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Abstract

The neuropeptide nociceptin/orphanin FQ (N/OFQ) inhibits neuronal activity via its cognate
nociceptin opioid peptide (NOP) receptor throughout the peripheral and central nervous systems,
including those areas involved in the homeostatic and hedonic regulation of energy homeostasis.
We thus tested the hypothesis that N/OFQ neurons in the hypothalamic arcuate nucleus (ARC) and
ventral tegmental area (VTA) act via NOP receptor signaling to inhibit nearby anorexigenic
proopiomelanocortin (POMC) and A1g dopamine neuronal excitability, respectively, and thereby
modulate ingestion of palatable food. Electrophysiologic recordings were performed in slices
prepared from transgenic male and ovariectomized (OVX) female N/OFQ-cre/enhanced green
fluorescent protein-POMC, N/OFQ-cre and tyrosine hydroxylase-cre animals to see if
optogenetically-stimulated peptide release from N/OFQ neurons could directly inhibit these
neuronal populations. Binge-feeding behavioral experiments were also conducted where animals
were exposed to a high-fat-diet (HFD) for one hour each day for five days and monitored for
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energy intake. Photostimulation of ARC and VTA N/OFQ neurons produces an outward current in
POMC and A dopamine neurons receiving input from these cells. This is associated with a
hyperpolarization and decreased firing. These features are also sex hormone- and diet-dependent;
with estradiol-treated slices from OV X females being less sensitive, and obese males being more
sensitive, to N/OFQ. Limited access to HFD causes a dramatic escalation in consumption, such
that animals eat 25-45% of their daily intake during that one-hour exposure. Moreover, the NOP
receptor-mediated regulation of these energy balance circuits are engaged, as N/OFQ injected
directly into the VTA or ARC respectively diminishes or potentiates this binge-like increase in a
manner heightened by diet-induced obesity or dampened by estradiol in females. Collectively,
these findings provide key support for the idea that N/OFQ regulates appetitive behavior in sex-,
site- and diet-specific ways, along with important insights into aberrant patterns of feeding
behavior pertinent to the pathogenesis of food addiction.
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1. INTRODUCTION

Energy homeostasis, the intricate balance between energy intake and expenditure, is
regulated in coordinate fashion by homeostatic and hedonic neural circuits [1, 2].
Aberrations in these circuits are implicated in the pathophysiology of conditions such as
obesity, type-11 diabetes, and food addiction [3-5]. Homeostatic control is attributed to the
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hypothalamic energy balance circuitry, relaying anorexigenic and orexigenic signals to
stimulate or suppress energy intake.

Excitatory input from steroidogenic factor 1 (SF-1) neurons, located in the hypothalamic
ventromedial nucleus (VMN), impinging on proopiomelanocortin (POMC) neurons in the
arcuate nucleus (ARC) represent a critical anorexigenic synapse in homeostatic energy
balance that, when activated, suppresses energy intake and enhances energy expenditure [5—
7]. On the other hand, mechanisms of hedonic energy balance regulation involve the
mesolimbic dopamine (Azg) neurons that originate in the ventral tegmental area (VTA) and
project to the nucleus accumbens and prefrontal cortex [8-10]. A;g dopamine neurons
encode reward processing for natural and drug-induced rewards and are implicated in
increasing incentive salience for palatable foods, food-seeking behavior and impulsivity that
could, under the right circumstances, lead to binge-feeding behavior [4, 8, 10-13]. Indeed,
dopamine release into the nucleus accumbens and c-fos expression in A dopamine neurons
is increased during binge-feeding episodes [14, 15]; lending further credence to this notion.

The neuropeptide nociceptin/Orphanin FQ (N/OFQ), and its cognate Gj/-coupled nociceptin
opioid receptor (NOP), are densely expressed in the ARC and VTA [16-18], supporting a
role in both homeostatic and hedonic energy balance regulation. Exogenously administered
N/OFQ inhibits anorexigenic ARC POMC neurons pleiotropically, in part by activation of
G-protein coupled inwardly-rectifying K+ (GIRK) channels, in a sex- and diet-dependent
manner [5, 19]. Males respond more robustly to the inhibitory effects of exogenous N/OFQ
on excitatory neurotransmission at VMN SF-1/ARC POMC synapses than do females at
estradiol-dominated phases of the estrous cycle [5]. In addition, diet-induced obesity renders
ARC N/OFQ neurons hyperexcitable, and increases the sensitivity of VMN SF-1/ARC
POMC synapses to the inhibitory effects of exogenous N/OFQ in males and ovariectomized
(OVX) females [5, 20]. Moreover, estradiol attenuates the inhibitory effects of exogenous
N/OFQ at VMN SF-1/ARC POMC synapses, and protects against the deranged hyperphagia
and reduction in energy expenditure caused by exogenous N/OFQ administered directly into
the ARC of obese OV X females [5, 19, 21]. Furthermore, N/OFQ suppresses A;g dopamine
neuronal excitability and dopamine release [22—-24]. However, the exact mechanisms by
which sex and diet converge on N/OFQ-mediated inhibition of A;q dopamine
neurotransmission, and the corresponding effects on the hedonic regulation of energy
balance, are still unclear. Therefore, we sought to further elucidate and compare the role of
N/OFQ in hedonic and homeostatic regulation of energy balance, assessing actions of
endogenous and exogenously administered N/OFQ, and the role of sex and diet in both. We
hypothesize that N/OFQ, via NOP receptor signaling, will inhibit VTA A,y dopamine and
ARC POMC neuronal excitability to disparately influence hedonic and homeostatic energy
balance.

2. MATERIALS AND METHODS
2.1. Animal Models

Tyrosine hydroxylase (TH)-cre mice generated on a C57BL/6 background were purchased
from Jackson Laboratories (Stock # 008601; Bar Harbor, ME, USA), and bred in-house. N/
OFQ-cre (aka PNOC-cre [25]) mice (C57BL/6 background) were obtained from Dr. Michael
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Brucas at the University of Washington and also bred in-house. For some experiments, N/
OFQ-cre/(enhanced green fluorescent protein (eGFP) POMC mice were generated in-house
by breeding hemizygous N/OFQ-cre mice with hemizygous eGFP-POMC mice (Jackson
Laboratories; Stock #009593; C57BL/6 background). All animals are provided food and
water ad libitum, maintained under constant temperature (25°C) and kept on a 12hour light —
12hour dark schedule (lights on 06:00-18:00). Genetic karyotyping for each animal was
accomplished using established PCR procedures. At weaning, animals were randomly
assigned to one of two dietary groups. Some animals received a standard chow diet (Teklad
Rodent Diet, Teklad Diets, Madison, WI, USA) from which 18% of the calories are derived
from fat, 24% from protein, and 58% from carbohydrates. Others were exposed to a high-fat
diet (HFD; Research Diets, New Brunswick, NJ, USA) — from which 45% of calories were
derived from fat, 20% from protein and 35% from carbohydrates — for 5-8 weeks prior to
experimentation. We have demonstrated previously that the consumption of this HFD over
this period of time produces overt adiposity and glucose intolerance [5, 26, 27]. All studies
described below will be performed in accordance with the NIH Guide for the Care and Use
of Laboratory Animals, and approved by our institutional animal care and use committee.

2.2. Surgical Procedures

For all experiments, female N/OFQ-cre, TH-cre, N/OFQ-cre/eGFP POMC and wildtype
mice were ovariectomized (OVX) while they were under 2% isoflurane anesthesia five days
before experimentation. In order to focally inject adeno-associated viral vector (AAV)
constructs, OFQ-Cre, TH-Cre, and N/OFQ-cre/eGFP POMC mice were anesthetized with
2% isoflurane and placed on a stereotaxic frame (Stoelting, Wood Dale, IL, USA). An
incision was made to expose the skull, and a hole was drilled on one or both sides of the
mid-sagittal suture so that an injection needle could be slowly lowered into the ARC
(coordinates from bregma: AP, —0.6mm; ML, = 0.3mm; and DV, —=5.9mm from dura) for N/
OFQ-cre/eGFP POMC mice and the VTA (coordinates from bregma: AP, —2.1mm; ML, +
0.5mm; and DV, —4.2mm from dura) for N/OFQ-Cre and TH-Cre mice. Unilateral injections
of a cre recombinase-dependent AAV vector respectively containing either cation channel
rhodopsin-2 (ChR2 [28]; AAV1.EF1a.DIO.ChR2 (E123A).YFP.WPRE.jGH; 7.2 x 1012
genomic copies/mL; 300nL total volume; Addgene plasmid #35507) or its enhanced yellow
fluorescent protein (€YFP) blank control ([28]; pAAV-Efla-DIO EYFP; 1.0 x 1013; 300 nL
total volume; Addgene plasmid #27056) were given over 2 minutes. The injection needle
remained in place for 10 minutes after infusion to allow for diffusion from the tip, and then
slowly removed from the brain to reduce inadvertent spread of the virus. Animals were used
for experimentation 2—-3 weeks after viral injection.

The stereotaxic implantation of a guide cannula into the ARC or VTA of wildtype mice was
performed similar to that described above. Briefly, once anesthetized, an animal was secured
on a stereotaxic frame and a midline incision was made through the scalp. A hole was then
drilled in the skull, through which a 26-gauge guide cannula (Plastics One, Roanoke, VA,
USA) was lowered 1 mm above the ARC (AP, —0.6mm; ML, £ 0.3mm; and DV, =4.9mm) or
the VTA (AP, =2.1mm, ML, 0.5 mm, DV, -3.2 mm). Guide cannulas were fastened in
place with C&B Metabond dental cement (Parkell, Edgewood, NY, USA) applied to the
surgical field. Finally, a stylet was inserted into the guide cannula to keep the lumen patent.
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The animals were allowed to recover for 1 week prior to the start of experimentation. At the
time of injection, an injector needle was inserted such that its tip protruded 1 mm below the
tip of the guide cannula shaft and into the region of interest. We have extensive experience in
stereotaxically probing deep brain structures [5, 19, 21], and this is amply reflected in the
schematic shown in Supplementary Fig. 1. Only those animals whose injection sites or guide
cannulas were accurately placed within the VTA or ARC were used in the present study.

All drugs were purchased from Tocris Bioscience/R&D Systems (Minneapolis, MN, USA)
unless otherwise stated. For electrophysiological experiments, the Na* channel blocker
octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-dimethano-10aH-[1,3]dioxocino[6,5-
d]pyrimidine-4,7,10,11,12-pentol (Tetrodotoxin, TTX) was prepared as a 1mM stock
solution in UltraPure H»0, and diluted further with aCSF to the working concentration of
500nM. N/OFQ was prepared as a 1mM stock solution in UltraPure H,0, and diluted further
with aCSF to the working concentration of 1uM. The NOP receptor antagonist (2R)-1-
(Phenylmethyl)-N-[3-(spiro[isobenzofuran-1(3H),4’-piperidin]-1-yl)propyl-2-
pyrrolidinecarboxamide (BAN ORL 24) was prepared as a 10mM stock solution in
UltraPure H,0, and diluted further with aCSF to the working concentration of 10uM. 1, 3,
5(10)-Estratrien-3, 17p-diol (17p-estradiol; E,; Steraloids, RI, USA) was dissolved in
punctilious ethanol to a stock concentration of 1mM, which was further diluted to a working
concentration of 100nM.

For all behavioral experiments, N/OFQ was prepared as a 1.5mM stock solution by
dissolving it in filtered saline, and injected directly into the ARC or VTA at a 0.3nmol dose.
Estradiol benzoate (EB; Steraloids, Newport, RI, USA) was used in lieu of E; in this context
because it is a prodrug requiring biotransformation and therefore prolongs the half-life of E,.
It was initially prepared as a 1 mg/mL stock solution in punctilious ethanol. A known
quantity of this stock solution was added to a volume of sesame oil sufficient to produce a
final concentration of 20 pg/mL following evaporation of the ethanol.

[Nphel,Argl4, Lys1®]Nociceptin-NH, (UFP-101) was prepared as a 14mM stock solution by
dissolving it in filtered saline, and injected directly into the VTA at a 10nmol dose along
with N/OFQ. All aliquots of the stock solutions were stored at either four or —20 °C until
needed for experimentation.

2.4. Brain Slice Preparation

On the day of experimentation, the animal was briefly anesthetized with 32% isoflurane and
rapidly decapitated. The brain was removed from the skull and dissected to procure
hypothalamic or mesencephalic slices in the coronal plane. The resultant block was then
mounted on a cutting platform that was secured in a vibratome well filled with an ice-cold,
oxygenated (95% O,, 5%CO0O») sucrose-based cutting solution (NaHCO3 26; dextrose 10,
HEPES 10; Sucrose 208; KCI 2; NaH,PO4 1.25; MgSO,4 2; CaCly 1; in mM). In this
manner, we were able to obtain four to five slices (300um) through the rostrocaudal extent of
the ARC, and two to three slices (250um) through the rostrocaudal extent of the VTA. The
slices were transferred to an auxiliary chamber containing oxygenated aCSF at room
temperature, and maintained there until the electrophysiological recording.
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2.5. Electrophysiology

Whole-cell patch clamp electrophysiological recordings from ARC and VVTA neurons using
biocytin-filled electrodes were performed in hypothalamic and mesencephalic slices
prepared from intact male and OV X female TH-cre, N/OFQ-cre and N/OFQ-cre/eGFP-
POMC mice. During recordings, the slices were maintained in a chamber perfused with
warmed (35 °C), oxygenated aCSF in which the CaCl, concentration raised to 2mM.
Artificial CSF and all drugs (diluted with aCSF) were perfused via peristaltic pump at a rate
of 1.5 mL/min. Patch electrodes were prepared from borosilicate glass (World Precision
Instruments, Sarasota, FL, USA; 1.5 mm OD) pulled on a P-97 Flaming Brown puller
(Sutter Instrument Co., Novato, CA, USA), and filled with an internal solution containing
the following (in mM): potassium gluconate 128; NaCl 10; MgCl, 1; EGTA 11; HEPES 10;
ATP 1; GTP 0.25; 0.5% biocytin; adjusted to a pH of 7.3 with KOH; osmolality: 286-320
mOsm. Electrode resistances varied from 3 to 8 MQ.

Recordings were made on an Olympus BX51 W1 fixed stage microscope outfitted with
infrared differential interference contrast (DIC) video imaging. A Multiclamp 700B
preamplifier (Molecular Devices) amplified potentials and passed current through the
electrode. Membrane currents and voltages underwent analog-digital conversion with a
Digidata 1550A interface (Molecular Devices) coupled to pClamp 10.5 software. The access
resistance, resting membrane potential (RMP), and input resistance were monitored
throughout the course of all recordings. If the access resistance deviated greater than 10% of
the original value, the recording was ended. Low-pass filtering of the currents was
conducted at a frequency of 2 kHz. The liquid junction potential was calculated to be
-10mV, and corrected for during data analysis using pClamp software. All recordings were
performed at a holding potential of —60mV.

To determine the postsynaptic effects elicited by bath application of N/OFQ, we first
performed recordings in slices from TH-cre mice injected 2—3 weeks prior with a eYFP
blank-containing AAV into the VTA. We initially generated a baseline current-voltage (1/V)
relationship from a holding potential of —60 mV by administering pulses (10-mV
increments; 150 msec duration) ranging from —50 to —130 mV. For voltage clamp
experiments, baseline 1/V relationships were generated in the presence of 500 nM TTX.
After the baseline I/V, N/OFQ (1 uM) was added along with TTX, and the membrane
current continuously monitored until a new steady-state value was reached, at which time a
second 1/V relationship was generated. During the N/OFQ washout, the membrane current
was again monitored until it returned to its original baseline level, at which time a final I/V
relationship is taken to ensure reversibility of the N/OFQ-induced effect. For current clamp
experiments, the membrane potential and firing rate were monitored from rest in the absence
of TTX until new, N/OFQ-induced steady-state levels were achieved, and then monitored for
an additional 10-20 minutes to allow for the return to baseline. To determine if these
postsynaptic effects are NOP receptor-mediated and negatively modulated by estradiol, these
same recordings were performed in slices pre-treated with 10uM BAN ORL 24 or 100 nM
E,, respectively. Lastly, to ascertain whether diet-induced obesity enhances the sensitivity of
A1 dopamine neurons to the inhibitory effect of N/OFQ, some recordings were performed
in mesencephalic slices prepared from male TH-cre mice fed a HFD for at least five weeks.
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For the optogenetic experiments, recordings were performed in slices from N/OFQ-cre/
eGFP-POMC and N/OFQ-Cre mice that were injected with a ChR2-containing viral vector
into the ARC or VTA 2-3 weeks prior to experimentation. In preliminary experiments we
optogenetically stimulated ARC and VTA N/OFQ neurons over a range of frequencies (10-
ms pulses delivered at 1, 5, 10 or 20 Hz for 10 s [29, 30]) from a light-emitting diode (LED)
blue light source (470nm) controlled by a variable 2A driver (ThorLabs, Newton, NJ, USA)
that directly delivered the light path through the Olympus 40X water-immersion lens. This
resulted in a frequency-dependent increase in the firing of ARC and VTA N/OFQ neurons,
the pattern of which was virtually identical for cells in both regions (Supplementary Fig. 2;
21: one-way ANOVA/LSD, F =201.78, df =4, p <0.0001; 2J: F =252.33,df=4,p <
0.0001). For all subsequent experiments, once N/OFQ-expressing fibers (visualized with
eYFP) impinging on an ARC POMC or VTA neuron were encountered, functional synaptic
connectivity was ascertained by administering optogenetic stimulation at 20 Hz for 10 s
[29]). In the voltage clamp experiments, baseline 1/V relationships were generated in the
presence of TTX (500nM) and, in some cases, 100 nM E, or 10uM BAN ORL 24,
respectively. After generating baseline 1V’s, we applied the photo-stimulation described
above to generate the slow outward current. Once a new steady-state current was reached,
we generated a second 1/V, after which the membrane current was allowed to return to its
original baseline level, at which time a final 1/V relationship was taken to ensure reversibility
of the optogenetic stimulation. Current clamp experiments designed to ascertain the effect of
photoactivating ARC and VTA N/OFQ neurons on membrane potential and firing rate were
conducted as described in the preceding paragraph.

2.6. Immunohistochemistry

Slices from TH-Cre mice as well as N/OFQ-cre/eGFP-POMC mice were processed for
immunohistochemistry using phenotypic markers of Ay dopamine and N/OFQ neurons,
respectively. Slices were initially fixed with 4% paraformaldehyde in Sorenson’s phosphate
buffer (pH 7.4) overnight. They were then immersed for three days in 20% sucrose dissolved
in Sorensen’s buffer, which was changed daily, and frozen in Tissue-Tek embedding medium
(Miles, Inc., Elk-hart, IN, USA) the next day. Coronal sections (20um) through the VTA and
ARC were cut on a cryostat and mounted on chilled slides. These sections were then washed
with 0.1M sodium phosphate buffer (PBS; pH 7.4), and then processed overnight with either
a monoclonal antibody directed against TH (Immunostar, Inc., Hudson, WI, USA,; 1:4000
dilution) or a polyclonal antibodies directed against N/OFQ (Abcam, Cambridge, MA, USA;
1:500 dilution) or the vesicular GABA transporter (VGAT,; Life Technologies Corporation,
Carlsbad, CA, USA,; 1:50). This was followed the next day by two 15-minute washes with
PBS, and then a two-hour incubation with either biotinylated goat anti-rabbit (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or goat anti-mouse (Life
Technologies, Carlshad, CA, USA, 1:300 for both) secondary antibodies. After another
series of three 15-minute PBS washes, there was a final two-hour overlay with streptavidin-
Alexa Flour (AF)546 (Molecular Probes, Inc., Eugene, OR, PA, USA; 1:600), followed by a
final series of three 30-minute PBS washes and cover slipping the slides. The slides were
evaluated using fluorescence immunohistochemistry on a Zeiss Axioskop 2 Plus microscope
(Carl Zeiss, Gottingen, Germany).
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2.7. Binge-Feeding Studies

The behavioral experiments were conducted using a four-cage, Comprehensive Lab Animal
Monitoring System (Columbus Instruments, Columbus, OH, USA) as previously described
and validated [5, 31]. We monitored energy intake, meal pattern and energy expenditure in
intact male and OV X female wildtype mice; the latter of whom were injected with either EB
(20 pg/kg; s.c.) or its sesame oil vehicle (1 mL/kg; s.c.) every other day over the course of
the experiment. First, the animals were allowed to acclimate in the experimental chambers
over a three-day period. Every afternoon they were weighed, handled, and returned to their
respective chambers. After acclimatization, we initiated a five-day monitoring phase. The
binge feeding protocol was executed in accordance with slight modifications of paradigms
described previously [32]. Briefly, one cohort of animals was exposed to the HFD from 4-5
pm for five consecutive days following the three days of acclimation, and energy intake,
meal pattern and energy expenditure were quantified for that 60-minute period. Standard
chow was provided ad /ibitum for the other 23 hours. For the long-term HFD-fed animals,
they were reintroduced to the HFD following a one-week hiatus and underwent the very
same protocol as the HFD-naive animals. Just prior to the start of the one-hour HFD
exposure, animals were injected with N/OFQ (0.3nmol) or its 0.9% saline vehicle (0.2 pL)
directly into the VTA. One cohort of animals was co-injected with the NOP receptor
antagonist UFP101 (10 nmole; 0.2 pL)) to determine if it can block the modulatory effect of
exogenously administered N/OFQ on binge feeding behavior.

2.8. Statistical Analyses

The homogeneity of variance was evaluated using Levene’s Test. Comparisons between two
groups were made with the Student’s t-test. Comparisons made between more than two
groups were performed using either the one-way or repeated measures multifactorial
analysis of variance (ANOVA; with rank transformation where appropriate) followed by the
Least Significant Difference (LSD) test, or alternatively via the Kruskal-Wallis test followed
by the median-notched box-and-whisker analysis. Differences were considered statistically
significant if the alpha probability was 0.05 or less.

3. RESULTS AND FIGURES

3.1 Experiment 1: In Vitro Effects of Endogenous N/OFQ on the Excitability of
Anorexigenic POMC Neurons in Male and Female Mice

ARC N/OFQ neurons inhibit POMC neurons via a NOP receptor-mediated
mechanism—~Previous studies have shown that bath application of N/OFQ inhibits
anorexigenic POMC neurons via activation of GIRK channels, an effect that is associated
with a membrane hyperpolarization and decrease in firing rate [5, 19, 31]. N/OFQ is
appreciably expressed in the ARC [16, 18], and so therefore we tested the hypothesis that
ARC N/OFQ neurons would inhibit nearby POMC neurons in a sex-dependent manner.
N/OFQ neurons (Fig. 1A & 1C) from male N/OFQ-cre/eGFP-POMC mice injected 2-3
weeks prior with a ChR2/eYFP-containing AAV into the ARC exhibit efficient membrane-
delimited expression of the eYFP reporter signal (Fig. 1B-1D), and the fibers emanating
from these ARC N/OFQ neurons come into close apposition with neighboring POMC
neurons (Fig. 1E-1H). Prominent projections from these ARC N/OFQ neurons can be seen
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in the adjacent VMN, where N/OFQ cell bodies are conspicuously absent (Fig. 11). Voltage
clamp recordings from POMC neurons reveal that high-frequency optogenetic stimulation of
ARC N/OFQ neurons produces a and robust and reversible outward current (Fig. 1J & 1N)
that reverses polarity very close to the equilibrium potential for K* (Fig. 1L) and is
associated with an increased slope conductance (Fig. 1L & 10). These effects were
markedly attenuated in the presence of the NOP receptor antagonist BAN ORL 24 (10 pM;
Fig. 1K, 1IM-10; 1N: Student’s t-test: t = 2.66272, p < 0.03; 30: Student’s t-test, t =
2.38693, p < 0.03). This optogenetically driven, NOP receptor-mediated increase in K*
conductance causes a membrane hyperpolarization and cessation of firing in current clamp
(Fig. 2A, 2D, 2G & 2H) that is not seen in animals injected with the eYFP blank-containing
AAV (Fig. 2B, 2E, 2G & 2H) or in slices pre-treated with BAN ORL 24 (Fig. 2C, 2F-2H,;
2G: one-way ANOVA/LSD, F =31.39, df = (2, 19), p < 0.0001; 2H: Kruskal-Wallis/median-
notched box-and-whisker analysis, test statistic = 17.4321, p < 0.0006).

The in vitro effect of exogenously administered N/OFQ on this critical neuroanatomical
substrate within the homeostatic energy balance circuitry is sexually differentiated and
negatively modulated by estradiol in females [5, 19, 21]. We therefore set out to determine if
the same held true for endogenous peptide release from ARC N/OFQ neurons. Optogenetic
excitation of ARC N/OFQ neurons in slices prepared from OV X female N/OFQ-cre/eGFP-
POMC mice once again elicited a sizable outward current (Fig. 3A & 3E) and increase in K*
conductance (Fig. 3C & 3F) that was significantly diminished by E, pretreatment (100 nM;
Fig. 3B, 3D-3F) initiated 4-5 minutes prior to photostimulation (3E: Student’s t-test: t =
2.49578, p < 0.03; 3F: Student’s t-test, t = 2.94837, p < 0.009).

3.2 Experiment 2: In Vitro Effects of Endogenous N/OFQ on the Excitability of Reward
Encoding A;g Dopamine Neurons in Male and Female Mice

VTA N/OFQ neurons inhibit A;g dopamine neurons via a NOP receptor-
mediated mechanism—Thus far we have shown that endogenous N/OFQ inhibits
POMC neurons within the homeostatic energy balance circuitry by activating NOP receptors
and GIRK channels in a Ep-sensitive fashion. Given that N/OFQ and its NOP receptor are
expressed in Ajg dopamine neurons [17, 33], and that exogenously administered N/OFQ
inhibits A1¢ dopamine neurons and decreases dopamine release from these cells [22-24], we
then wanted to ascertain whether A1 dopamine neurons are similarly impacted by
endogenous peptide released from VTA N/OFQ nerve terminals impinging upon them.
Injection of a ChR2/eYFP-containing AAV into the VTA of male N/OFQ-cre mice resulted
in clear labeling of N/OFQ perikarya in the VTA as well as fiber projections that also
radiated to surrounding regions (Fig. 4A & 4B). Optogenetic stimulation of these VTA N/
OFQ-cre neurons reliably caused a large outward current in VTA neurons (Fig. 4C, 4D &
4H) closely apposed to N/OFQ fibers (Fig. 4B & 4C) that again was associated with
increased conductance and reversed polarity near the equilibrium potential for K* (Fig. 4F &
41). These effects were again abrogated by NOP receptor antagonism with BAN ORL 24
(Fig. 4E & 4G-4l; 4H: Student’s t-test, t = 2.3706, p < 0.04; 41: Student’s t-test, t = 2.13403,
p < 0.05). Identical findings were observed in current clamp; with photostimulation of VTA
N/OFQ neurons causing membrane hyperpolarization (Fig. 5A & 5C) and a cessation of
firing (Fig. 5A & 5D) that was abrogated by blockade of NOP receptors with BAN ORL 24
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(Fig. 5B-5D; 5C: Student’s t-test; t = =5.30827, p < 0.002; 5D: Kruskal-Wallis/median-
notched box-and-whisker analysis, test statistic = 11.0199, p < 0.005)

The effects of endogenous N/OFQ released from nerve terminals impinging upon VTA
neurons were faithfully mirrored by bath application of N/OFQ (1 uM) in mesencephalic
slices prepared from male TH-cre mice injected 2—3 weeks prior with eYFP blank-
containing AAV into the VTA. The overwhelming majority of TH-positive neurons in the
VTA (Fig. 6A & 6C) also express eYFP injected into the same region (Figure 6B—6D). This
eYFP expression was selective for A1 dopamine neurons as GABAergic neurons, which
represent a sizable population of VTA neurons [23, 34, 35], were not labeled with the
marker (Supplemental Fig. 3). N/OFQ elicits a powerful outward current in visual whole-
cell patch clamp recordings from these A1 dopamine neurons (Fig. 6E-6G, 6K) that once
again was accompanied by an increase in conductance and reversed polarity near the
equilibrium potential for K* (Figure 61 & 6L). These effects were abolished upon NOP
receptor blockade with BAN ORL 24 (Figure 6H & 6J-6L; 6K: Student’s t-test, t = 3.61837,
p < 0.0009; 6L: Student’s t-test, t = 3.01749, p < 0.005). These effects are corroborated in
current clamp recordings from Ao dopamine neurons, in which N/OFQ produced a large
hyperpolarization (Fig. 7A & 7E) accompanied by a suppression of firing and an increase in
K* conductance (Figure 7A, 7C & 7F). These actions were once again nullified by BAN
ORL 24 (Fig. 7B & 7D-7F; 7E: Student’s t-test, t = —=3.77235, p < 0.002; 7F: Kruskal-
Wallis/median-notched box-and-whisker analysis, test statistic = 21.4688, p < 0.0001).
Interestingly, recordings of A1 dopamine neurons from long-term HFD-fed males revealed
a markedly hyperpolarized RMP and reduced basal firing rate relative to those seen in chow-
fed animals (Fig. 8A: Student’s t-test, t = =3.89511, p < 0.0005; 8B: Student’s t-test, t =
-4.26318, p < 0.0002). As shown in the representative voltage traces in Figs. 8C and 8D,
along with the composite data in Figs. 8E and 8F, the magnitude of the N/OFQ-induced
hyperpolarization and increase in K* conductance did not change in the HFD-fed animals,
but the duration of the hyperpolarization was considerably more prolonged (Fig. 8E:
Student’s t-test, t = —=1.31525, p < 0.20; 8F: Student’s t-test, t = 0.254244, p < 0.81).

Estradiol is an anorexigenic hormone that uncouples metabotropic Gj;o-coupled receptors
from their effector K* channels in POMC neurons of the homeostatic energy balance
circuitry [36-38]. However, it is unknown whether the same holds true for reward-encoding
A1 dopamine neurons. Given that estradiol administered into the VTA reduces motivation
for food reward [39], we set out to determine if it disrupts NOP/K+ channel coupling in Ajg
dopamine neurons. Photostimulation of VTA N/OFQ neurons induced a reversible outward
current (Fig. 9A & 9E) and increased K* conductance (Fig. 9C & 9F) in VTA neurons
receiving input during recording in slices prepared from OV X female N/OFQ-cre mice that
were markedly diminished by E, (Fig. 9B, 9D-9F; 10E: Student’s t-test, t = 2.09844, p <
0.05; 9F: Student’s t-test, t = 2.95509, p < 0.007). Likewise, bath application of N/OFQ
during recordings in slices prepared from OVX TH-cre females caused a reversible outward
current (Fig. 10A & 10E) and increase in K* conductance (Fig. 10C & 10F) in Ajg
dopamine neurons that again was significantly attenuated by E, (Fig. 10B, 10D-10F); 10E:
Student’s t-test, t = 3.10152, p < 0.005; 10F: Student’s t-test, t = 3.22696, p < 0.003). These
effects were faithfully replicated in current clamp recordings from A;g dopamine neurons, in
which the N/OFQ-induced membrane hyperpolarization (Fig. 11A & 11E), increase in K+
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conductance (Fig. 11C) and suppression of firing (Fig. 11A & 11F) were significantly
reduced by E, (Fig. 11B, 11D-11F; 11E: Student’s t-test, t = —2.47281, p < 0.03; 11F:
Kruskal-Wallis/median-notched box-and-whisker analysis, test statistic = 12.1132, p <
0.003).

3.3. Experiment 3: In Vivo Effects of N/OFQ on the Binge-like Consumption of Palatable

Food

Focal Injection of NJOFQ Impacts Binge-eating Behavior in a Site-, Sex- and
Diet-Sensitive Manner—Up to this point we have found that ARC and VTA N/OFQ
neurons powerfully inhibit the excitability of critical neuroanatomical substrates within the
homeostatic and hedonic energy balance circuitries; namely, anorexigenic POMC neurons
and reward-encoding A;g dopamine neurons. We next wanted to ascertain the significance of
these inhibitory actions on hedonic food consumption. N/OFQ promotes energy intake, and
its hyperphagic effects are most prominent when injected into the ARC [5, 40-42]. As we
and others have shown, N/OFQ inhibits A;g dopamine neurons and dopamine release from
these cells [22-24], and the NOP receptor is an emerging target in the treatment of cocaine
addiction [43]. Given that dopamine release is increased during binge feeding [14], we then
set out to test the hypothesis that N/OFQ delivered directly into the VTA would
differentially decrease hedonic feeding in lean and diet-induced obese wildtype mice using
binge eating model of food addiction. For comparison, we also injected N/OFQ into the
ARC. Limited intermittent access to HFD (one hour per day from 16:00 — 17:00) causes a
rapid, dramatic escalation in consumption that is accentuated in OV X females and by diet-
induced obesity (Fig. 12A; repeated measures multifactorial ANOVA/LSD: Fgay= 69.54 (df
= (1, 204), p < 0.0001), Fpinge = 676.90 (df = (1, 204), p < 0.0001), Fgex = 15.39 (df = (1,
204), p < 0.0002), Fgiet = 11.10 (df = (1, 204), p < 0.002), Finteraction (Binge-Sex) = 11.40 (df =
(1, 204), p < 0.001), Finteraction (Binge-Diet) = 1.84 (df = (1, 204), p < 0.18),

Finteraction (Sex-Diet) = 0.93 (df = (1, 204), p < 0.34); one-way ANOVA/LSD, Fiatjp = 24.11
(df = (39, 204)p < 0.0001). Otherwise chow-fed males end up eating over 25% of their daily
intake during that one-hour exposure, whereas obese males continuously exposed to HFD
for five weeks prior to initiating the binge-feeding paradigm surpass 40%, a figure
approached by both chow- and HFD-fed, hypoestrogenic OV X females (Fig. 12B; rank-
transformed, repeated measures multifactorial ANOVA/LSD: Fpjnge = 294.65 (df = (1, 204),
p < 0.0001), Fgex = 0.86 (df = (1, 204), p < 0.36), Fgiet = 2.44 (df = (1, 204), p < 0.13),
Finteraction (Binge-Sex) = .47 (df = (1, 204), p < 0.03), Finteraction (Binge-Diet) = 3.03 (df = (1,
204), p < 0.084), Finteraction (Sex-Diet) = 2.58 (df = (1, 204), p < 0.12); one-way ANOVA/LSD,
Fratio = 48.50 (df = (7, 204), p < 0.0001). Both lean and in particular obese males exhibited a
significant reduction in cumulative chow consumption during the remaining 23 hours (Fig.
12C; repeated measures multifactorial ANOVA/LSD: Fpjnge = 30.50 (df = (1, 204), p <
0.0001), Fgex = 11.01 (df = (1, 204), p < 0.002), Fgiet = 21.04 (df = (1, 204), p < 0.0001),
Finteraction (Binge-sex) = 76.68 (df = (1, 204), p < 0.0001), Finteraction (Binge-Diet) = 29.50 (df =
(1, 204), p < 0.0001), Finteraction (sex-Diet) = 0.01 (df = (1, 204), p < 0.92); one-way ANOVA/
LSD, Fyatio = 27.52 (df = (7, 204), p < 0.0001). Similar degrees of this rampant binge
feeding were observed irrespective of when the HFD exposure occurred (Fig. 12D; repeated
measures one-way ANOVA/LSD, df = (2, 72), Fratio = 0.75, p < 0.48).
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Intra-VTA delivery of N/OFQ (0.3 nmol) decreased binge feeding in obese males, and this
effect was appreciably attenuated by co-administration of the NOP receptor antagonist
UFP-101 (10 nmol). N/OFQ was without effect in lean males (Fig. 13A; repeated measures
one-way ANOVA/LSD, df = (4, 132), Fratio = 7.48, p < 0.0001). By contrast, N/OFQ
administered directly into the ARC, where it acts to inhibit anorexigenic POMC neurons,
enhanced consumption (Fig. 13B; Student’s t-test, t = —=3.15313, p < 0.003). Given that
estradiol uncouples the NOP receptor from its effector K* channels, we then endeavored to
evaluate the interaction between N/OFQ and the steroid in OV X females. As shown in Fig.
13C, N/OFQ injected into the VTA suppressed binge feeding in sesame oil-treated (1
mL/kg; s.c.) OVX females, regardless of whether they were lean or obese. EB (20 pg/kg;
s.c.) per se also reduced the binge-like escalation in both lean and obese females, However,
most interesting was the fact that it counteracted the inhibitory effect of N/OFQ, which was
most prominent in obese females (repeated measures multifactorial ANOVA/LSD: Fgg =
0.66 (df = (1, 192), p < 0.42), Fnjorq = 0.05 (df = (1, 192), p < 0.83), Fgjet = 1.88 (df = (1,
192), p < 0.18), Finteraction (EB-N/OFQ) = 28.26 (df = (1, 192), p < 0.0001), Finteraction (EB-Diet)
=1.22 (df = (1, 192), p < 0.28), Finteraction (\/oFQ-Diet) = 0.21 (df = (1, 192), p < 0.65),
Finteraction (EB-N/OFQ-Diet) = 3-80 (df = (1, 192), p < 0.06); one-way ANOVA/LSD, Fratio =
5.84 (df = (7, 192), p < 0.0001).

4. DISCUSSION

The results of the present study demonstrate that N/OFQ profoundly impacts both the
homeostatic and hedonic energy balance circuits to alter the binge-like consumption of
palatable food in a manner that is site-specific, influenced by adiposity, and negatively
modulated by estradiol in females. These findings are based on the following observations:
1) N/OFQ elicits an outward current in ARC POMC neurons and A;p dopamine neurons in
the VTA that is virtually abolished by NOP receptor blockade, 2) this outward current is
associated with a membrane hyperpolarization and a resultant decrease in firing, which is
diminished by estradiol in females and enhanced under conditions of diet-induced obesity in
males, 3) the outward current and hyperpolarization caused by exogenous N/OFQ in Ajg
dopamine neurons is recapitulated by photo-stimulation of VTA N/OFQ neurons, which
again is blunted by estradiol, 4) focal injection of N/OFQ into the ARC amplifies binge
eating, whereas in the VTA the opposite effect occurs, and 5) the dampening effect of intra-
VTA N/OFQ on the striking binge-like escalation in palatable food ingestion is heightened
by diet-induced obesity in males and nullified by estradiol in females.

We have demonstrated that pronounced inhibitory neurotransmission occurring at ARC
N/OFQ/POMC and VTA N/OFQ/A1y dopamine synapses arises from the activation of the
NOP receptors. The N/OFQ-induced hyperpolarization and underlying outward current seen
in POMC neurons is abrogated by GIRK channel blockers such as Ba2* and tertiapin [19,
31, 44]. In both POMC and A dopamine neurons the reversal potential associated with the
N/OFQ-induced hyperpolarization and outward current is dependent on the extracellular K*
concentration [23, 44]. Collectively, these observations are consistent with the fact that
N/OFQ activates GIRK channels in the dorsal raphe [45], locus coeruleus [46],
periaqueductal gray [47], suprachiasmatic nucleus [48], VMN [5, 49, 50], nucleus raphe
magnus [51] and in cultured tuberomammillary neurons [52]. We also found that the NOP
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receptor-mediated activation of GIRK channels in POMC and Ay dopamine neurons caused
by endogenously released N/OFQ from ARC and VTA neurons, respectively, is
physiologically antagonized by estradiol. This finding aligns with other examples of
estrogenic uncoupling of metabotropic, Gj,,-coupled receptors (e.g., i-opioid, GABAR,
CB1) from their effector GIRK channels [36-38]. The hyperpolarization elicited by K*
efflux through GIRK channels suppresses neuronal firing in a profound and powerful way
[53, 54]. Therefore, it stands to reason that the estradiol-induced negative modulation of
NOP/GIRK coupling can dramatically impact the excitability of POMC and A1y dopamine
neurons and thus the function of the homeostatic and hedonic energy balance circuitries.

Synapses formed between upstream SF-1-containing neurons in the VMN and POMC
neurons in the ARC represent a critical anorexigenic synapse within the homeostatic energy
balance circuitry [5, 6, 27, 55]. N/OFQ inhibits excitatory neurotransmission at this synapse
pleiotropically in three ways: 1) it hyperpolarizes and decreases the firing rate of VMN SF-1
neurons [5, 50], 2) it presynaptically inhibits glutamate release at synapses formed with
POMC neurons [5, 19] and 3) it hyperpolarizes and thereby inhibits POMC somas in the
ARC [5, 19, 21]. All three of these effects of exogenous N/OFQ are sexually differentiated;
with males being more sensitive than females [5]. The activity of these two cell types are
also influenced by peripheral hormones such as leptin [56-58], insulin [59-62] and ghrelin
[63], neuromodulators such as endocannabinoids [7, 27, 64, 65] and neuropeptides such as
pituitary adenylyl cyclase-activating polypeptide (PACAP) [30, 66]. Thus, it is clear that this
synapse is an integrative cornerstone in the neuronal and hormonal regulation of the
homeostatic energy balance circuitry.

The present study also demonstrates that intermittent exposure to a palatable HFD
dramatically escalates consumption in a binge-like fashion, and that N/OFQ dichotomously
regulates this binge eating through its inhibitory actions within the homeostatic and hedonic
energy balance circuitries. On one hand, focal delivery of N/OFQ into the ARC potentiates
binge feeding, whereas on the other hand delivery into the VTA reduces it. This finding
clearly indicates that N/OFQ-induced inhibition of POMC neurons within the homeostatic
energy balance circuitry can influence hedonic binge feeding. On the other hand, Aqg
dopaminergic inputs into the nucleus accumbens increase the incentive salience for palatable
food and other reinforcers [11], whereas those inputs into the medial prefrontal cortex might
play a role in regulating food-seeking behavior and impulsivity [13]. Dopamine release in
the nucleus accumbens is increased during binge feeding [14], which can also be
exacerbated by chronic stress and associated with heightened food addiction score and
increases in p-opioid and dopamine D2 receptor expression in the nucleus accumbens [67].
In addition, dopamine replacement therapy promotes binge eating and food addiction in
Parkinson’s patients and in experimental animal models of Parkinsonism [68, 69]. Our
findings reveal that in Ao dopamine neurons, a markedly hyperpolarized RMPis
accompanied by a reduction in the basal firing rate under conditions of diet-induced obesity
in males. This may reflect a state of anhedonia that is associated with heightened binge
feeding [70, 71]. Our present results also demonstrate that NOP receptor-mediated inhibition
of A1g dopamine neurons, which is much more prolonged under conditions of diet-induced
obesity, accounts, at least in part, for the blunted binge feeding observed in these animals
when N/OFQ is injected into the VTA. This adds substantially to our understanding of how

Physiol Behav. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hernandez et al.

Page 14

neuropeptides regulate compulsive binge feeding behavior. Like N/OFQ in the present study,
ghrelin promotes binge eating and the growth hormone secretagogue receptor is required for
its full expression [15]. By contrast, PACAP administered into the nucleus accumbens
decreases the hedonic consumption of palatable food [72, 73]. Interestingly, systemic
administration of the NOP receptor antagonist SB 61211 decreases binge feeding in male
and female mice [74], whereas in the present study we found that blockade of NOP
receptors in the VTA abrogated the reduction in this behavior caused by N/OFQ delivered
into the same region. Thus, the N/OFQ-induced inhibition of critical anorexigenic substrates
within the homeostatic energy balance circuitry might actually play a more prominent role in
the NOP receptor-mediated regulation of hedonic feeding than originally thought.

Our findings also point to a sex difference in the NOP receptor mediated reduction in binge
feeding behavior. For example, N/OFQ decreases binge feeding in both lean and obese,
hypoestrogenic females, whereas in males this occurs only in those that are obese. This is in
agreement with sex differences in binge feeding driven by relaxin-family peptide-3 receptors
in the paraventricular nucleus (more extensive in females) and orexin neurons in the
dorsomedial nucleus and lateral hypothalamus (greater numbers in females) [75, 76]. Diet-
induced obesity in males increases the excitability of ARC N/OFQ neurons as well as the
sensitivity of postsynaptic targets like the POMC neurons receiving input from these cells [5,
20]. The results of the present study demonstrates the same holds true for VTA N/OFQ
neurons and the A;g dopamine neurons receiving input from them, which could then account
for the dampening effect of N/OFQ on binge eating when administered into this region.
Lastly, our findings are also consistent with other examples of how these neurons mediate
drug-induced reward in a sexually differentiated manner. Indeed, estradiol enhances
dopamine release in the nucleus accumbens in response to cocaine and amphetamine, as
well as their respective locomotor effects and rate of behavioral sensitization, in female but
not male rodents [77, 78].

In the present study, we used a modified binge-feeding paradigm as a model for food
addiction. While food addiction per seis not currently recognized by the DSM, emerging
evidence indicates that obesity and associated co-morbidities like insulin resistance can
increase vulnerability to food and drug addiction. For example, cross-lagged panel analyses
have revealed that overweight and obese men are more likely to be daily tobacco smokers
and engage in hazardous cannabis use [79]. In addition, Otsuka Long Evans Tokushima
Fatty rats that are prone to binge eating exhibit heightened cocaine craving after four weeks
of restricted access to a palatable diet [80]. Similarly, food addiction is associated with
elevated body mass index, and its prevalence is reported to be highest in individuals with
bulimia nervosa [81]. Food addiction and impulsivity are also significant predictors of
elevated BMI and obesity in individuals with type 2 diabetes [82]. Moreover, women are
~3X more likely to develop food addiction than their male counterparts [83]. Collectively,
these factors may help explain why only obese males exhibit more rampant binge feeding,
whereas lean and obese females are equally prone.

In conclusion, the present results provide compelling support for the idea that ARC and VTA
N/OFQ neurons powerfully inhibit anorexigenic POMC neurons and reward-encoding Aqg
dopamine neurons, respectively, in a manner that is negatively modulated by estradiol in
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females. This in turn leads to equally powerful yet disparate influences of these different
populations of N/OFQ neurons on binge feeding behavior that are sexually differentiated as
well as diet- and estradiol-sensitive. These findings have important implications for the
pathogenesis of food addiction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding Sources

This study was supported by PHS Grant DA024314 and intramural funding from Western University of Health

Sciences.

Abbreviations and Their Corresponding Key Terms and Phrases

AAV
aCSF
ARC
ChR2
Ez

EB
eGFP
eYFP
GIRK
HFD
VAV
N/OFQ
NOP
OVvX
PACAP
POMC
RMP
SF-1
TH

TTX

adeno-associated viral vector

artificial cerebral spinal fluid
hypothalamic arcuate nucleus

channel rhodopsin-2

17B-estradiol

estradiol benzoate

enhanced green fluorescent protein
enhanced yellow fluorescent protein
G-protein coupled inwardly-rectifying K+
high-fat-diet

current-voltage relationship
nociceptin/orphanin FQ

nociceptin opioid peptide

ovariectomized

pituitary adenylyl cyclase-activating polypeptide
proopiomelanocortin

resting membrane potential

steroidogenic factor 1

tyrosine hydroxylase

Tetrodotoxin
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UFP-101 [Nphel,Arg14 Lys®]Nociceptin-NH,, NOP receptor antagonist
VMN hypothalamic ventromedial nucleus
VTA ventral tegmental area
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Highlights
. Nocieptin/orphanin FQ inhibits the excitability of proopiomelanocortin and
A1o dopamine neurons
. Nocieptin/orphanin FQ dichotomously regulates binge-feeding behavior in
site-specific ways
. Estradiol attenuates these effects of nocieptin/orphanin FQ in females
. Diet-induced obesity potentiates nocieptin/orphanin FQ-induced reductions in

binge-eating in males
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Fig. 1.

Photostimulation (photostim) of ARC N/OFQ neurons inhibits POMC neurons in male N/
OFQ-cre/eGFP-POMC mice. A, N/OFQ immunostaining in the ARC visualized with
AF546. B, eYFP ChR2 reporter signal in the cells in A. C, Composite overlay (20X). D &
E, Low power images of the eYFP ChR2 reporter signal in ARC N/OFQ neurons juxtaposed
with the eGFP reporter signal in ARC POMC neurons. F, DIC image (40X) of a recorded
ARC neuron. G, eYFP/ChR2-labelled N/OFQ fibers and perikaryal in the immediate
vicinity of the cell in F. H, eGFP POMC reporter signal in the cell in F. I, Prominent
N/OFQ fiber labelling and a conspicuous absence of N/OFQ somas in the VMN. J,
Optogenetic stimulation of ARC N/OFQ neurons elicits a robust and reversible outward
current (n = 9) in the POMC neuron shown in H that is blocked by the NOP receptor
antagonist BAN ORL 24 (10 uM; K; n =5). L, I/V relationships generated prior to and
following photostimulation show the increased slope conductance that again is antagonized
by BAN ORL 24 (M). N & O, Composite bar graphs illustrating the NOP receptor-mediated
outward current and increase in slope conductance. Bars represent means and lies 1 SEM.
Numbers above parenthesis in bar graphs are indicative of the number of cells recorded for
that treatment, while numbers in parenthesis are indicative of the number of animals used for
that treatment. *, p < 0.05, relative to Photostimulation alone, Student’s t test
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Fig. 2.
The photostimulation (photostim)-induced outward current in POMC neurons is associated

with a hyperpolarization and a decrease in firing, which is abrogated by BAN ORL 24. (A;
n=8) Representative trace of a current clamp recording in a slice from an intact male N/
OFQ-cre/eGFP-POMC mouse showing the reversible hyperpolarization and decrease in
firing (n = 8) that is not apparent in slices pre-treated with BAN ORL 24 (C; n=7) or
injected (inj.) with an eYFP blank-containing AAV (B; n=5). D-F, the photo-stimulation-
induced increase in slope conductance (or lack thereof) faithfully mirrors the extent of the
hyperpolarization and decrease in firing. These effects are summarized in the composite bar
graphs seen in G and H. Bars represent means, and lines 1 SEM of the hyperpolarization
magnitude (mV; G) and the change in firing (H). Numbers above parenthesis in bar graphs
are indicative of the number of cells recorded for that treatment, while numbers in
parenthesis are indicative of the number of animals used for that treatment. *p < 0.05,
relative to photostimulation alone, one-way ANOVA/LSD (G); relative to baseline, Kruskal-
Wallis/median-notched box-and-whisker analysis (H).
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Fig. 3.

Optogenetic stimulation of ARC N/OFQ neurons produces an outward current in POMC
neurons from OV X female N/OFQ-cre/eGFP-POMC mice, which is markedly attenuated by
E». (A) Membrane current trace showing the robust and reversible outward current (n = 12)
during a recording from an ethanol (EtOH; 0.01% v:v) vehicle pre-treated slice. The
magnitude of this current is dramatically dampened by E, (100 nM; B; n =11). C & D,
Parallel changes were observed with the photostimulation (photostim)-induced increase in
slope conductance. These effects are captured in composite form in E and F. Bars represent
means, and lines 1 SEM of the change in membrane current (pA; E) and conductance (nS;
F). Numbers above parenthesis in bar graphs are indicative of the number of cells recorded
for that treatment, while numbers in parenthesis are indicative of the number of animals used
for that treatment. *p < 0.05, relative to EtOH vehicle alone, Student’s t-test.
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Fig. 4.
Optogenetic activation of VTA N/OFQ neurons in male mice induces NOP receptor-

mediated outward currents in downstream neurons receiving synaptic input. A & B, eYFP
ChR2 reporter staining in the VTA at 4X and 40X. C, DIC image of a recorded neuron
surrounded by the eYFP-filled N/OFQ fibers seen in B. D-G, Photostimulation (photostim)
of N/OFQ neurons elicits a reversible outward current in the cell in C due to activation of a
K* conductance via a NOP receptor-mediated mechanism (D: n = 8; E: n = 6). These effects
are compositely expressed in H and 1. Bars represent means, and lines 1 SEM of the change
in membrane current (Al; H) and slope conductance (Ag; 1). Numbers above parenthesis in
bar graphs are indicative of the number of cells recorded for that treatment, while numbers
in parenthesis are indicative of the number of animals used for that treatment. *p < 0.05,
relative to photostimulation alone, Student’s t-test.
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Fig. 5.
The outward current caused by photostimulation (photostim) of VTA N/OFQ neurons

corresponds with a NOP receptor-mediated membrane hyperpolarization and reduction in
firing. A & B, Representative voltage traces depicting the photostimulation-induced
hyperpolarization (n = 7) and abolition of firing that are antagonized by BAN ORL 24 (n =
5). The composite bar graphs in C and D summarize these effects. Bars represent means, and
lines 1 SEM of the change in membrane voltage (C; mV) and the change in firing relative to
baseline (D). Numbers above parenthesis in bar graphs are indicative of the number of cells
recorded for that treatment, while numbers in parenthesis are indicative of the number of
animals used for that treatment. *p < 0.05, relative to photostimulation alone, Student’s t test
(C); Kruskal-Wallis/median-notched box-and-whisker analysis (D).
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Fig. 6.

N/gOFQ elicits an outward current in Ajg dopamine neurons during voltage clamp recordings
in slices from male TH-cre mice via a NOP receptor-mediated mechanism. A, TH
immunostaining in the VTA. B, eYFP signal seen in these A1 dopamine neurons. C,
composite overlay. D & E, eYFP signal from A;g dopamine neurons in VTA slices seen at
4X and 40X. F, DIC image of the recorded Ao dopamine neuron seen in E. G & H, Bath
applied N/OFQ (1 pM) produces a robust and reversible outward current in A;g dopamine
neurons (n = 11) that is abrogated by BAN ORL 24 (n = 8). | & J, This NOP receptor-
mediated response is associated with an increased K* conductance. These effects are
summarized compositely in K and L. Bars represent means and lines 1 SEM of the change
in membrane current (K; pA) and slope conductance (L; nS). Numbers above parenthesis in
bar graphs are indicative of the number of cells recorded for that treatment, while numbers
in parenthesis are indicative of the number of animals used for that treatment. *p < 0.05
relative to N/OFQ alone, Student’s t-test.

Physiol Behav. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hernandez et al.

A.Male TH-cre VTA

l NIOFQ (1:M)

-52.2mV.

l NIOFQ (1,:M)

B. Male TH-Cre VTA BAN ORL 24 (10uM)

clearance ¥  BANORL24(104M) V¥ clearance

(I |
1l :

1l 1|
>
E| E
| i
sec = sec

- %
e E
: 8
—
c. D.
~@- Baseline
~@- Baseline O NIOEQ (1M BAN ORL'24 (10M)
150 1 O NIOFQ (1uM) o 40
100
- o 20 V (mV)
i 0
z o 420 V (mV) 2 o 5 120 -80
€ 5 2 -40
= o 60
= 100 -
B -80
150 -
e 4100
2001 o 120
250 140
-160
Fig. 7.

E.

Firing (% Baseline) Hyperpolarization (mV)

Page 28

m— N/OFQ (1uM)
=== NJOFQ/ BAN ORL 24 (10uM)

|

L

*
10

(4)

14
()

mm— Baseline
1 N/OFQ (1uM)
mmmm N/OFQ/ BAN ORL 24 (10uM)

*

[ = |
14 10
(5 @

The NOP receptor-mediated outward current in Ao dopamine neurons in male mice is
associated with a membrane hyperpolarization and cessation of firing. A & B,
Representative voltage traces obtained during current clamp recordings in slices from male
TH-cre mice illustrating the N/OFQ-induced hyperpolarization (n = 14) and suppression of
firing that is negated by BAN ORL 24 (n = 10). C & D, These effects are mirrored by the
increase in K* conductance or lack thereof, and summarized compositely in E and F. Bars
represent means and lines 1 SEM of the hyperpolarization (E; mV) and change in firing
relative to baseline (F). Numbers above parenthesis in bar graphs are indicative of the
number of cells recorded for that treatment, while numbers in parenthesis are indicative of
the number of animals used for that treatment. *p < 0.05, relative to photostimulation alone,
Student’s t test (E); Kruskal-Wallis/median-notched box-and-whisker analysis (F).
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Fig. 8.

Diget—induced obesity renders Aqg dopamine neurons more quiescent and prolongs the
inhibitory effect of N/OFQ. Composite bar graphs depicting the markedly hyperpolarized
RMP (A) and reduced basal firing rate (B) seen in Ajg dopamine neurons from obese TH-
cre males. C & D, Representative voltage traces from chow-(n = 22) and HFD-fed (n = 12)
males illustrating the more prolonged inhibitory response of A dopamine neurons to
N/OFQ under conditions of diet-induced obesity. The last two bar graphs show the lack of
effect of diet-induced obesity on the magnitude of the N/OFQ-induced hyperpolarization (E)
or change in conductance (F). Bars represent means and line 1 SEM. Numbers above
parenthesis in bar graphs are indicative of the number of cells recorded for that treatment,
while numbers in parenthesis are indicative of the number of animals used for that treatment.
*p < 0.05, relative to chow-fed controls, Student’s t-test.
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Fig. 9.

E, attenuates the outward current caused by optogenetic stimulation of VTA N/OFQ neurons
during voltage clamp recordings in slices from OV X female N/OFQ-cre mice. A & B,
Representative traces show the estrogenic diminution in the magnitude of the
photostimulation (photostim)-induced outward current (A: n = 14; B: n = 9) as well as the
accompanying increase in slope conductance shown in C and D. These effects are
compositely represented in the bar graphs shown in E and F. Bars represent means and lines
1 SEM of the change in membrane current current (E; pA) and slope conductance (F; nS).
Numbers above parenthesis in bar graphs are indicative of the number of cells recorded for
that treatment, while numbers in parenthesis are indicative of the number of animals used for
that treatment. *p < 0.05 relative to EtOH vehicle, Student’s t-test.
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Fig. 10.
E, diminishes the outward current in Ao dopamine neurons caused by exogenously

administered N/OFQ during voltage clamp recordings in slices from OV X female TH-cre
mice. A & B, Representative traces illustrating how E, reduces the amplitude of the outward
current caused by bath application of N/OFQ (A: n = 8; B: n = 7) along with the increase in
slope conductance shown in C and D. These effects are compositely expressed in the bar
graphs shown in E and F. Bars represent means and lines 1 SEM of the change in membrane
current current (E; pA) and slope conductance (F; nS). Numbers above parenthesis in bar
graphs are indicative of the number of cells recorded for that treatment, while numbers in
parenthesis are indicative of the number of animals used for that treatment. *p < 0.05
relative to EtOH vehicle, Student’s t-test (E).
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Fig. 11.

Likewise, E; dampens the N/OFQ-induced membrane hyperpolarization and abolition of
firing seen in Ao dopamine neurons during current clamp recordings in slices from OV X
female TH-cre mice. A & B, Representative traces depicting how E2 physiologically
antagonizes the hyperpolarization and decrease in firing caused by N/OFQ (A: n=11; B: n
= 8), as well as the increase in K* conductance shown in C and D. These changes are
reflected in the composite bar graphs of E and F. Bars represent means and lines 1 SEM of
the hyperpolarization (E; mV) and change in firing relative to baseline (F). Numbers above
parenthesis in bar graphs are indicative of the number of cells recorded for that treatment,
while numbers in parenthesis are indicative of the number of animals used for that treatment.
*p < 0.05, relative to EtOH alone, Student’s t test (E); Kruskal-Wallis/median-notched box-
and-whisker analysis (F).
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Fig. 12.

Intermittent access to HFD dramatically escalates consumption in wildtype mice, which is
accentuated by diet-induced obesity and hypoestrogenic conditions. A, Time course
illustrating the rapidity of the escalation in binge eating over the five days of the monitoring
period, which is especially prominent in obese males and OVX females. B, Bar graph
illustrating the disproportionate energy consumption during the one-hour exposure to HFD;
particularly in obese males. C, Bar graph depicting cumulative energy intake observed
during the other 23 hours of the day. D, Bar graph demonstrating that the extensive binge-
like hyperphagia occurs irrespective of time of day. Bars represent means and vertical lines 1
SEM. Numbers above bars indicate number of animals used per treatment group. *, p < .05
relative to binge day 1; #, p < .05 relative to non-binging controls; *, p < .05 relative to
males; %, p < .05 relative to chow-fed controls, repeated measures multi-factorial ANOVA/
LSD,n=6-09.
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Fig. 13.

NOP receptors regulate binge-eating behavior in a site- and sex-specific manner. A, Bar
graph depicting how intra-VTA N/OFQ (0.3 nmole/0.2 uL) dampens the escalation in the
consumption of palatable food seen in males exposed to HFD for five weeks prior to
commencing the binge-feeding protocol; an effect attenuated by the NOP receptor
antagonist UFP-101 (10 nmole/0.2 pL). B, Bar graph illustrating that intra-ARC N/OFQ
potentiates binge feeding in male mice. C, Bar graph demonstrating that the N/OFQ-induced
decrease in the binge-like intake seen in sesame oil-treated (1 mL/kg; s.c.) OVX female mice
is reversed by EB treatment (20 ug.kg; s.c.); particularly in those rendered obese following
five weeks of HFD feeding. Numbers above bars indicate number of animals used per
treatment group. *, p < .05 relative to saline-treated controls; #, p < .05 relative to lean
controls; , p < .05 relative to sesame oil-treated controls, repeated measures multi-factorial

ANOVA/LSD, n=6-9.
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