1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Eur J Neurosci. Author manuscript; available in PMC 2016 March 08.

-, HHS Public Access
«

Published in final edited form as:
Eur J Neurosci. 2016 March ; 43(5): 710-720. doi:10.1111/ejn.13170.

Orexin/hypocretin neuron activation is correlated with alcohol
seeking and preference in a topographically specific manner

David E. Moorman?, Morgan H. James?, Elisabeth A. Kilroy3, and Gary Aston-Jones?
Department of Neurosciences, Medical University of South Carolina, Charleston, SC 29425

1Department of Psychological and Brain Sciences & Neuroscience and Behavior Graduate
Program, University of Massachusetts Amherst, Amherst MA 01003

2Brain Health Institute, Rutgers University/Rutgers Biomedical and Health Sciences, Piscataway
NJ 08854

SGraduate School of Biomedical Sciences and Engineering, University of Maine, Orono, Maine
04469

Abstract

Orexin (ORX, also known as hypocretin, HRCT) neurons are located exclusively in the posterior
hypothalamus and are involved in a wide range of behaviors, including motivation for drugs of
abuse such as alcohol. Hypothalamic subregions contain functionally distinct populations of ORX
neurons that may play different roles in regulating drug- and alcohol-motivated behaviors. To
investigate the role of ORX neurons in alcohol seeking, we measured Fos activation of ORX
neurons in rats following three different measures of alcohol seeking and preference: 1) context-
induced reinstatement, or ABA renewal, 2) cue-induced reinstatement of extinguished responding
for alcohol, and 3) a home cage task in which preference for alcohol (vs. water) was measured in
the absence of either reinforcer. We found significant activation of ORX neurons in multiple
subregions across all three behavioral tests. Notably, ORX neuron activation in lateral
hypothalamus (LH) correlated with the degree of seeking in context reinstatement and degree of
preference in home cage preference testing. In addition, Fos activation in ORX neurons in
dorsomedial (DMH) and perifornical (PF) areas was correlated with context- and home cage
seeking/preference, respectively. Surprisingly, we found no relationship between the degree of
cue-induced reinstatement and ORX neuron activation in any region despite robust activation
overall during reinstatement. These results demonstrate a strong relationship between ORX neuron
activation and alcohol seeking/preference, but one that is differentially expressed across ORX
field subregions depending on reinstatement modality.
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Introduction

The orexin/hypocretin (ORX/HCRT) system consists of a population of neurons located
exclusively in the hypothalamus that produces the peptides ORX-A (HCRT-1) and ORX-B
(HCRT-2), from the prepro-orexin/hypocretin peptide (de Lecea et al., 1998; Sakurai et al.,
1998). Since the first publications related to this system in 1998, it has been widely
appreciated that the ORX system participates in a number of behaviors critical for the
survival of an organism (de Lecea & Sutcliffe, 1999; Sakurai, 2007; Tsujino & Sakurai,
2013; Gao & Horvath, 2014; Mahler et al., 2014). The ORX system plays an important role
in regulating sleep/wake activity, and dysregulation of the ORX system is associated with
narcolepsy with cataplexy (Sakurai, 2007; de Lecea & Huerta, 2014). In addition, we and
others have demonstrated a strong association between the ORX system and multiple types
of motivated behavior (Harris et al., 2005; Aston-Jones et al., 2009; Borgland et al., 2009;
Thompson & Borgland, 2011; Tsujino & Sakurai, 2013; Mahler et al., 2014; Merlo Pich &
Melotto, 2014; Yeoh et al., 2014). The ORX system is involved in feeding behaviors
(Sakurai et al., 1998), and also has a profound influence on motivation for drugs of abuse
(Mahler et al., 2012), including alcohol (Lawrence, 2010; Mahler et al., 2012; Brown &
Lawrence, 2013). Lawrence and colleagues first reported an association between the ORX
system and alcohol seeking, demonstrating that ethanol (EtOH) consumption increased ORX
MRNA, and that pharmacological blockade of the ORX-1 receptor (OX1R) decreased EtOH
seeking behaviors (Lawrence et al., 2006). The effect of OX1R antagonism on alcohol
seeking and drinking has been demonstrated by a number of groups (Lawrence, 2010;
Mabhler et al., 2012; Khoo & Brown, 2014). We and others showed that blocking OX1R
activity decreases alcohol seeking preferentially in highly-motivated animals (Moorman &
Aston-Jones, 2009; Anderson et al., 2014; Olney et al., 2015). This relationship between
motivation for reward and ORX signaling led us to propose that the ORX system plays a
major role in motivational activation, in which ORX neuron activation scales with intensity
of mativational drive (Mahler et al., 2014).

Further work is needed to refine our understanding of the relationship between ORX neuron
activation and motivational state, particularly with respect to alcohol seeking. Although
several reports have documented that ORX receptor antagonism decreases motivation for
alcohol (Richards et al., 2008; Moorman & Aston-Jones, 2009; Jupp et al., 2011; Anderson
et al., 2014; Olney et al., 2015), few studies have shown an effect of blocking OX1Rs or
OX2Rs on alcohol seeking (Dhaher et al., 2010) or alcohol preference (Moorman & Aston-
Jones, 2009; Voorhees & Cunningham, 2011; Brown et al., 2013; Anderson et al., 2014;
Barson et al., 2015). Moreover, this evidence is limited by findings that certain ORX
receptor antagonists may exhibit reduced selectivity in certain conditions (Hollander et al.,
2012; McElhinny et al., 2012; Merlo Pich & Melotto, 2014; Winrow & Renger, 2014).

The above findings indicate the need to measure activity of ORX neurons to better
understand their roles in alcohol-related behaviors. An important and additional factor that
supports this conclusion is that ORX neuron populations play multiple, diverse roles in
motivated behaviors (Tsujino & Sakurai, 2013; Mahler et al., 2014). In particular, ORX
neurons located in the lateral region of the orexin cell field function in motivation and
reward-seeking whereas more medial ORX neurons (e.g., DMH and PF) are more involved
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in arousal and stress (Estabrooke et al., 2001; Harris & Aston-Jones, 2006). This
topographic dichotomy in ORX neuron function has been demonstrated for multiple drugs
of abuse and natural rewards (Harris et al., 2005; Harris et al., 2007), as well as for alcoholic
beer seeking (Hamlin et al., 2007). However, the specific association between regional ORX
neuron activation and alcohol seeking has not been completely described.

A focus on activities of ORX neurons is also warranted by the fact that ORX neurons co-
release multiple neurotransmitters and peptides including ORX, dynorphin and glutamate,
among others (Chou et al., 2001; Schone & Burdakov, 2012; Muschamp et al., 2014).
Behaviors that activate ORX neurons such as alcohol seeking (Hamlin et al., 2007; Dayas et
al., 2008; Kallupi et al., 2010; Millan et al., 2010), likely simultaneously release these co-
transmitters indicating that a focus on ORX release itself (via e.g., pharmacology alone) may
only reveal part of the picture. Despite this need, there have been a limited number of
studies of ORX neuron activity during alcohol seeking, and these have focused on one
behavioral paradigm (context-induced reinstatement or renewal) (Hamlin et al., 2007; Dayas
et al., 2008).

We used Fos immunohistochemistry to measure activities of ORX neurons across a range of
alcohol seeking behaviors, including during context-induced (ABA renewal) or cue-induced
reinstatement of extinguished responding for alcohol, and also during a test of alcohol-free
home cage alcohol seeking. We found that ORX neurons were activated in all three tests,
and that the relationship between ORX neuron activation and alcohol seeking differed based
on hypothalamic subregion and type of test. These results reveal that ORX neural activity
varies substantially with different reinstatement paradigms, implying subtle topographically
specific roles for ORX neurons in different aspects of alcohol seeking.

Materials and Methods

Subjects

Procedures

Male Sprague-Dawley rats (n = 48; initial weight approximately 300-350 g; Charles River,
Wilmington, MA) were single-housed under a reversed 12-h light/dark cycle (lights off at 6
a.m.) and had ad libitum access to food and water. Animals were housed in a temperature-
and humidity-controlled animal facility at MUSC (AAALAC-accredited). All procedures
were approved by the Medical University of South Carolina’s Institutional Animal Care and
Use Committee and conducted according to specifications of the NIH as outlined in the
Guide for the Care and Use of Laboratory Animals.

Animals were trained to drink 20% EtOH (95% EtOH (AAPER, Shelbyville, KY) and
filtered water) using the intermittent access (1A) paradigm (Wise, 1975; Simms et al., 2008;
Moorman & Aston-Jones, 2009). In this procedure, rats received either 20% EtOH or water
for 24 h on alternating days for 2 weeks in home cages with ad lib access to food and water.
After 1A access to develop alcohol drinking, animals were tested in one of the three
following paradigms (Experiments 1-3).

Eur J Neurosci. Author manuscript; available in PMC 2016 March 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moorman et al.

Page 4

Context-induced reinstatement—In Experiment 1, 16 rats were initially trained to self-
administer 20% EtOH on an FR1 schedule. Training and testing occurred in sound-
attenuated operant boxes with two levers and a reward well (Med-Associates). Active lever
presses resulted in delivery of 0.1 ml of 20% EtOH to a reward well, which was paired with
a tone and light stimulus above the active lever. Presses on the inactive lever produced no
outcome but were recorded. Head entries into the alcohol-rewarded well were detected using
an infrared beam break and recorded. Entries were rewarded (immediately following lever
press) or non-rewarded (> 1 sec after lever press or during the intertrial interval). Intertrial
intervals were 20 sec, during which time houselights were turned on and lever pressing
produced no response but was recorded.

For ABA renewal/context-reinstatement, animals were separated into two groups and trained
in separate rooms. Testing rooms were located in different parts of the building, had
different spatial configurations, and were shared with different cohorts of rats from other
tests. Furthermore, rats were trained in the same operant chamber for the duration of the
self-administration period, ensuring a strong familiarity with the “A” context for comparison
with the “B” context. After 3 weeks of training, animals were transitioned to FR2 and then
FR3 self-administration for an additional 10 days. Rats were then switched to new operant
chambers in the opposite rooms for extinction sessions. Lever pressing was extinguished for
10 days: lever presses produced no alcohol, lights or tones but were recorded. At the end of
extinction, all animals emitted less than 20 presses per session. The day following
extinction, animals were returned to the room and operant chamber in which they originally
received alcohol (“A” context) and were tested in a reinstatement session. Lever presses and
well-entries were recorded but no stimuli or alcohol was delivered. Rats were perfused 1.5
hours after the start of the reinstatement session and brains were processed for Fos and ORX
immunohistochemistry.

Cue-induced reinstatement—In Experiment 2, 16 rats were initially trained to self-
administer 20% EtOH on an FR1 schedule, as in Experiment 1. FR1 training lasted for 13
days at which point animals were trained on FR2 (3 days), and finally FR3 (15 days). Rats
were then extinguished for 10 days (in the same environment). At the end of extinction, all
animals except one emitted less than 20 presses per session. This animal was excluded from
further analysis. Rats then received a series of 3 cue-induced reinstatement tests, in which
active lever presses produced light-tone cues previously associated with alcohol, but no
alcohol. Each reinstatement test was separated by at least 4 days of extinction training. Rats
were perfused 1.5 hours after the start of the final reinstatement session and brains processed
to visualize Fos and ORX neurons. On days 10-12 of self-administration and on the first 2
days of cue-induced reinstatement, animals received treatment with SB-334867. The results
from these tests are reported elsewhere (Moorman et al., submitted). SB self-administration
test days were followed by three additional self-administration or extinction sessions to
minimize the impact of SB administration on subsequent behavioral tests, and no effect of
previous treatment with SB was observed. Cued-reinstatement was significant and robust on
the final test session as shown in Figure 3.
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Home cage conditioned response testing—In Experiment 3, 16 rats received one
week of 2-bottle choice testing (20% EtOH or water) for 2 hours per day to characterize
EtOH preference and acclimatize them to conditioned responding. Animals received a
conditioned response test on the last day of testing. For this, empty bottles were present on
both sides of the home cage, similar to 2-bottle testing. Sipper tubes of the empty bottles
were filled with either EtOH- or water-scented cotton to serve as odor cues. The amount of
time spent licking each bottle was measured for 15 minutes using previously described
techniques (Hayar et al., 2006). Briefly, wires were connected to the metal sipper tubes and
grid floors at the bottom of the home cages. These wires were led to a CED recording
system (Cambridge Electronic Design, Cambridge, UK; Spike2 software) and licks were
detected as junction potentials when rats made contact between tube and ground (see Figure
4). Rats were perfused for Fos immunochistochemistry 1.5 hours after the start of the
conditioned response test.

Perfusion and immunohistochemistry

After tests, animals were deeply anesthetized and perfused with 0.9% saline followed by 4%
paraformaldehyde. Brains were postfixed overnight in 4% paraformaldehyde and
cryoprotected in 20% sucrose. Brains were rapidly frozen using dry ice, and 40 pm-thick
sections through the extent of the lateral hypothalamic area were cut on a cryostat and stored
in phosphate-buffered saline (PBS). Sections were stained for Fos and ORX as previously
described (Mahler & Aston-Jones, 2012; Richardson & Aston-Jones, 2012; Sartor & Aston-
Jones, 2012b; Cason & Aston-Jones, 2013). Briefly, sections were washed in 0.1% H202 in
PBS for 15 minutes, incubated with 2% normal donkey serum (NDS, Jackson Labs) and
PBS + 0.3% Triton-X (PBST) for 2 hours, and then incubated overnight in rabbit anti-Fos
primary antibody (1 : 5000; Santa Cruz) in NDS and PBST. Sections were then incubated
for 2 hours in biotynylated secondary (donkey anti-rabbit, 1:500, Jackson Labs) followed by
1.5 hours in avidin-biotin complex (1:500, Vector). Fos was labeled using 3,3’
diaminobenzidine (DAB) + nickel ammonium sulfate to yield a blue-black nuclear reaction
product. Sections were then transferred to an overnight incubation in goat anti-orexin-A
primary antibody (1:500, Santa Cruz), followed by a 2-hour incubation in biotinylated
secondary (donkey anti-goat, 1:500, Jackson Labs) and then 1.5 hours in avidin-biotin
complex (1:500, Vector). Orexin-A was visualized using DAB (no nickel) to produce a
brown stain of ORX neuron cytoplasm (Figure 1). Tissue was rinsed three times with either
PBS or PBST between each stage. Sections were then mounted and coverslipped for
visualization.

Measurement of Fos-activated orexin neurons

Hypothalamic sections were imaged with a 10x objective on a Leica DMRXA microscope
using a QImagning camera and were quantified using Openlab image processing software
(Improvision, Ltd), ImageJ (NIH) or Stereo Investigator software (MBF Bioscience). We
determined the percentage of ORX neurons that also expressed Fos, as a measurement of
ORX neuron activation. Fos-activated ORX neurons were counted in three sections taken
from the ORX-expressing region of the hypothalamus in each animal. Two sections per
animal were counted in 3 animals in Experiment 2 (cueinduced reinstatement). ORX-
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positive and Fos/ORX-positive neurons were counted bilaterally in each section. Three
subregions of the orexin cell field were analyzed independently.

Data analysis

Results

All statistical analyses were conducted using GraphPad Prism (Version 5.1). In Experiments
1 and 2, behavioral measures were numbers of active and inactive lever presses in extinction
vs. reinstatement/renewal and were compared using student t-tests. For Experiments 1 and 2,
animals that did not reinstate above the group extinction average were excluded from Fos
correlation analyses, as was one animal in Experiment 2 that did not extinguish. In
Experiment 3, preference measures (EtOH/(EtOH+water)) were numbers of licks on each
sipper tube measured on test day (see Figure 4 A-C), or ml of fluid consumed (see Figure
4D) compared using student t-tests. One animal was removed from analysis due to corrupted
lickometer detection. In all three experiments, the percentages of ORX+ neurons that were
also Fos+ (double-labeled neurons) were correlated with number of behavioral responses
(active lever presses in Experiments 1 and 2; EtOH-lickometer preference in Experiment 3).
Correlations were calculated separately for double-labeled neurons in lateral, perifornical,
and medial LHA.

Experiment 1: Context-induced reinstatement of ethanol seeking

Animals exhibited robust context-induced reinstatement of alcohol seeking—
Two groups of animals were trained to respond for EtOH in operant chambers located in two
separate rooms. Responding on the active and inactive levers, as well as the total number of
infusions earned, were statistically similar for both training groups across FR1, FR2 and

FR3 training (p>0.05 for all t-tests, data not shown). On the final three days of self-
administration training, rats exhibited an average of 74.2 (£12.7 SEM) active lever
responses, 3.0 (£1.2 SEM) inactive lever responses and earned 19.3 (2.8 SEM) EtOH
rewards (Figure 2A). Following self-administration training, rats were switched to the
opposite room for extinction training over a period of 10 days. Both training groups
extinguished at similar rates, and on the final day of extinction, exhibited an average of 5.6
(£1.3 SEM) active lever responses and 1.6 (£0.7 SEM) inactive lever responses (Figure 2A).
Finally, rats were returned to the room where they originally received alcohol and tested for
renewal of EtOH seeking. Animals exhibited robust reinstatement behavior, as evidenced by
a significant increase in active lever responding as compared to the final day of extinction
(t(20)=6.959, p<0.001; Figure 2A,B). Responding on the inactive lever did not differ
between test day and the final day of extinction (p>0.05; Figure 2A), indicating a specific
reinstatement of EtOH seeking. Reinstatement behavior was identical across the two training
groups (p>0.05, data not shown).

Context-induced reinstatement of EtOH seeking is positively correlated with
activation of ORX neurons in DMH and LH areas—Next, we assessed whether there
was a relationship between the magnitudes of context-induced reinstatement behavior and
activation of ORX neurons in DMH, PF and LH areas. We observed a significant, positive
correlation between active lever responses during reinstatement testing and the percentage of
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Fos+ ORX neurons in the DMH (r=0.867, p<0.01; Figure 2C) and LH (r=0.720, p<0.05;
Figure 2E) subregions. No such relationship was observed in the PF area (r=0.012, p>0.05;
Figure 2D).

We also examined the relationship between the percentage of Fos+ ORX neurons and the
number of non-rewarded head entries the animals made into the reward well during the
reinstatement test as a measure of general locomotor activity. Importantly, we did not
observe a significant relationship between Fos activation and non-rewarded well-entries in
any of the hypothalamic subregions (p>0.05; Figure 2 F—H), indicating that Fos induction in
DMH and LH ORX neurons is not related to non-specific locomotor behavior.

Experiment 2: Cue-induced reinstatement of ethanol seeking

Animals exhibited robust cue-induced reinstatement of alcohol seeking—
Animals were trained to respond for EtOH, the delivery of which was paired with light-tone
cues. Over the final three days of FR3 self-administration training, animals exhibited an
average of 91.0 (8.1 SEM) active lever responses and 3.0 (0.8 SEM) inactive lever
responses, and earned 28 (2.4 SEM) EtOH rewards (Figure 3A). Lever pressing was
extinguished in the same context, but in the absence of light-tone cues and EtOH rewards.
On the extinction day prior to reinstatement testing, animals exhibited an average of 5.0
(20.8 SEM) active lever presses and 2.9 (0.7 SEM) inactive lever responses. On test day,
active lever presses resulted in the delivery of light-tone cues previously paired with EtOH,
but no delivery of EtOH. Animals exhibited significant cue-induced reinstatement of EtOH
seeking on test day, as evidenced by a significant increase in active lever responding
(32.6£3.5 SEM) compared to extinction levels (t(18)=6.048, p<0.001; Figure 3A, B). We
did not observe a significant increase in inactive lever responding on test day (p>0.05;
Figure 3A).

Cue-induced reinstatement of EtOH seeking is not correlated with activation
of ORX neurons—As in Experiment 1, we assessed whether there was a relationship
between cueinduced reinstatement behavior and activation of ORX neurons. Interestingly,
there were no significant correlations between active lever responding on test day and the
percentage of Fos+ ORX neurons in all hypothalamic subregions (Figure 3 C-E). There also
was no correlation between ORX neuron activation and general locomotor activity, as
assessed by non-rewarded entries the animals made into the reward well during testing (p>.
05).

Experiment 3: Home cage conditioned response testing

Animals exhibited significant variability in EtOH preference on 2-bottle choice
and test day—Animals received 1 week of 2-bottle choice testing to characterize
preference for EtOH. During this period, animals on average consumed 4.6 ml (0.3 SEM)
of EtOH (1.8+0.11 g/kg) and 2.1 ml (0.3 SEM) of water in each 2-hour session. On the
final day of testing, animals received a conditioned response test, whereby the number of
licks on each bottle was measured using a junction potential detection method (see Methods
and Hayar et al., 2006). Examples of junction potential recordings of EtOH-preferring
versus water-preferring rats are shown in Figure 4 A,B. Preference for the EtOH vs. water
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bottle varied greatly between rats (Figure 4C) and was significantly positively correlated
with individual preference on the 2-bottle task (r=0.602, p<0.05; Figure 4D).

EtOH preference was positively correlated with activation of ORX-positive
neurons in PF and LH areas—Next we examined the relationship between each
animal’s EtOH preference score (EtOH /(EtOH+water)) on test day and the level of
activation of ORX neurons in DMH, PF and LH areas (Figure 4E-G). There was no
relationship between EtOH preference and the number of Fos-positive ORX neurons in the
DMH (r=0.20, p>0.05). In contrast, there was a significant, positive correlation between
each animal’s EtOH preference score and the number of Fos+ ORX neurons in both the PF
(r=.557, p<0.05) and LH (r=0.691, p<0.005) areas.

To confirm that activation of ORX neurons was specifically linked to alcohol seeking, we
also examined whether there was a relationship between the number of licks made on the
EtOH versus water bottles and Fos-positive ORX neurons. Interestingly, there was no
relationship between licks on the water bottle and the percentage of Fos+ ORX neurons in
any of the regions examined (p>.05; Figure 4 H-J; gray symbols). In contrast, there was a
significant, positive correlation between the number of licks each animal made on the EtOH
bottles and the percentage of Fos+ ORX neurons in the PF (r=0.567, p<0.05) and LH
(r=0.592, p<0.05) areas.

Discussion

The present results demonstrate three main findings related to the activation of ORX
neurons during EtOH seeking. In Experiment 1, we observed strong activation of ORX
neurons during context-induced reinstatement, or renewal, of EtOH seeking, in line with
previous observations (Hamlin et al., 2007; Dayas et al., 2008). Furthermore, we found that
the activation of ORX neurons in the lateral and medial, but not perifornical, hypothalamus
were significantly and positively correlated with context-induced EtOH seeking. In
Experiment 2, there was no correlation between Fos activation of ORX neurons and cue-
induced EtOH seeking in any of the three regions. This effect was somewhat surprising
given the significant relationships seen between ORX Fos and context-induced
reinstatement, but is in line with previous studies (Mahler & Aston-Jones, 2012), as
discussed further below. Finally, in Experiment 3 we measured home cage EtOH seeking
and preference in the absence of EtOH/water and observed a strong correlation between
ORX neuron activation and EtOH preference in lateral ORX neurons, a weaker but still
significant correlation in perifornical ORX neurons, and no correlation for medial ORX
neurons. This relationship was driven by a significant correlation between ORX neuron
activation and EtOH seeking, but not water seeking. Thus, EtOH seeking was associated
with ORX neuron activation in two behavioral paradigms (context-induced and home cage)
but not a third (cue-induced). In sum, these results show a strong association between ORX
neuron activation and EtOH seeking, but reveal subregional and behavioral differences
underlying this relationship.

The relationship between ORX neuron activation and context-induced reinstatement, or
renewal, of EtOH seeking was not surprising. Dayas and colleagues showed that exposure to
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environmental stimuli previously associated with EtOH induced both reinstatement of EtOH
seeking and increased Fos activation of ORX neurons in both lateral/perifornical (analyzed
together) and dorsomedial LHA as compared to a null stimulus which produced little
responding and less Fos activation (Dayas et al., 2008). These results are in line with ours in
that both lateral and medial ORX neurons were engaged during reinstatement, though our
results extend these findings to show direct correlations between intensity of seeking and
activation of ORX neurons. Hamlin and colleagues found a similar increase in ORX neuron
Fos activation in rats undergoing ABA renewal testing for alcoholic beer (Hamlin et al.,
2007). Interestingly, these authors also found a correlation between ORX neuron activation
and beer seeking in the ABA context, in line with our findings. The authors did not report
tests for correlations in medial or perifornical ORX neurons, possibly due to their
observation of no differences in the relatively high ORX-Fos expression in those regions
during ABA renewal.

Other studies reveal correlated activity of ORX neurons with seeking for other rewards as
well. Hamlin et al (Hamlin et al., 2008) found medial and perifornical, but not lateral, ORX
neuron activation for ABA renewal of cocaine seeking but did not report correlations with
seeking. Also, work from our group and others has shown that Fos activation of lateral ORX
neurons is significantly correlated with the strength of conditioned place preference (another
type of association between context and reward) for cocaine, morphine, or food, (Harris et
al., 2005; Harris et al., 2007; Richardson & Aston-Jones, 2012; Sartor & Aston-Jones,
2012a; Sartor & Aston-Jones, 2012b; Lasheras et al., 2015). Thus, results from multiple
studies, including the present one, demonstrate that ORX neuron activation, particularly that
of lateral ORX neurons, is upregulated when the context produces reward seeking or
preference.

It is unclear why lateral and medial, but not perifornical, ORX neurons were activated
during context-induced ETOH seeking. One hypothesis is that context-induced
reinstatement produced motivation to acquire reward along with frustration in not receiving
reward. Under the assumption that lateral and medial ORX neurons encode positively- and
negatively-valenced motivators respectively (Harris & Aston-Jones, 2006), one might expect
to see activation of both populations in this test. Another hypothesis put forward by
McGregor and colleagues is that operant behavior for reward activates both lateral and
medial ORX neurons due, in part, to the enhanced motor activity involved in operant
behavior (McGregor et al., 2011). Of note, perifornical ORX neurons were overall relatively
strongly activated in these tests. Perifornical neurons may contribute an arousal-related
signal (Harris & Aston-Jones, 2006), which may be binary in nature and less related to
degree of positive or negative motivation. These proposals are somewhat speculative and
need to be tested in behavioral paradigms that extract out each subcomponent or
reinstatement to determine the specific relationships to ORX neuron activity.

It was interesting that we did not observe an association between ORX-Fos activation and
strength of cue-induced reinstatement, given the fact that ORX receptor antagonism
decreases this form of reinstatement for alcohol and other drugs of abuse (Mahler et al.,
2012; Brown & Lawrence, 2013). However, we noted that few studies have investigated the
influence of cue-induced reinstatement on ORX Fos activation. One study of cue-induced
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cocaine reinstatement, also from our group, reported no correlation between degree of
reinstatement and ORX neuron activation (Mahler & Aston-Jones, 2012). A second study
found increased activation of lateral and perifornical ORX neurons in cue-induced
reinstatement for nicotine seeking in mice, although the authors did not report potential
correlations with degree of reinstatement (Plaza-Zabala et al., 2013). These results are in
contrast with the relatively reliable influence of context-induced reinstatement of seeking
and place conditioning on Fos in ORX neurons, as described above. We hypothesize that
persistent environmental or contextual cues drive ORX neurons for sufficient time to induce
strong Fos expression, whereas transient discrete cues, that may transiently activate ORX
neurons and drive reinstatement, may not elicit sufficiently prolonged ORX neuron
activation to produce Fos. Along these lines, Millan and colleagues reported Fos activation
of lateral and perifornical ORX neurons in reinstatement of beer seeking driven by NAc
shell inactivation, which presumably tonically disinhibited ORX neurons (Millan et al.,
2010) throughout the course of the reinstatement session. Similarly, Kallupi and colleagues
found increased Fos activation of lateral and perifornical ORX neurons during neuropeptide-
S-induced reinstatement of cocaine seeking (Kallupi et al., 2010), a manipulation that also
induces reinstatement of alcohol seeking. This hypothesis needs to be explored in additional
behavioral paradigms to identify the specific nature of stimuli that produce Fos activation of
ORX neurons.

Finally, we observed strongly correlated Fos activation of lateral and perifornical ORX
neurons in home cage 2-bottle lick tests in the absence of either EtOH or water. The
rationale for using this test was to minimize additional factors present in operant tasks such
as elevated locomotor activity or complex cognitive processes (e.g., decision-making)
associated with an operant procedure, and attempt to identify specific ORX neuron
correlates of alcohol preference in the absence of alcohol ingestion. Importantly, preference
scores on the test day were highly correlated with 2-bottle test scores when EtOH and water
were available (Figure 4 D), and ORX neuron Fos activation was correlated with alcohol
bottle licks in addition to preference (Figure 4 E-J). These combined findings indicate that
the lateral ORX neuron activity observed was strongly related to alcohol preference, in line
with measures of preference for other drugs and natural rewards using tasks such as CPP
(Harris et al., 2005; Harris et al., 2007; Richardson & Aston-Jones, 2012; Sartor & Aston-
Jones, 2012a; Sartor & Aston-Jones, 2012b; Lasheras et al., 2015), though see (Voorhees &
Cunningham, 2011). The absence of medial ORX neuron activation also supports this
region’s potential role in aversive processes and associated negative reinforcing
contributions to motivated behavior. Perifornical neuronal Fos also was correlated (though
to a lesser degree) with alcohol preference. Notably, some studies have reported perifornical
ORX neuron activation in reinstatement and other aspects of reward seeking (Dayas et al.,
2008; Kallupi et al., 2010; Millan et al., 2010; Cason & Aston-Jones, 2013; Plaza-Zabala et
al., 2013; Cole et al., 2015), although others have not (Baldo et al., 2004; Harris et al., 2005;
Harris et al., 2007; Richardson & Aston-Jones, 2012; Sartor & Aston-Jones, 2012a; Sartor &
Aston-Jones, 2012b; Lasheras et al., 2015). This underscores the need to further investigate
the subpopulations of ORX neurons and their relationships to different aspects of both
reward-seeking as well as other behaviors (arousal, stress, etc.).
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These differences in activation of orexin neuron subpopulations across studies may result
from at least two factors. First, categorization of ORX neurons (e.g., medial vs lateral
boundaries) may differ across studies. One option might be to focus more on
multidimensional profiling of ORX neurons considering, for example, projection target, in
addition to medial/lateral location (Richardson & Aston-Jones, 2012). Second, behavioral
paradigms differ across studies, making comparison of activation of ORX neuron
populations difficult. In general, data from both pharmacological and immunohistochemical
measures of activation demonstrate that ORX neurons, particularly those in the lateral orexin
cell regions, are directly involved in regulating motivation for both natural and drug reward
(Mahler et al., 2014). In particular, a clear and consistent relationship of this nature has been
demonstrated for alcohol seeking (Lawrence, 2010). Future work is needed to understand
which ORX neurons are involved in specific aspects of alcohol (and other drug) seeking so
that certain elements of addiction such as compulsive craving can be targeted through the
ORX system while leaving natural reward processes and other functions of the ORX system
(e.g., regulation of arousal) intact.
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Figure 1.
High-power photomicrograph of coronal section through the lateral hypothalamus

immunolabelled for Fos-protein (black nuclear stain) and orexin-A (brown cytoplasmic
stain). Arrows indicate co-labeled neurons. Other orexin neurons without Fos staining and
Fos staining in non-orexin neurons are shown. Scale bar = 20 pm.
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Context-induced reinstatement of ethanol seeking. Rats were trained to respond for EtOH in
two separate groups in similar operant chambers located in two distinct lab rooms, to
provide different contexts. There were no behavioral differences between groups in terms of
self-administration, extinction or reinstatement behavior. (A) Animals exhibited a strong
preference for responding on the active lever (versus the inactive lever) during self-
administration (left). Lever responding was then extinguished in the opposite room (middle).
On test day, animals were returned to the room in which they originally learned to respond
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for EtOH, resulting in a significant reinstatement of responding on the active lever only
(right). (B) There was significant variability in reinstatement behavior (active lever
responding) as a result of returning to the original self-administration context. (C-D)
Responding on the active lever during context-induced reinstatement was significantly, and
positively, correlated with the percentage of Fos-positive orexin neurons in DMH (C) and
LH (E), but not the PF (D). (F-H) Activation of orexin neurons was not correlated with the
number of non-rewarded well entries animals made throughout the reinstatement session, a
measure of non-goal-directed locomotor activity. *** p<0.001.
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Cue-induced reinstatement of ethanol seeking. (A) Rats were trained to respond for EtOH
paired with light-tone cues. Lever pressing was extinguished in sessions where both EtOH
and cues were withheld. On test day, lever responses resulted in delivery of light-tone cues
but no EtOH, and resulted in significant reinstatement of active lever responding. (B) As
with context-induced reinstatement, there was significant variability in active lever
responding during cued reinstatement test sessions. (C—E) Responding on the active lever
during cue-induced reinstatement was not correlated with the percentage of Fos-positive
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orexin neurons in any of the subregions examined. (F-H) Similarly, there was no
relationship between the activation of orexin neurons and the number of non-rewarded well
entries the animals made throughout the reinstatement session. ** p<0.01.
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Figure4.

Orexin neurons are activated during expression of ethanol preference. (A,B) Preference for
EtOH was measured in the home cage using a junction potential detection method, as per
previous studies (Hayar et al., 2006). This method allowed us to quantify the number of
licks each animal made on the EtOH versus water bottles. (C) Rats sampled both EtOH and
water tubes. Sampling of EtOH vs. water was variable across rats. (D) Preference for EtOH
on test day was positively, and significantly, correlated with animals’ preference for EtOH
on the 2-bottle choice test during the week prior to testing. (E- G) Animals’ preference for
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EtOH was positively, and significantly, correlated with percentage of Fos-positive orexin
neurons in PF (F) and LH (G), but not DMH (E), subdivisions. (H-J) Activation of orexin
neurons in PF (1) and LH (J) was also positively, and significantly, correlated with the
number of licks animals” made on the EtOH (black), but not water (gray), bottles.
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