
Dawley rats is similar to that produced by chronic treatment with morphine or cocaine in
this same rat strain (Zhou et al., 2006; Zhou et al., 2008). Together, these studies suggest that
repeated intake of rewarding substances leads to an overall reduction in OX gene expression
in the PFLH, which may be influenced by a negative feedback circuit. This finding clearly
distinguishes OX in the PFLH from other peptides, GAL and ENK, in the PVVN, which are
known to increase ethanol intake (Leibowitz, 2007; Lewis et al., 2004; Rada et al., 2004). In
contrast to OX, these peptides are stimulated by chronic consumption of ethanol (Chang et
al., 2007; Leibowitz et al., 2003), which has led to the hypothesis that they function within a
positive feedback loop to promote excess ethanol intake (Leibowitz, 2007).

There are several possible mechanisms that may underlie this negative feedback of chronic
ethanol on the OX system. One may involve the direct pharmacological action of ethanol on
the inhibitory amino acid, y-aminobutyric acid (GABA), in the PFLH (Kaneyuki et al.,
1995). Acting via ionotropic GABA-A receptor sites, ethanol is known to reduce neuronal
activity (Deitrich et al., 1989), and these receptors are found to be located on OX neurons in
the PFLH, where chronic ethanol may produce a long-term suppression of this peptide
(Backberg et al., 2004; Moragues et al., 2003). Another explanation may involve negative
feedback by monoaminergic projections to OX neurons. Ethanol is known to activate
serotonin (5-HT) and dopamine (DA) neurons of the dorsal raphe and VTA, respectively
(Brodie et al., 1990; Gessa et al., 1985; Yamane et al., 2003), which send projections to the
PFLH. The inhibitory feedback from these projections is likely to occur through activation
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of the 5-HT1A and DA-D2 receptor sites, which are found to exist on and inhibit OX
neurons of the PFLH (Alberto et al., 2006; Bubser et al., 2005; Muraki et al., 2004; Xie et
al., 2006). Given the stimulatory effects of ethanol on each of these neurochemicals that
inhibit OX neurons (Brodie et al., 1990; Gessa et al., 1985; Khatib et al., 1988; Yamane et
al., 2003; Yoshimoto et al., 1992), the observed suppression of OX expression with chronic
ethanol consumption may be a consequence of these negative feedback systems.

Effects of Acute Ethanol on OX Expression

With evidence that the suppressive effect of chronic ethanol intake on OX mRNA occurs
with relatively low BEC values, we were encouraged to test acute doses of ethanol, which
yield higher BEC values and may stimulate rather than inhibit the OX system, similar to that
shown for GAL and ENK peptides in the PVN (Chang et al., 2007). The results revealed
such an effect, showing OX mRNA in the PFLH to be stimulated by acute, oral
administration of ethanol at the lower dose of 0.75 g/kg but not at the higher, 2.5 g/kg. This
dose-related effect was demonstrated in two separate experiments using gRT-PCR and
radiolabeled ISH. The bimodal pattern, a stimulation at low doses and no effect or
suppression at moderately high doses, has been seen in other studies examining the effects
of ethanol on such measures as beta-endorphin or DA release, inducible nitric oxide
synthase activity and locomotor activity (Davis and de Fiebre, 2006; Gingras and Cools,
1996; Jarjour et al., 2009; Mocsary and Bradberry, 1996). The measurements of BEC
suggest that this effect is closely related to circulating ethanol levels. The stimulatory effect
on OX expression is evident with a transient and small rise in BEC to approximately
30mg/dl, but it is lost with a greater and longer-lasting increase in BEC to >35 mg/dl. We
propose that this larger, sustained rise in BEC, acting through inhibitory neurotransmitter
systems as described above (Alberto et al., 2006; Backberg et al., 2004; Bubser et al., 2005;
Muraki et al., 2004; Xie et al., 2006), may provide negative feedback to OX neurons as
ethanol remains in the blood for a prolonged period of time.

Differential Effects of Ethanol on OX Expression in the LH and PF

With digoxigenin-labeled ISH and immunofluorescence histochemistry, the stimulatory
effect of acute ethanol on OX neurons was found to occur predominantly in the LH rather
than the PF regions. The available evidence suggests that this sub-population of OX-
expressing neurons in the LH is more closely linked to reward-related behaviors than the
sub-population in the PF (Harris and Aston-Jones, 2006). Whereas PF OX neurons are
involved in arousal, the LH OX neurons have a more prominent role in reward-driven
behaviors, specifically those activated by morphine, cocaine and food in a conditioned place
preference paradigm (Estabrooke et al., 2001; Harris et al., 2005). Although Lawrence and
colleagues found no change in the density of OX neurons in response to ethanol intake, they
described an increase in the area of OX neurons in the LH but not the PF (Lawrence et al.,
2006). Anatomical differences between the LH- and PF-OX neurons may account for these
differential functions. Whereas the majority of OX neurons originating in the LH project
directly to the VTA and activate key reward DA pathways (Fadel and Deutch, 2002;
Korotkova et al., 2003; Narita et al., 2006), most PF efferent projections extend to brain
regions related to arousal (Espana et al., 2005; Peyron et al., 1998). Although ethanol-
associated stimuli may activate OX neurons in both the LH and PF, this effect in the PF is

Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morganstern et al.

Page 12

more evident under conditions of greater arousal (Dayas et al., 2008). In the present study,
ethanol was acutely administered at low-to-moderate doses via a relatively, un-stressful oral
gavage and thus very likely activated predominantly reward mechanisms mediated by LH-
OX neurons, while sparing arousal-related pathways involving PF-OX neurons.

Our results with acute ethanol further demonstrated a stimulation of OX mRNA expression
in the LH with the lower dose of ethanol (0.75 g/kg) but an increase in peptide
immunoreactivity at the higher dose (2.5 g/kg). These findings may be explained by the
differential time course of MRNA vs protein expression, as well as the difference in dose.
For example, a moderate dose of ethanol increases c-fos MRNA, a marker of neuronal
activation, in the hypothalamus within 45 minutes (Hansson et al., 2008), while stimulating
Fos peptide levels only at 2 h after injection (Ogilvie et al., 1998; Ryabinin et al., 1997;
Thiele et al., 1997). An increased expression of c-fos in the hypothalamus is even seen
within 10 minutes of oral administration of a moderately high dose of ethanol, underscoring
the rapid nature of this phenomenon as dose increases (Ogilvie et al., 1998). Further,
changes in Fos protein levels are found to be dose dependent. Whereas a low ethanol dose of
0.75 g/kg has minimal effect, a higher dose of 3g/kg produces a marked increase in Fos
protein levels at 2 h after administration (Chang et al., 1995). Thus, these studies with
moderate-to-high doses of ethanol reveal rapid changes in gene expression followed by an
increase in Fos protein, and with lower doses, they suggest a slower stimulation of gene
expression followed by peptide changes at a later time point. Although we measured and
describe mRNA and peptide changes 120 minutes following ethanol administration as BEC
levels are declining, it is important to note that the gene expression changes observed with
the low dose of ethanol most likely occurred at an earlier time point. In studies by Ogilvie
and colleagues (Ogilvie et al., 1997; Ogilvie et al., 1998), BEC levels were found to peak
within the first 15-30 minutes after oral administration of ethanol (1-3 g/kg), while mRNA
changes occurred within the first 30-60 minutes of this treatment and began to decline at 180
minutes post-treatment (Ogilvie et al., 1997; Ogilvie et al., 1998). In all, the results of the
present study with measurements at 2 h are consistent with this evidence, showing the lower,
0.75 g/kg dose of ethanol to stimulate gene expression while having no effect on OX peptide
levels and the higher, 2.5 g/kg dose of ethanol to produce no change in OX mRNA while
producing an increase in peptide levels.

In summary, the results presented herein demonstrate that acute ethanol stimulates and
chronic ethanol reduces OX mRNA expression in the PFLH, a pattern related to the amount
of ethanol consumed and corresponding BEC values achieved. These differential effects of
acute and chronic ethanol on mRNA expression are consistent with previous results obtained
with injection studies. Whereas acute injection of OX into the LH has a stimulatory effect on
ethanol intake (Schneider et al., 2007) and food intake (Haynes et al., 1999; Sakurai, 1999;
Sweet et al., 1999), the effect of chronic injection of OX on feeding diminishes or is reversed
to a suppression (Novak and Levine, 2009; Rossi et al., 1997; Yamanaka et al., 1999).
Together, these studies suggest that OX may function within a negative feedback circuit, in
contrast to the proposed positive feedback system regulating GAL and ENK in the PVN
(Chang et al., 2007; Leibowitz et al., 2003).
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Figurel.
Effects of chronic ethanol intake on the expression of OX in the PFLH, as measured by gRT-

PCR (Experiment 1). In the 2% ethanol drinking group (a) three groups of rats (n=5/group),
water, 0.25 g/kg/day and 0.75 g/kg/day ethanol drinking animals were examined. The data
(mean + SEM) revealed a significant reduction in expression of OX in the 0.75 g/kg/day
ethanol group [F(2,15) =30.8, p<0.001]. In the 9% ethanol drinking group (b) three groups
of rats (n=5/group), water, 1.0 g/kg/day and 0.75 g/kg/day ethanol drinking animals were
examined. The data (mean = SEM) revealed a significant reduction in expression of OX in
the 1.0 g/kg/day and 2.5 g/kg/day ethanol groups [F(2,15) = 41.5, p<0.001]. This effect was
statistically significant in the 0.75 g/kg, 1.0 g/kg and 2.5 g/kg ethanol drinking groups
compared to their respective water group (*p<0.001), and the suppression in the 2.5
g/kg/day ethanol drinkers was significantly greater than that in the 1.0 g/kg ethanol drinkers
(** p<0.001).
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Figure 2.
Effects of acute ethanol gavage on the expression of OX in the PFLH, as measured by gRT-

PCR (Experiment 2). Three groups of rats (n=5/group), water, 0.75 g/kg and 2.5 g/kg
ethanol, were tested 2 h after gavage. The data (mean + SEM) showed a significant increase
[F(2,17) =11.6, p<0.001] in OX expression after low-dose (0.75 g/kg) of ethanol vs water
gavage (*p<0.001).
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Figure 3.
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Effects of acute ethanol gavage on the expression of OX in the PFLH, as measured by
radiolabeled ISH (Experiment 3). The data (mean £ SEM) for the 3 groups (n=5/group),
water, 0.75 g/kg ethanol and 2.5 g/kg ethanol are presented as % of water control. They
showed a significant increase in expression of OX [F(2,15) =4.56, p<0.05] with the low dose
of ethanol (0.75 g/kg) as compared with the water group (*p<0.05).
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Figure 4.
Photomicrographs illustrating the stimulatory effect of 0.75 g/kg ethanol on OX mRNA

expression in the PFLH, as measured using radiolabeled ISH and graphed in Fig. 3
(Experiment 3).
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Figure5.
Effects of acute ethanol gavage on OX mRNA and peptide expression in the LH vs PF

regions, as measured via (a) digoxigenin-labeled ISH and (b) immunofluorescence
histochemistry (Experiment 4). The data (mean £SEM) for the 3 groups (n=5/group), water,
0.75 g/kg ethanol and 2.5 g/kg ethanol showed a significant increase [F(2,15) = 3.87,
p<0.05] in OX mRNA expression in the LH at the lower dose (0.75 g/kg) of ethanol
compared to the water or 2.5 g/kg group (*p<0.05). The immunoflourescence data
demonstrated a significant increase in peptide levels of OX in the LH [F(2,15) = 4.21,
p<0.05] at the higher dose (2.5 g/kg) compared to the lower dose (0.75 g/kg) or water group
(* p<0.05).
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Figure®6.
Photomicrographs illustrating the stimulatory effect of 0.75 g/kg ethanol on OX (a) mMRNA

expression and 2.5 g/kg ethanol on (b) peptide levels in the LH, as measured using
digoxigenin-labeled ISH and immunofluorescence histochemistry as graphed in Fig. 5
(Experiment 4).
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Blood ethanol concentration (BEC) following ethanol intake

BEC (mg/dI)

Chronic 120 min

2% Ethanol Solution
Water 9.52 +1.23
0.25 g/kg/d ethanol 13.02 +2.45
0.75 g/kg/d ethanol 25.05 +2.12*
9% Ethanol Solution

Water 8.73 +1.57
1.0 g/kg/d ethanol 29.32 £ 2.37*
2.5 g/kg/d ethanol 38.45 + 3.48*
BEC (mg/dl)
Acute 15min 120 min
Water 8.50 £ 2.29 9.30 £ 1.37
0.75 g/kg ethanol 32.90 £ 3.34* 11.60 +1.20
2.5 g/kg ethanol 150.03 £12.67*  90.00 +5.91**

Table 1
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Compared to water drinking animals, rats chronically consuming 0.75 g/kg/d, 1.0 g/kg/d and 2.5 g/kg/d average daily ethanol had elevated BEC
values (*p<0.001). In animals given an acute dose of ethanol versus water, we measured a significant increase in BEC values 15 minutes following

gavage of 0.75 and 2.5 g/kg ethanol (*p<0.001) and a significant increase in BEC values 120 minutes following gavage of 2.5 g/kg ethanol

(**p<0.001).
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