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Orexin induces the production of an
endocannabinoid-derived lysophosphatidic acid
eliciting hypothalamic synaptic loss in obesity
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ABSTRACT

Objective: Orexin-A (OX-A) is a neuropeptide produced selectively by neurons of the lateral hypothalamus. It exerts powerful control over brain
function and physiology by regulating energy homeostasis and complex behaviors linked to arousal. Under conditions of chronic or acute brain
leptin signaling deficiency, such as in obesity or short-term food deprivation, respectively, 0X-A neurons become hyperactive and promote
hyperarousal and food seeking. However, this leptin-dependent mechanism is still mostly unexplored. The endocannabinoid 2-arachidonoyl-
glycerol (2-AG) is known to be implicated in food consumption by promoting hyperphagia and obesity, and we and others demonstrated that 0X-A
is a strong inducer of 2-AG biosynthesis. Here, we investigated the hypothesis that, under acute (6 h fasting in wt mice) or chronic (in ob/ob mice)
hypothalamic leptin signaling reduction, OX-A-induced enhancement of 2-AG levels leads to the production of the 2-AG-derived 2-arachidonoyl-
sn-glycerol-3-phosphate (2-AGP), a bioactive lipid belonging to the class of lysophosphatidic acids (LPAs), which then regulates hypothalamic
synaptic plasticity by disassembling o.-MSH anorexigenic inputs via GSK-33-mediated Tau phosphorylation, ultimately affecting food intake.
Methods: We combined cell-type-specific morphological (CLEM and confocal microscopy), biochemical, pharmacological, and electrophysio-
logical techniques to dissect the leptin- and 0X-A/2-AGP-mediated molecular pathways regulating GSK-3f3-controlled pT231-Tau production at
POMC neurons of obese ob/ob and wild-type (wt) lean littermate mice and in an in vitro model of POMC neurons such as mHypoN41 neurons
(N41).

Results: 2-AGP is overproduced in the hypothalamus of obese leptin-deficient, or lean 6 h food-deprived mice, and promotes food intake by
reducing o-MSH-expressing synaptic inputs to OX-A neurons via lysophosphatidic acid type-1 receptor (LPA1-R) activation, and pT231-Tau
accumulation in o-MSH projections. This effect is due to the activation of the Pyk2-mediated pTyr216-GSK3[3 pathway and contributes to
further elevating 0X-A release in obesity. Accordingly, we found a strong correlation between 0X-A and 2-AGP levels in the serum of obese mice
and of human subjects.

Conclusions: Hypothalamic feeding pathways are endowed with 2-AGP-mediated synaptic plasticity according to their inherent functional
activities and the necessity to adapt to changes in the nutritional status. These findings reveal a new molecular pathway involved in energy

homeostasis regulation, which could be targeted to treat obesity and related disturbances.
Crown Copyright © 2023 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http:/creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION to seeking, securing, consuming, and storing nutrients to ensure the
natural drive for the survival of the individuals and the species. A
paradoxical consequence of this evolutionary drive is over-nutrition and

obesity in humans. The hypothalamus is the brain hub integrating

Obesity has reached epidemic proportions globally and is a major
contributor to the world burden of chronic diseases and disabilities

related to this condition and affecting all ages and socioeconomic
groups. From an evolutionary perspective, the functioning of the
mammalian brain circuits regulating energy homeostasis is committed

inputs from different neuronal networks encoding metabolic, behav-
ioural, and environmental cues affecting energy homeostasis, food
intake and arousal. The lateral hypothalamus (LH) contains orexin-A
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(OX-A)-expressing neurons, which are endowed with a short-lived
form of synaptic plasticity according to their inherent functional
adjustment to changes in the nutritional status [2,8,23,55,68].
Experimental and clinical studies report that chronic overnutrition leads
to changes in brain connectivity and function. However, the mecha-
nisms underlying these changes are not completely understood.
Unraveling the adaptive and maladaptive pathways governing or
deregulating the synaptic refinement of 0X-A neurons in response to
balanced or unbalanced energy intake may help understand some of
the deranged behavioural responses that compromise metabolic health
during obesity.

Lysophosphatidic acids (LPAs) are strong candidates to act as local
messengers that rapidly affect synaptic homeostasis by regulating
neurite Tau phosphorylation, neurotransmitter release, plasticity [29],
and excitation/inhibition (E/l) balance in cortical networks [78]. The role
of Tau phosphorylation as a regulatory mechanism of synaptic plas-
ticity has not been fully addressed in in vivo physiological conditions,
and previous data only refer to synaptic contacts between mossy fibers
and hippocampal pyramidal neurons, which undergo changes medi-
ated by fully and rapidly reversible phosphorylation of Tau at the
Threonine 231 epitope (pT231-Tau) [3,56,57]. Although Tau phos-
phorylation at different residues (Ser199, Ser202/Ser 205 or ATS,
Serd22, Ser396/Ser404 or PHF-1) produces irreversible Tau aggre-
gation in the neurofibrillary tangles of Alzheimer's disease (AD)
[30,40], pT231-Tau production is not neurotoxic per se as it closely
matches the pattern of physiological neuronal plasticity in the adult
brain by controlling Tau binding affinity to microtubules [3—5] and the
synaptic architecture of axons [6,54,66,72]. Many subtypes of LPAs
and selective LPA G-protein-coupled receptors (LPA1—6) are present
in the brain [16]. The LPA species 2-arachidonoyl-sn-glycerol-3-
phosphate (2-AGP) and its preferential receptor LPA1 (or EDG2),
hereafter referred to as LPA1R, are prevalent in embryonic and adult
mammalian brains, where 2-AGP can be biosynthesized also from the
phosphorylation of the endocannabinoid 2-AG [51].

Among its several functions, 0X-A was originally identified also as a
positive regulator of feeding behavior [21,62] and energy consumption
[32] in a circadian-dependent manner [48]. Furthermore, 0OX-A has
been demonstrated to act as a strong inducer of 2-AG biosynthesis via
the 0X-1R-Gg-PLCB-DAGLa. cascade in in vitro [1,36,76] and in in vivo
experiments [19,34]. In previous studies, we reported that hypotha-
lamic 2-AG biosynthesis is enhanced in ob/ob and HFD-induced obese
mice because of the increased 0X-A release due to lack or inefficiency
of leptin signaling [18,27,50].

Here, we investigated the hypothesis that, under acute (6 h fasting in
wt mice) or chronic (in ob/ob mice) leptin signaling reduction/impair-
ment in mice, 0X-A-induced enhancement of 2-AG levels in the ARC
leads to 2-AGP production, LPA1R activation and pT231-Tau accu-
mulation in POMC neurons, with subsequent transient or irreversible
disassembly of «-MSH synaptic inputs to OX-A neurons.

2. MATERIALS AND METHODS

2.1. Experimental model and subject details and sample collection
The study has been performed according to the ARRIVE Guidelines to
improve the reporting of bioscience research using laboratory animals.
Experiments were performed following the European Union animal
welfare guidelines [European Communities Council Directive of
September 22, 2010 (2010/63/EU)] and the Italian Decree n.26/2014
authorization n. 152/2020-PR and 589/2018. Maximal efforts were
made to avoid or reduce any suffering as well as to reduce the number
of animals used.

2.2. Subject population and sample collection

The study was approved by the Regional Health Authority of the Uni-
versity of Molise. Written informed consent was obtained from sub-
jects. The ethical principles of the Declaration of Helsinki and the
national and international guidelines for human research were fol-
lowed. Sixty male participants (n = 30 normal weight and n = 30
obese subjects) were recruited from the Centre for Research and
Training in Medicine for Aging (CeRMA) of the University of Molise
(italy). The division was carried out based on the Body Mass Index
(BMI); subjects with BMI > 30 were classified as obese, according to
the cut-off proposed by the WHO (World Health Organization). The
patients on treatment with brain-active drugs underwent a washout
period of at least 14 days before the assessment. Venous blood was
collected with standard clinical procedures between 7:30 and 8:00 am
after overnight fasting. For the collection we used vacutainer serum
tubes (Becton & Dickinson, Milan, Italy); samples were coagulated at
room temperature for 10 min, and then a 10-min centrifugation at
3000 g was applied. Supernatants were frozen in liquid nitrogen and
stored at —80 °C until measurements. Serum was used to analyze 0X-
A and 2-AGP levels.

2.3. Animals

Male C57BL/6jmice from Charles River Laboratories were used starting
at 16-weeks-old. Male mice with spontaneous nonsense mutation of
the ob gene for leptin (ob/ob, JAX mouse strain) B6. Cg-Lepob/J and
WT ob gene expressing homozygous siblings of different ages were
obtained from breeding ob gene heterozygotes and genotyped with
PCR. OREXIN-eGFP (Tg(Hcrt-eGFP/Rpl10a) JD218Jdd, Jackson Lab)
and POMC-eGFP (C57BL/6 J-Tg(Pomc-eGFP)1Low/J, Jackson Lab)
mice were used for a subset of experiments. Animals were maintained
under a 12:12 h reverse light/dark cycle (lights on at 8:00) for at least 4
weeks before euthanizing at ZT20-22. Since orexin levels exhibit a
diurnal fluctuation with an increment during the active phase (i.e.,
ZT23-24) and decrease during the rest phase [81]. Mice were housed
in controlled temperature (22 & 2 °C) and humidity conditions and
received a standard chow diet and water ad libitum. All the animals
were used in scientific experiments for the first time and were not
previously exposed to any pharmacological treatments. The number of
mice used in each experiment is indicated in each figure legend and
statistical analysis. Wt and ob/ob mice were injected i.p. with several
treatments as follows: vehicle-DPBS, OX-A (Tocris, 40 pg/kg, 1 h),
leptin (Sigma Aldrich, 5 mg/kg, 1 h), SB334867 (Tocris, 30 mg/kg for
wt and 60 mg/kg for ob/ob mice, 3 h alone or 1 h before 0X-A in-
jection), PF431396 (Tocris, 5pM/animal, 3 h alone or 1 h before 0X-A
injection), 0-7460 (Cayman, 12 mg/kg, 3 h alone or 1 h before 0X-A
injection), 2-AG-(d8) (Tocris, 10 mg/kg, 1 h), 2-AGP (Avanti Polar
Lipids, 10 mg/kg, 1 h), AM095 (MedChemExpress, 10 mg/kg, 3 h
alone or 1 h before 2-AGP injection). To evaluate food intake the mice
were housed, one per cage and the same known amount of pellet (5 g)
was positioned per each cage and the remaining was weight regis-
tered after 24 h.

2.4. Tissue collection

At the end of the in vivo experiments, mice were Killed to obtain either
fresh or perfused tissues, as mentioned per procedure. For obtaining
perfused brain tissue, mice were deeply anesthetized with an i.p. in-
jection of sodium pentobarbital (300 /30 g Exagon mixed with
30 mg/kg lidocaine) and perfused transcardially with ice-cold phos-
phate buffer saline (PBS, pH 7.4), followed by 4% paraformaldehyde
(PFA, Sigma—Aldrich, France). Whole brains were extracted and post-
fixed in 4% PFA overnight at 4 °C, and frozen after cryo-protection with
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a 30% sucrose solution in PBS at 4 °C. Coronal sections (10 pm) were
cut with a cryostat (CM1950, Leica, Germany), collected, and stored in
anti-freeze solution (30% ethylene glycol, 30% glycerol in KPBS)
at —20 °C until analysis. For fresh tissue sampling, mice were killed by
cervical dislocation (for plasma collection) or dislocation, and tissues
were collected, frozen on dry ice, and stored at —80 °C until needed
for molecular and biochemical analysis. Lean and obese mice, treated
as described previously, were killed by cervical dislocation, the brains
removed and the ARC and LH were rapidly dissected.

2.5. Cell cultures

Hypothalamic mouse mHypoE-N41 cells were cultured in Dulbecco’s
modified Eagle’ s medium (Life Technologies) supplemented with 10%
horse fetal bovine serum (Life Technologies), penicillin (50 units/ml),
and streptomycin (50 pg/ml), at 37 °C in 100-mm culture dishes (Life
Technologies) gassed with an atmosphere of 95% air, 5% CO02.
Primary cultures of hypothalamic ARC neurons, derived from neonatal
0 day-old POMC-eGFP transgenic mice (Charles River) were obtained
as described elsewhere [53]. Briefly, the hypothalamic area of the ARC
was quickly dissected and mechanically dispersed in Ca®* and
Mg?+-free buffered Hanks’balanced salt solution. Tissue was disso-
ciated enzymatically (0.125% trypsin solution, 37 °C for 20 min) and
mechanically. Cells were plated at a density of 2 x 10* cells/cm? on
polylysine-coated coverslips and grown in Neurobasal medium sup-
plemented with 2% B27, 0.5 mM L-glutamine, penicillin (50 U/mL) and
streptomycin (50 pg/mL). Cells were used between days 6th—8th
in vitro.

2.6. Immunohistochemistry and quantification

Animals were euthanized under isoflurane anesthesia and perfused
transcardially with 4% (wt/vol) paraformaldehyde/0.1 M phosphate
buffer (PB) pH 7.4. Brains were removed, fixed and then transferred
into a 30% sucrose (#58501, Sigma Aldrich) and were cut with a Leica
CM3050S cryostat into 10 pm-thick serial sections in the coronal
plane, collected in three alternate series and then frozen until being
processed. Alternate brain slices (10 um of thickness) containing
hypothalamic areas of mice were incubated overnight with the
following primary antibodies: 1) goat anti-cFos (1:400, #sc-52-G,
Santa Cruz Biotechnology); 2) rabbit anti-POMC (1:500, # EPR22534-
165, ab254257, Abcam); 3) mouse anti LPAT1R or EDG2 (1:400,
#TA503737, Origene); 4) goat anti-OX-A (1:500, #sc-8070, Santa Cruz
Biotechnology); 5) mouse anti-pThr231 Tau (1:500; # MN1040AT180,
Thermo Fisher Scientific) rabbit anti-pThr231 Tau (1:500, #44746G,
Invitrogen); 6) mouse anti-PSD95 (1:1000, #124 011, Synaptic Sys-
tems); 7) rabbit anti-o.-MSH (1:200; Abcam). After incubation with
primary antibodies, the sections were washed and then incubated with
appropriate Alexa-488, -546, or -350 donkey anti IgGs (Invitrogen
LifeTechnologies) secondary antibodies before being counterstained
with nuclear dye DAPI (4’,6diamidino-2-phenylindole). Immunofluo-
rescence was analyzed by the confocal microscopy Nikon Eclipse Ti2
and images were acquired with the digital camera DS-Qi2 (Nikon) and
processed by Image analysis software NIS-Elements C (Nikon, Flor-
ence, ltaly). N = 6—10 z stacks were collected through each analyzed
section every 0.5 pm throughout the area of interest to be processed
by the imaging deconvolution software. For the densitometric analysis
of pT231-Tau immunoreactivity, 10-pm coronal pT231-Tau—ir section
of the ARC were scanned by using a Leica Metamorph imaging soft-
ware (Leica Meta-Morph ©, Germany) according to the method re-
ported in [27]. The density of immunoreactivity was rendered as area
of distribution by selecting 20 x 20 um2 as the region of interest of the
ARC nucleus, from the 3rd ventricle throughout the approximate
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posterior levels from Bregma —1.70 mm to Bregma —2.30 mm. The
densitometric analysis of pT231-Tau immunoreactivity was performed
by considering every three consecutive sections (10 um thickness
each) per mouse (n = 3 mice/gruoup) and n = 20 z-stacks/section (z
stack = 0.5 um thickness each). The quantitative analysis of the
percentage of POMC-immunoreactive neurons colocalizing with c-fos
or with pT231-Tau imunolabeling was performed per umz of coronal
sections of each ARC nucleus by using Leica Metamorph imaging
software (Leica Meta-Morph ©, Germany), according to the method
reported in [27]. The percentage was obtained from the ratio between
the number of double immunoreactive neurons and the number of
POMC-immunoreactive neurons. With this purpose, z-stack plans of
each selected section were reconstructed in 3D rendering by using the
software image processing LAS-X Measurement (Leica©) for counting
double immunoreactive cell number from a respective immunolabeled
section. An area of 20 umzlARC nucleus selected from the 3rd
ventricle throughout the approximate posterior levels, from
Bregma —1.70 mm to Bregma —2.30 mm, was considered per each
ARC nucleus. The quantification was performed by considering every
three consecutive sections (10 wm thickness each) per mouse (n = 3
mice/group) and n = 20 z-stacks/section (z stack = 0.5 pum thickness
each). If not verified in otherwise published works using the same
antibodies, the control of the specificity of immunolabeling for the
antibodies used in multiple or single immunofluorescence has been
proven by omission of primary and secondary antibodies or by pre-
absorption of primary antibodies with the respective blocking peptide
as such in the case of anti-LPA1R antibody produced on our request by
the company Origine (Source: Uniprot.Org, NCBI; Uniprot ID: Q92633
Gene ID). No labeling was detected in all the control samples. In detail,
the specificity of mouse anti-LPA1R was also verified using the
immunoperoxidase reaction. For this purpose, the sections were
pretreated with 0.75% H»0- in an aqueous solution for 5 min at room
temperature (RT) to block the endogenous peroxidase activity and then
incubated with TBS-T (0.4% Triton in tris buffered saline solution)
blocking buffer, containing the primary antiserum (NGS), for 30 min at
RT, to block nonspecific binding sites and obtain an optimal tissue
permeabilization. The sections were incubated overnight in a humid
box at RT with the primary mouse anti-LAP1R antibody diluted 1:400 in
TBS-T, while adjacent brain sections containing the ARC nuclei were
incubated in a mixture of anti-LAP1R saturated with selective blocking
peptide from Origine©. The following day, the sections were rinsed
with TBS and then incubated for 3 h at RT with biotin-conjugate
secondary goat anti-mouse immunoglobulin (H + L) (Vector Labora-
tories, Burlingame, CA) diluted 1:100 in TBS-T. For the peroxidase
reaction, the sections were rinsed again with TBS and incubated with
avidin-biotin complex (ABC) for 1 h, followed by an incubation with the
chromogen substrate 3,3’-diaminobenzidine-4 (DAB) (Sigma Fast,
Sigma—Aldrich, Louis, MO U.S.A.) for 1 or 2 min when the intensity of
the signal was appropriate for imaging. To finish the reaction, the
slices were rinsed in TBS to stop the DAB reaction, dehydrated by
subsequent slides immersion in alcohol 50% (2 min), 75% (2 min),
95% (2 min), 100% | (2 min), 100% Il (2 min), clarified by immersion 2
times in xylene for 10 min each and then mounted with DPX (dibutyl
phthalate xylene). The immunodensity of pThr231-Tau immunoreac-
tivity was evaluated by quantifying the optical density (0.D.) of the
immunoperoxidase signal by using the LAS AF MetaMorph Imaging
Software (Leica, Wetzlar, Germany) according to the formula:
0.D. = log10 (255/1), where the “I” was the pixel intensity value given
by the imaging software. All the analyzed sections were exposed to the
same parameters of brightness, contrast and magnification. No
immunoreactive signals were detected in the sections immunoreacted
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with the mixture of anti-LPA1R pre-adsorbed with the blocking peptide
(data shown in Supplementary Fig. 3)

2.7. Western blot analysis

Tissue samples were homogenized in 1XTNE buffer (50 mM Tris pH
7.4, 150 mM NaCl, 1 mM EDTA) containing 10% Triton X-100, pro-
tease and phosphatase inhibitor mixtures (Sigma Aldrich) for obtaining
protein extracts. Protein concentrations were analyzed using Lowry
protein assay (Bio-Rad Laboratories) to allow the loading of the same
amount of proteins (20 L.g).Proteins were separated in an SDS-
polyacrylamide gel (4%—20%) by electrophoresis and transferred to
PDVF membranes, which were then blocked for 1 h with 5% skim milk
powder dissolved in 1XTBST (20 mM Tris, 137 mM NacCl, 0.1% Tween-
20). After blocking, the membranes were incubated overnight at 4 °C
with the following primary antibodies: rabbit anti-AKT (1:900, #9272 S,
Cell Signalling); rabbit anti-pSer473 AKT (1:1000, #4060 S, Cell Sig-
nalling); rabbit anti-GSK3p (1:1000, #9315 S, Cell Signalling); rabbit
anti-pTyr216 GSK3[3 (1:1000, #GWB-516365 Gene Way); rabbit anti-
pSer9 GSK3[ (1:1000, #9323 S, Cell Signalling); rabbit anti-PYK2
(1:1000, #3280 S, Cell Signalling); rabbit anti-pTyr402 PYK2
(#3291 S, Cell Signalling); mouse anti-Tau (1:900, #4019 S, Cell
Signalling); rabbit anti-pThr231 Tau (1:1000, #44746G, Invitrogen);
mouse anti-PSD95 (1:2000, #124011, Synaptic system), and mouse
monoclonal anti-B-actine (1:4000, #A1978, Sigma Aldrich), which was
used to check for equal protein loading. After washing in TBST, the
membranes were incubated for 1 h at room temperature with HRP-
conjugated goat anti-rabbit secondary antibody (1:4000, #1706515
Biorad) or goat anti-mouse (1:4000, #1706516, Biorad). Subsequently
rinsed 3 times in TBST, immunoreactive bands were visualized using
enhanced chemiluminescence (Clarity ECL, #1705061, Biorad) then
exposed on a ChemiDoc MP Imaging System (# 17001402, Biorad).
Bands were quantified using ImageJ software (NIH, USA). When
necessary, membranes were stripped after protein detection for
10 min at 55 °C with a solution containing 62.5 mmol/I Tris—HCI,
100 mmol/l 2-mercaptoethanol, and 2% SDS, blocked, and reblotted
with another primary antibody.

2.8. CLEM

pThr231-Tau, 0X-A and a-MSH immunoreactivities in preembedding
electron microscopy. Under isoflurane anaesthesia, mice were
perfused transcardially with 3% PFA/0.5—1% glutaraldehyde (vol/vol)
in PB. Multiple preembedding immunogold labeling was performed in
the ARC or LH sections (50-pm-thick) to reveal LPAT1R immunogold
labeling in the ARC of POMC-eGFP mice or pT231-Tau/a-MSH double
immunolabelling in the LH of ob/ob or 0X-eGFP food-deprived mice.
The sections were incubated free-floating overnight at 4 °C with pri-
mary antibodies containing LPA1R (mouse anti-LPA1R or EDG2-1:100,
#TA503737, Origene) or pThr231Tau/a-MSH. For pThr231-Tau
immunolabeling the free floating sections were firstly incubated
overnight at +4 °C with mouse primary antibody (Thermo Fisher
Scientific) diluted 1:100 in donkey serum blocking solution containing
saponin 0.02% v/v and, after washing, the same sections were
incubated with a specific biotinylated donkey anti-mouse secondary
antibody which was revealed by DAB-Ni-enhancing method. After
appropriate washing, the same sections were incubated in a mixture of
rabbit anti-oMSH primary antibody (Abcam), diluted 1:100 in donkey
serum blocking solution containing 0.02% saponin. Immunoreactivities
were revealed by incubation with 10 nm donkey anti-rabbit (to o.-MSH)
or donkey anti mouse (to LPA1R) gold-conjugated secondary anti-
bodies (Aurion), diluted 1:30 in donkey serum blocking solution with
0.02% saponin. Finally, the sections were treated with 0.5% 0s04 in

PB for 10 min at 4 °C, dehydrated in an ascending series of ethanol
and propylene oxide and embedded in TAAB 812 resin (TAAB). During
dehydration, sections were treated with 1% uranyl acetate in 70%
ethanol (vol/vol) for 15 min at 4 °C. Ultrathin (60 nm thickness) sec-
tions were cut by vibratome (Leica), collected on Formovar-coated
single- or multiple-slot (50-mesh) grids and stained with 0.65% lead
citrate. Appropriate ultrathin sections were analyzed by TEM after
accurate selection of POMC-eGFP- or OX-eGFP-expressing neurons
identified by fluorescence microscopy and specific anatomical refer-
ence points. Electron micrographs were taken with the TEM micro-
scope (FEI Tecnai G2 Spirit TWIN). The observation was limited to a
series sectioned up to 0.6—0.8 um depth from the external surface of
preembedded immunolabeled tissue. Additional sections were pro-
cessed in parallel as controls of reaction by omitting both or one of the
primary antibodies from the mixture. No labeling was detected in the
control samples.

2.9. Lipid extraction and LC-MS quantification of 2-AG and 2-AGP
levels

For the lipid extraction and LC-MS quantification of 2-AG and 2-AGP
levels, the hypothalamic area containing the ARC nucleus was
dissected from the brain of lean and obese mice killed by cervical
dislocation. From each brain, the ARC tissue from one side and from the
controlateral one were used for 2-AG and 2-AGP quantification,
respectively. The tissues were homogenized in 5 vol chloroform/meth-
anol/Tris HCI 50 mM (2:1:1 by volume) containing 50 pmol of d5-2-
arachidonoylglycerol (d5-2-AG) as internal standards. Homogenates
were centrifuged at 13,000 g for 16 min (4 °C), and the aqueous phase
plus debris were collected and four times extracted with 1vol chloro-
form. The lipid-containing organic phases were dried and pre-purified by
open-bed chromatography on silica columns eluted with increasing
concentrations of methanol in chloroform. Fractions for 2-AG mea-
surement were obtained by eluting the columns with 9:1 (by volume)
chloroform/methanol and then analyzed by liquid chromatography-
atmospheric pressure chemical ionization-mass spectrometry (LC-
APCI-MS). LC-APCI-MS analyses were carried out in the selected ion
monitoring mode, using m/z values of 384.35 and 379.35 (molecular
ions +1 for deuterated 2-AG-(d8), and undeuterated 2-AG). Values are
expressed as pmol/mL of lipid extracted. (2-AG pmol/mg lipids; 2-AGP
pmol/mg lipids). LC-MS quantification of deuterated 2-AGP-(d8) in the
ARC hypothalamic nuclei or in the POMC-eGFP neurons sorted by FACS
from the hypothalami of adult mice i.p.-injected with vehicle or with
deuterated 2-AG-(d8), was also performed as described above. The
POMC-eGFP neurons were obtained using FACS assay as described by
[42]. Briefly, adult POMC-eGFP mice were sacrificed by cervical dislo-
cation and the hypothalami digested with papain (20 U/ml, for 30 min at
37 °C), and the cell suspension filtered through a 40 pm cell strainer.
Influx Cell Sorter (BD Biosciences, San Jose, CA, USA) was set according
to cell size and the fluorescence at 488 nm/532 nm. GFP-positive cells
were collected in cold PBS/5% fetal bovine serum and then processed
for LC-APCI-MS as described above.

2.10. ELISA for OX-A levels

O0X-A levels were measured with commercial ELISA KIT (Phoenix
Pharmaceuticals Inc, Burlingame, CA, USA) according to the manu-
facturer’s instructions. Triplicate samples were assayed, and levels
were determined against a known standard. OX-A levels were
measured using an ultra-sensitive Fluorescent EIA Kit (Phoenix Phar-
maceuticals Inc, Burlingame, CA, USA) following the manufacturer’s
instructions. Before measurement, serum OX-A was extracted using
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Sep-Pak C18 columns (Waters, Milford, MA). The samples, applied to
the column, were eluted slowly with 80% acetonitrile. The samples
were evaporated, and the dry residue was dissolved in water and used
for Fluorescent EIA Kit.

2.11. Electrophysiology

Preparation of hypothalamic slices: 0X/Hcrt-Tg(HcrteGFP/Rpl10a)
JD218Jdd 4—6 weeks old of both sexes were used. After anaes-
thesia with an overdose of isoflurane, the mice were decapitated, and
the brains were quickly removed. Coronal hypothalamic slices
(200 pm) containing the LH were cut using a Leica VT1000 S Vibrating
blade microtome at 3—5 °C in a solution containing (in mM): 87 NaCl,
25 NaHC03, 2.5 KCl, 0.5 CaCl2, 7 MgCL2, 10 glucose, 75 sucrose, and
saturated with 95% 02 and 5% CO2. After cutting, we let the slices
recover for at least 30 min at 35 °C and for 10 min at room tem-
perature in artificial cerebrospinal fluid (ACSF) containing in mM: 125
NaCl, 25 NaHCO03, 10 glucose, 2.5 KCI, 1.25 NaH2P04, 2 CaCl2, and 1
MgCL2 (bubbled with 95% 02—5% C02). Coronal slices were trans-
ferred to a recording chamber and continually perfused with gassed
ACSF. Whole-cell recordings were performed with a Multiclamp 700B/
Digidata1440 A system on visualized 0X-eGFP neurons using a Leica
DM6000 FS microscope equipped with a WAT-902H Ultimate camera.
Recording pipettes pulled using a Sutter P- 1000 puller had a resis-
tance of 4—7 MQ when filled with k-gluconate solution. Data were
acquired at 10 kHz sample frequency and filtered at 2 kHz with a low-
pass Bessel filter. In all experiments, we used a high k-gluconate
intracellular solution containing (in mM): 126 k-gluconate, 4 NaCl, 1
MgS0Qy4, 0.02 CaCly, 0.1 1,2-bis(o-aminophenoxy) ethane-N,N,N’, N’-
tetraacetic acid (BAPTA), 15 glucose, 5 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 3 ATP, and 0.1 GTP. The pH
was adjusted to 7.3 with KOH and osmolarity was adjusted to 290
mOsmol/L using sucrose. All whole-cell patch-clamp recording ex-
periments were performed in the presence of 30 uM bicuculline
methiodide, 5 um CGP55845 (all from Tocris Bioscience, Ellisville, MO,
U.S.A)) to inhibit GABAA and GABAB. Recordings of miniature excitatory
postsynaptic currents (mEPSC) were done in presence of TTX 0.3 pM
(Tocris). 0X-eGFP were voltage clamped at —60 mV. Recordings with a
series resistance >20 MQ were discarded. One cell for slices was
recorded and 2-AGP (250 nM) was incubated for 20 min after the
baseline recording. To inhibit the LPA1R, we used AMO095
(10 uM,MedChemExpress). Evoked excitatory postsynaptic currents
(eEPSCs) were recorded in 0X-eGFP neurons in response to extra-
cellular stimulation (A-M Systems 2100, Sequim WA) with a monopolar
glass electrode filled with ACSF placed in the proximity of the recorded
cells. GABA receptors were inhibited using 30 pM Bicuculline and
5 uM CGP58845. The minimal response with no failures and a stable
latency and shape was found at a stimulation intensity fixed at 100 pA,
lasting between 50 and 500 ps. All data were acquired with pClamp
10.4 software (Molecular Devices) and analyzed offline with Clampfit
11.1 (Molecular Device), Excel, and GraphPad Prism (GraphPad Soft-
ware, USA). mEPSCs amplitude and frequency were calculated by
averaging the events in 3 min of recording. We considered the peak
amplitude as the difference between the baseline and the peak of the
eEPSCs. To calculate pulse ratio (PPR), two brief stimulation pulses
were applied at inter-stimulus intervals ranging between 10 ms and
1 s (10 sweeps for each trial), and the ratio between the amplitude of
the second (12) and the first response (I1) was calculated.

2.12. Quantification and statistical analysis
Statistical analysis was carried out using GraphPad Prism Software
version 8.0.2. In all cases, the test was significant when p < 0.05. Data
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are expressed as mean = SEM. Sample sizes for experiments were
determined based on sample sizes used in similar experiments reported
previously in the literature. The statistical test used for each comparison
is described in the figure legends corresponding to the specific figure.
The normality distribution of the data was confirmed using D’Agostino-
Pearson, Shapiro—Wilk, and Kolmogorov—Smimov test. When
comparing two unpaired groups, data were analyzed by a two-tailed
Student’s t-test (parametric) or a two-tailed Mann—Whitney U test
(non-parametric). When two paired groups, data were analyzed by
Wilcoxon matched-pairs signed rank test, two-tailed. When comparing
three or more groups, data were analyzed by One-way ANOVA/Bon-
ferroni, Kruskal—Wallis/Dunn’s tests or 2-way ANOVA with Tukey post
hoc were used to analyze data appropriately. Fisher’s LS post hoc tests
were run, when applicable, for identifying differences among groups.
Pearson’s correlation coefficient was used to analyze the correlation.

3. RESULTS

3.1. Lack of leptin in mice leads to increased 0X-A signalling in the
ARC, 2-AG overproduction and consequent enhancement of 2-AGP
levels

OX-A induces 2-AG biosynthesis via an OX-1R-Gqg-PLC-DAGLo-
dependent pathway, in both in vitro [19,36,41,76] and in vivo exper-
iments [34]. 2-AGP is an LPA species that is both a precursor and a
metabolite of 2-AG [51]. Here we found that 2-AG and 2-AGP are
present in the ARC nucleus of the mouse brain, and their levels,
measured by LC-MS, are positively correlated with each other in wt
mice (Figure 1A; wt: R = 0.76, P < 0.005), whereas the levels of 2-AG
and 2-AGP, and of 0X-A and 2-AGP, were positively correlated in obese
mice (Figure 1B; ob/ob: R =0.79, P < 0.001 and Figure 1C; R = 0.75,
p < 0.001). In support of the hypothesis that the 0X-1R-Gg-PLC-
DAGLa pathway, under the negative control of leptin [14,17], underlies
the positive correlation between 0X-A, 2-AG and 2-AGP, we found that:
i) as previously reported in a different area of the brain [18,50], 0X-A
levels in the ARC of 6 h food-deprived wt mice and of ob/ob mice were
higher than those of wt ad libitum fed mice, and in both cases, they
were reduced after intraperitoneal (i.p.) leptin injection in ob/ob mice in
comparison to their respective vehicle-injected control, while there
was no effect of leptin injection in ad libiftum fed wt mice
(Supplementary Fig. 1); ij) 2-AG and 2-AGP levels in the ARC, were
increased by i.p. 0X-A injection (Figure 1D, group “OX-A”") in a manner
prevented by the OX-1R antagonist SB334867 (Figure 1D, group
“SB + 0X-A”) or by treatment with 07460, an inhibitor of the major 2-
AG biosynthesizing enzyme, DAGLa (Figure 1D, group “07460-0X-
A”); iii) the concentrations of 2-AG and 2-AGP were respectively ~ 4-
fold higher in the ARC of ob/ob compared to wt mice (wt 2-
AGP = 4.4 £+ 0.5 vs 2-AG = 48.54 + 3.8 the values are mean of
pmol/mg lipids+-SEM; and ob/ob: 2-AGP = 20.12 + 0.9 vs 2-
AG = 206.7 + 2.7 the values are mean of pmol/mg lipids=SEM of
the mean) (Figure 1D, group “veh”); iv) 2-AG and 2-AGP elevation in
the ARC of ob/ob mice was counteracted by leptin treatment
(Figure 1D, group “lept”). Importantly, the levels of 2-AGP were one
tenth of those of 2-AG in both wt and ob/ob mice.

To further investigate the relationship between 2-AG and 2-AGP, we
performed an LC-MS-based determination of 2-AGP-(d8) production
starting from 2-AG-(d8), both in in vivo, by i.c.v. 2-AG-(d8) injection in
POMC-eGFP mice, and in in vitro by adding 2-AG-(d8) to the cell
growth medium of mHypoE N41 cells, in the presence or absence of
OMDM169, a potent inhibitor of 2-AG inactivation by monoacylglycerol
lipase (MAGL). In both cases, we found a strong and statistically sig-
nificant increase in 2-AGP-(d8) levels (Supplementary Fig. 2).
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Figure 1: 0X-A and 2-AG derived 2-AGP positively correlate and are increased in obese patients: (A) Correlation between the levels of 2-AG and 2-AGP in the ARC of wt mice.
n = 16 mice/group; correlation index R = 0.58. (B) Correlation between the levels of 2-AG and 2-AGP in the ARC of ob/ob mice. n = 20 mice/group; correlation index R = 0.61. (C)
Correlation between the levels of 0X-A and 2-AGP in the ARC of ob/ob mice. n = 20 mice/group; correlation index R = 0.75. Correlations were analyzed using Pearson’s correlation
coefficient. (D) 2-AG and 2-AGP levels in the ARC of wt or ob/ob mice treated with vehicle, leptin, 0X-A, SB334867-0X-A or 07460+0X-A. Data are means + SEM from n = 6
mice/group, two-way ANOVA with Tukey’s multiple comparisons test. Each comparison is represented as follows: * = wt vs ob/ob, # = wt vs wt treated, $ = ob/ob vs ob/ob
treated. Overall significance is represented as follow: **, ##, $$p < 0.01, ***, ###, $$$p < 0.001, **** ##H##, $$$8p < 0.0001. (E) Bar graph of OX-A levels in the serum of
normal weight (n.w.) and obese subjects. two-tailed Student’s t-test, n = 30 per group, 23.27 + 0.3 pg/ml in n. w and 50.84 4 1.5 pg/ml in obese. (F) Bar graph of 2-AGP levels
in the serum of normal weight (n.w.) and obese human subjects. Two-tailed Student’s t-test, n = 30 per group, 259.7 + 25.41 pmol/mg lipids in n.w. and 593.1 4 46.07 pmol/
mg lipids in obese. (G) Correlation between the levels of 0X-A and 2-AGP in the serum of n.w. men (n = 30), R = 0.06, p = 0.17. (H) Correlation between the levels of 0X-A and 2-

AGP in the serum of obese men (n = 30), R = 0.44.

3.2. 2-AGP levels are elevated in the serum of obese humans

Despite the fact that changes in endocannabinoid and LPA plasma
levels were positively associated with body mass index (BMI) [47,49],
2-AGP levels have not been analyzed before in the serum of obese
humans. Here, we found that both OX-A and 2-AGP levels are

MOLECULAR METABOLISM 72 (2023) 101713 Crown Copyright © 2023 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http:

enhanced in the serum of obese vs normal-weight male human
subjects (Figure 1G,H) (n = 30 per group; BMI~ 35 in obese and BMI
~ 23 in normal-weight subjects; age = 65 =+ 5 years) and positively
correlated with each other (Figure 1E and Fig1F) and with BMI (Sup-
plementary Figure 3).
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Figure 2: 2-AGP stimulates food intake by modulating POMC neurons. (A) Confocal images of LPA1-R/POMC/0X-A immunolabeling of the ARC nucleus of ad libitum fed) wt (Aj—
A,) and ob/ob (A3—A4) mice showing LPA1-R immunoexpression at POMC neurons. LPA1-R is expressed diffusely in POMC neurons and in the neuropil of the ARC. (A2, A4). High-
power fluorescent micrographs of the resepctive cells inside the boxed area and with orthogonal stacks for wt (A;) and ob/ob (A4) mice; dotted lines and crosshair show 3D
coordinates pointing out the LPA1-R/POMC/OXA colocalization. Scale bar: 20 um (A1, A3) and 10 um (A1, A3). (B) Effect of 2-AGP on food intake in wt and ob/ob mice. Data are
means 4= SEM from n = 10 mice/group, two-way ANOVA with Tukey’s multiple comparisons test. Each comparison is represented as follows: * = wt vs ob/ob, # = wt vs wt
treated, $ = ob/ob vs ob/ob treated mice. (C) Representative images of c-Fos and POMC immunoreactivities in the ARC nucleus of wt and ob/ob mice treated with vehicle, 2-AGP,
AMO095+2AGP, AM095, and leptin. Scale bar: 100 um. (D) Bar graph of the quantification of the percentage c-Fos/POMC colocalizing cells. Data are means + SEM from n = 6
mice/group. The p values were obtained by two-way ANOVA with Tukey’s multiple comparisons test. Each comparison is represented as follows: * = wt vs ob/ob, # = wt vs wt
treated, $ = ob/ob vs ob/ob treated. Overall significance is represented as follow: *, #, $p < 0.05, **** #### $$$$p < 0.0001.

3.3. LPA drives feeding by acting at post-synaptic LPA1-R in
mouse POMC neurons

LPA1-R is, among the six types of G-protein-coupled LPA receptors,
the most selective for 2-AGP and the most abundant in the brain
[16,82]. We detected immunolabeling of LPA1-R in POMC neurons of
both wt (Figure 2A;—Ay) and ob/ob (Figure 2A3—A4) mice. Diffuse
LPA1-R immunoreactivity was also detected by immunoperoxidase

labeling in the somata of the neuronal profile in the ARC of wt mice
(Supplementary Fig. 4A), whereas no LPA1-R-immunoreactivity was
detected after incubation with a mixture of LPA1R primary antibody
and the LPA1-R blocking peptide (Supplementary Fig. 4B).

Since the endocannabinoid 2-AG and 0X-A are both involved in the
regulation of energy homeostasis and their levels are altered in obesity,
we next investigated whether 2-AGP, by acting at the LPA1-R, plays a
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role in food intake. Administration of 2-AGP to wt mice increased food-
intake by ~40% by reaching similar values of food intake to those of
untreated obese mice (Figure 2B). This effect was prevented by intra-
peritoneal injection of AM095, an LPA1-R antagonist, 1 h before 2-AGP
administration (Figure 2B). 2-AGP-injected obese mice did not become
more hyperphagic than the vehicle-injected ones, possibly because of
the constitutively high levels of 2-AGP in the ARC (Figure 2B). In fact,
hyperphagia in ob/ob mice was partially blunted by AM095 when
injected before 2-AGP, or completely abolished when the antagonist
was administered per se (Figure 2B). These behavioural data were
supported by immunohistochemical evidence of induction of pT231-
Tau-immunoreactivity in POMC neurons of ad libitum fed wt and ob/
ob mice i.p.-injected with 2-AGP and prevented by AM095 treatment
before 2-AGP injection (Supplementary Fig. 5).

In line with its hyperphagic effect, 2-AGP injection in wt ad /ibitum fed
mice reduced c-Fos expression in POMC neurons in comparison to the
pattern of c-Fos in POMC neurons of vehicle-injected wt mice, whereas
2-AGP did not affect the pattern of c-Fos expression in ob/ob mice in
comparison to vehicle-injected ones (Fig. 2C). The inhibitory activity of
2-AGP to POMC neurons of wt ad libitum fed mice was prevented by
AMO095 injection before 2-AGP treatment (Figure 2C), while this
antagonist per se did not affect c-Fos expression in wt ad libitum fed
mice (Figure 2C). Of interest, a significant increase of c-Fos immu-
noreactivity was found in POMC neurons when ob/ob mice were
injected with AM095 alone, supporting a partial recovery of activity of
POMC neurons following the counteraction of endogenous 2-AGP ac-
tion in the ARC of these mice. Finally, leptin injection in either wt or ob/
ob ad libitum fed mice was used as a positive control of POMC
responsiveness to c-Fos expression since the hormone enhanced this
latter signal in both cases (Figure 2C). These morphological data were
supported by a quantitative evaluation of the percentage of POMC/c-
Fos cells in the ARC at different experimental conditions reported
before (Figure 2D).

3.4. Leptin deficiency- and OX-A enhancement-induced increase
of pT231-Tau levels in POMC neurons occurs via 2-AGP

Since microtubule disassembly and neurite retraction are the most
common effects exerted by LPAs via Tau-mediated signalling path-
ways in differentiated neuroblastoma cells [64,65,69], we hypothe-
sized that 2-AGP, under the negative control of leptin and the positive
control of OX-A (Figure 1D), could decrease the activity of POMC-
derived projections to 0X-A neurons by reducing their length through
site-specific phosphorylation of Tau, which underlies microtubule
disassembly. In line with this hypothesis, we found changes in pT231-
Tau/POMC colocalization in the ARC by comparing wt food-deprived vs
ad libitum fed mice or ob/ob vs ob/ob leptin-injected mice (Figure 3A).
Quantification of the pT231-Tau/POMC co-localization ratio in food-
deprived wt and ob/ob mice injected with leptin 1 h before sacrifice,
revealed that this adipokine lowered pT231-Tau in POMC neurons of
both groups to levels similar to those measured in vehicle-injected wt
ad libitum fed mice (Figure 3B), in agreement with its anorexigenic
effect [38]. By contrast, we observed the opposite effect following 2-
AGP or OX-A injection in ad libitum fed wt and ob/ob mice, which
led to the elevation of pT231-Tau immunoreactivity in POMC neurons
(Figure 3B). The OX-A-mediated elevation of the number of pT231-
Tau/POMC co-expressing neurons was prevented by OX-1R antago-
nism by SB334867 or by LPA-1R antagonism by AM095 (Figure 3B).
Collectively, these data suggest a role of pT231-Tau in the negative
regulation of the anorexigenic function of POMC neurons, during acute
(6 h food-deprived mice) or chronic lack of leptin (ob/ob mice)

(Figure 3B). Accordingly, by evaluating the changes of pT231-Tau
optical density of immunoreactivity in ad libitum fed wt and ob/ob or
in wt food-deprived mice, we found that pT231-Tau expression was
constitutively elevated in POMC neurons in the ARC of ob/ob mice,
similar to those of wt food deprived mice or of ad libitum fed wt mice
after OX-A injection. The basal expression of pT231-Tau immunore-
activity in the ARC of ob/ob mice was significantly reduced by injection
of AM095 then confirming the phosphorylation of Tau as effect of
enhanced 2-AGP levels, associated with the lack of leptin signaling in
the ARC of these mice (Fig. 3C). These findings were confirmed by
optical density measurement of pT231-Tau immune-expression in ad
libitum or food-deprived wt mice, and in ob/ob mice (Figure 3D), and
were further supported by western blot analyses of pT231-Tau
(Figure 3E). Additionally, pT213-Tau immuno-expression was also
elevated in mHypoE N41 cells after incubation with 100 nM and
250 nM 2-AGP or with OX-A, in a manner counteracted, respectively,
by AM095 and SB334867 (Supplementary Fig. 6).

By a correlative light and ultrastructural morphological study of hy-
pothalamic sections, we confirmed the existence of the anatomical
substrate underlying the putative effect of 2-AGP on the plasticity of
POMC neurons since LPA1-R immunogold labelling was found in
POMC-eGFP neurons of ad libitum fed mice (black arrows, Figure 4A).
To support the regulatory role of leptin in hypothalamic pT231-Tau
production, we also detected pT231-Tau immunolabeling (arrow-
heads, Figure 4B) in o-MSH asymmetrical (putative excitatory) inputs
to orexin targets in the LH of both ob/ob mice (arrows, Figure 4B) and
food-deprived wt mice (Figure 4C).

Hyperphosphorylation of several serine and threonine amino acid
residues of Tau additional to T231 has been described, including
Ser199, Ser202/Thr205 or AT8, Ser396/404 or PHF-1 and Ser422,
which are responsible for aggregation processes causing patholog-
ical Tau mislocalization in neurodegenerative disorders such as AD
[66]. Therefore, we analyzed the phosphorylation of these sites
through independent automated quantification based on digital image
analysis that provides the respective phosphorylation profiles. We
found that the elevated pT231-Tau phosphorylation in the ARC of ob/
ob mice (Supplementary Fig. 7) was not accompanied by Tau
phosphorylation on other potential amino acid acceptors of phosphate
groups.

3.5. 2-AGP and leptin affect pT231-Tau phosphorylation in the ARC
by regulating GSK-3 activity in opposite ways

As mentioned above, acute leptin treatment has been shown to
decrease 0X-A release into the ARC and subsequent 2-AG biosynthesis
in POMC neurons [18,50], but this treatment is also known to reduce
Tau phosphorylation in neuronal cells in vitro [31]. However, under-
standing whether or not 2-AGP is involved in hypothalamic pT231-Tau
accumulation, and through what molecular mechanism, required
further experiments, as described below.

GSK3pB, a serine/threonine glycogen synthase kinase, has been
implicated in pT231-Tau accumulation and microtubule disassembly
[44,45,60,66]. Ser9 phosphorylation of GSK3P inhibits its catalytic
activity, whereas Tyr216 phosphorylation has the opposite effect
[25,79]. Here, by using western blot analyses, we found that enhanced
2-AGP levels in the ARC of ob/ob mice, or exogenous administration of
this lipid in wt mice, are accompanied by phosphorylation/activation of
the protein tyrosine kinase 2 (Pyk2), at Tyr402. Pyk2 activation, in turn,
catalyzed phosphorylation/activation of GSK3p at Tyr216, thereby
activating this latter kinase for T231-Tau phosphorylation, in line with
in vitro studies [64]. These effects were prevented by AMO095
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Figure 3: Changes of pT231-Tau immunoreactivity in the ARC of wt and ob/ob mice. (A) Confocal images of T231-Tau and POMC immunolabeling in the fibers and soma of
neurons in the ARC of wt and ob/ob mice. Data are from n = 6 mice/group (Scale bar: 50 um). (B) Percentage of pT231-Tau/POMC colocalizing cells in wt and ob/ob 6 h food
deprived and wt and ob/ob ad libiturm; Data are reported as means + SEM (n = 6 mice/group). The p values were obtained via two-way ANOVA with Tukey’s multiple comparisons
test. Each comparison is represented as follows: * = wt vs ob/ob, # = wt vs wt treated, $ = ob/ob vs ob/ob treated. ****, ####, $$$$p < 0.0001. (C) Representative pT231-Tau
immunofluorescence in the fibers and soma of the ARC in ad /ibitum fed wt and ob/ob mice, 6 h food-deprived wt mice or AM095 injected ob/ob mice or OX-A wt and ob/ob
injected mice. Scale bar: 100 um. (D) Optical density quantification of the pT231-Tau immunoperoxidase labeling in wt ad /ibitum fed mice, 6 h food-deprived mice, or ob/ob mice.
Data represent means + SEM (n = 60 sections/group, i.e. n = 20 sections/mouse; n = 3 mice/group), Kruskal—Wallis test with Dunn’s multiple comparisons test,
*#4%p < 0.0001. (E) Representative immunoblots of pT231-Tau/Tau ratio show the effect of fasting or ad /ibitum re-feeding in the ARC of wt mice in comparison with ad /ibitum no

fasted and re-fed wt mice. ANOVA followed by Tukey’s test, *p < 0.05.

(Figure 5A), thus implicating the LPA1-R. Likewise, enhancement of
0X-A signaling in the ARC, as in ob/ob mice or ad libitum fed wt mice
treated with OX-A, was accompanied by Pyk2 phosphorylation at
Tyr202, subsequent Tyr216 phosphorylation/activation of GSK3[3, and
finally, pT231-Tau accumulation. These effects were prevented by
leptin, SB-334867, and the DAGL-o inhibitor 0-7460 (Figure 5B,
Supplementary Fig. 8), suggesting the involvement of leptin deficiency,
0X-1R and 0X-A-induced 2-AG biosynthesis in this effect. Conversely,
and in agreement with in vitro studies [31,77], we found that leptin
caused GSK3p inactivation through PI3K/Akt-mediated phosphoryla-
tion at Ser9 (Figure 5B), an effect which was blunted by 0X-A injection,
but not by SB-334867 in combination with the neuropeptide
(Figure 5B). Collectively, these data provide evidence that the
pT231Tau/Tau ratio is transiently controlled by leptin and 2-AG-derived
2-AGP in opposite manners, through opposing effects on GSK3f ac-
tivity, as summarized in the scheme of Figure 5C.

3.6. 2-AGP reduces the excitatory drive onto OX-A neurons in the
lateral hypothalamus

Endogenous 2-AGP signalling is known to mediate short-term tuning of
excitatory synaptic transmission by decreasing the size of the ready-
to-use synaptic vesicle pool at excitatory terminals [29,59], a plastic
event essential for information processing at glutamatergic networks in
the brain. Therefore, and following the present morphological obser-
vation of presynaptic o.-MSH-expressing asymmetrical, i.e. putative
excitatory, afferences to orexin neurons (Figure 4B), we next measured
if 2-AGP could affect the overall excitatory drive to these neurons by
influencing their functional activity. We found that 2-AGP, by acting at
the presynaptic level, inhibits the excitatory inputs to 0X-eGFP neu-
rons, as shown by the reduction of the frequency of mEPSCs recorded
in presence of 0.3 pM TTX (Figure 6A—C). The LPA1-R antagonist
AMO095 prevented this effect (Figure 6D—F). Subsequently, we per-
formed whole-cell voltage-clamp recordings of 0X-eGFP neurons in wt
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b

»

Orexin-eGFP

LH. wt fasted

Figure 4: Morphological evidence for LPA1-R immunoreactivity in POMC neurons and pT231-Tau accumulation in o-MSH projections to the LH (A). Representative CLEM images in
the ARC and LH of POMC e-GFP mice, OX-eGFP fasted mice, and ob/ob mice showing expression of diverse immunogold signaling: (A) LPA1-R at POMC-eGFP plasma membrane.
(B) pT231-Tau DAB-Nichel immunolabeling (arrowheads) inside a-MSH immunogold (10 nm, arrows) labeled fiber projecting to a putative excitatory synaptic target in the LH of
obese mice. (C) pT231-Tau DAB-Nichel immunolabeling (arrowheads) and sparse or vesicle-dense a-MSH immunogold labeling (10 nm, arrows) in fiber projecting to 0X-eGFP

synaptic target in the LH of wt fasted mice (Scale bar: 0.5 um).

mice by placing an extracellular electrode in the proximity of the cell
body to produce an evoked excitatory post synaptic current (eEPSC).
We found a significant reduction of the eEPSC amplitude after 15 min
of 2-AGP (250 nM) treatment (Figure 6G—H) and an increment of the
paired pulse ratio (PPR) at a short inter-pulse interval (ISI: 10 ms)
(Figure 6l), in agreement with previous work [29]. The incubation with
AMO095 before 2-AGP treatment in the ACSF prevented the reduction of
the evoked excitatory transmission onto OX neurons (Figure 6J—L).
These results confirm the role of LPA1-R in the dampening of the
excitatory synapses to orexin neurons.

1 0 MOLECULAR METABOLISM 72 (2023) 101713 Crown Copyright © 2023 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http:

3.7. 2-AGP- and lack of leptin-induced T231-Tau phosphorylation
leads to retraction of POMC-derived projections to LH

Finally, we analyzed whether the stimulatory effect of 2-AGP on
pT231-Tau and the likely subsequent microtubule disassembly, could
result in changes in the length of POMC-eGFP-derived projections and
of postsynaptic density of a-MSH anchoring sites at OX-eGFP target
neurons. Treatment with 2-AGP alone diminished the mean length of
in vitro POMC-eGFP projections by 2.1—2.8 pum in a time-dependent
fashion (Figure 7A—B) and in a manner prevented by apreincubation
with AM095 (Supplementary Fig. 9). In agreement with 0X-A-induced
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Figure 5: Leptin and OX-A regulate Tau phosphorylation thereby modulating GSK3, activity. (A) Representative immunoblots of pY402-Pyk2/Pyk2, pS47- Akt/Akt, pY216-GSK3p/
GSK3p, and pT231-Tau/Tau ratios showing the effect of in vivo 2-AGP and AM095 treatment in the ARC of wt and ob/ob mice. Lanes from blots spliced together in a composite
image are separated by a dotted black vertical line. Please note that these OD values are expressed as the ratio between phosphorylated and total protein signals. Data are
means + SEM (n = 3 mice/group). The p values were obtained via two-way ANOVA with Tukey’s multiple comparisons test. (B) Representative immunoblots of pY402Pyk2/Pyk2,
pS473Akt/Akt, pSIGSK3B/GSK3P, pY216GSK3B/GSK3P and pT231-Tau/Tau ratios showing the effect of in vivo leptin, 0X-A and SB treatment in the ARC of wt and ob/ob mice. 0D
values are expressed as the ratio between phosphorylated and total protein signals. Data represent means & SEM (n = 3/group). The p values were obtained via two-way ANOVA
with Tukey’s multiple comparisons test. Each comparison is represented as follows: * = wt vs ob/ob, # = wt vs wt treated, $ = ob/ob vs ob/ob treated. Overall significance is
represented as follow: *, #, $p < 0.05, **, #4#, $$p < 0.01, *** ###, $$8p < 0.001, **** ####, $$$$ p < 0.0001. (C) Representative scheme showing the opposite effect of
leptin and 2-AG-derived 2-AGP on GSK3[ activity and pT231-Tau production.
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Figure 6: 2-AGP impairs excitatory transmission to orexin neurons. (A) Representative traces of mEPSCs recorded in 0X-eGFP neurons before (black) and after 2-AGP (250 nM)
(blue). (B) Effect of 2-AGP on the mEPSCs amplitude in n = 6 neurons from 3 mice; p = 0.1, Two-tailed paired Wilcoxon signed-rank test. (C) Effect of 2-AGP on the frequency of
mEPSCs in n = 6 neurons from 3 mice; *p < 0.05, Two-tailed paired Wilcoxon signed-rank test. (D) Representative traces of mEPSCs recorded in 0X-eGFP neurons preincubated
with AM095 (10 uM, green trace) and after 2-AGP treatment (250 nM, blue trace). (E) Plot of the mEPSCs amplitude in AM095 and AM095+-2-AGP; n = 6 neurons from 3 mice;
p = 0.75, Two-tailed paired Wilcoxon signed-rank test. (F) Plot of the mEPSC frequency in AM095 and AM095-2-AGP; n = 6 neurons from 3 mice: p = 0.62, Two-tailed paired
Wilcoxon signed-rank test. (G) Representative traces of eEPSCs evoked in 0X-eGFP neurons using extracellular stimulation before (black circles) and after 2-AGP (250 nM) (blue
squares), P1 and P2 represent the first and the second eEPSCs evoked in an interspike interval of 10 ms. (H) Amplitude of the first elPSC (P1) before and after 2-AGP (250 nM);
n = 6 neurons from 3 mice; *p < 0.05, Two-tailed paired Wilcoxon signed-rank test. (I) Ratio between two consecutive elPSCs evoked between 10 ms and 1sec in control (black
circle) and after 2-AGP (blue square) (n = 6 neurons from 3 mice; *p < 0.05, Two1005 tailed paired Wilcoxon signed-rank test). The ratio is plotted as a function of the inter-spike
interval on a logarithmic scale. (J) Representative traces of paired-pulse at 10 ms in AM095 (10 mM) (green trace) and AM095 + 2-AGP (250 nM) (blue trace) in OX-eGFP neurons
using extracellular stimulation. P1 and P2 represent the first and the second eEPSCs evoked in an interspike interval of 10 ms. (K) Amplitude of the first elPSC (P1) in AM095 and
after 2-AGP (250 nM); n = 6 neurons from 3 mice. (L) Ratio between two consecutive elPSCs evoked between 10 ms and 1sec in AM095 (green circles) and after the treatment
with 2-AGP (blue squares). The ratio is plotted as a function of the inter-spike interval on a logarithmic scale. n = 6 neuron from 3 mice; p = 0.8, Wilcoxon signed-rank test. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 7: 2-AGP promotes a time-dependent neurite retraction of POMC neurons. (A) Time-lapse fluorescence microscopy of in vitro cultured POMC-eGFP primary neurons
showing the effect of 2-AGP, added in the cell medium, on the retraction of neurites (arrows). Scale bar: 20 um. (B) Representative images showing a 30 min and 60 min time
course effect of leptin, 0X-A, and 2-AGP on the morphometric changes of the neuronal processes of POMC cultured neurons (range + 2 mm) respect to the start time (t = 0)
represented by the vertical dotted line. (C, D) High magnification of the cell indicated by the white dotted box area at 60 min of 2-AGP treatment showing pT231-Tau/LPA1-R co
immunolabeling at the neurite indicated in the red dotted boxed (left image), (Scale bar: 10 um). (E) Representative immunoblots of PSD95 and B-actin showing the effect of 2-AGP
and AM095 on the postsynaptic density after 2-AGP treatment in wt or ob/ob mice. OD values are expressed as the ratio between total protein signal and (3-actin. Data are
mean + SEM from n = 3 mice/group; p values are obtained via two-way ANOVA with Tukey’s multiple comparisons test. (F) Representative confocal images showing a-MSH/PSD-
95 colocalizing immunoreactivities at Hert-eGFP or OX-eGFP neurons of mice treated with 2-AGP. Data are from n = 6 mice/group. Scale bar = 30 pum. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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pT231-Tau accumulation (Figures 3A—B, 4B—C and 5), and the
consequent microtubule disassembly, OX-A induced a 2.1—1.6 pum
reduction of the mean length of POMC-eGFP neuronal processes
(Figure 7B), in a manner prevented by cell pre-incubation with either
0X-1R antagonism (SB), DAGLa inhibition (0-7460), or the PYK2 in-
hibition (PF431396) (Supplementary Fig. 9). Conversely, leptin treat-
ment promoted a 1.2—1.5 um elongation of neuronal processes
(Figure 7B), an effect blocked by a leptin receptor antagonist
(Supplementary Fig. 9). Additional evidence from in vitro experiments
were provided to support the effect of 2-AGP on the retraction of «MSH
inputs to OX-eGFP neurons since LPA1-R immunoreactivity was
detected in the same neuronal processes where pT231-Tau immu-
nolabeling was induced by 1 h of 2-AGP administration in the bath
(Figure 7, C- D). Moreover, anatomical evidence supported the 2-AGP-
mediated effect of pT231-Tau on the disassembly of POMC-derived
projections to the OX-eGFP target since we found a reduction of
immunolabelling of PSD-95, a key excitatory scaffolding protein
required for synaptic stabilization [9], in 0X-eGFP neurons receiving o.-
MSH inputs, this effect being antagonized by AM095, as observed by
western blot in the LH of 2-AGP-injected ad-lib fed wt mice and in ob/
ob mice (Figure 7E). This effect is likely responsible for the reduction of
0X-A-positive anchoring sites, as suggested by the decrease of a-
MSH/PSD-95/0X-eGFP co-expression in the LH of 2-AGP-injected wt
mice (Figure 7F).

4. DISCUSSION

In the hypothalamus, POMC neurons represent an heterogeneous cell
population including glutamatergic and GABAergic cells [13,22,42]
probably playing a role in all aspects of feeding behaviour [10,15].
POMC glutamatergic o.-MSH projections under the positive control of
mTORC1 promote satiety [63], whereas the endocannabinoid 2-AG,
under the negative control of leptin, instead induces mostly orexigenic
effects by activating cannabinoid CB1 receptors [58,67]. Yet, in lean
mice, activation of CB1, depending on its localization, can also produce
effects that may lead to inhibition of food intake [7,63]. For example,
the retrograde action of post-synaptically released endocannabinoids
at CB1 receptors located on excitatory/glutamatergic, and mostly a-
MSH-releasing, terminals innervating orexinergic neurons in the LH
leads to their inhibition and potential hypophagic effects [18].
Obesity, and the central leptin signaling deficiency status that it nor-
mally carries, however, may alter this “yin and yang” action of CB1
signaling in food intake, and shift the balance towards hyperphagia.
Accordingly, in both ob/ob and HFD obese mice, the alteration of the
mTOR pathway and the elevation of 2-AG biosynthesis occurs in the
ARC nucleus, concomitantly with a switch from CB1-controlled excit-
atory inputs (most of which are a-MSH expressing fibers) to inhibitory
inputs (the ~70% of which are NPY-expressing fibers) to 0X-A
neurons [18]. The latter neurons, while being normally inhibited by
retrograde endocannabinoid signaling in lean mice, consequently
become disinhibited in obesity due to an increment of depolarizing
suppression of inhibition, thus contributing to hyperphagia and its
consequences.

Here we present a mechanism that explains the reduction of gluta-
matergic o.-MSH inputs to OX-A neurons in the LH during conditions of
leptin signaling reduction. We show that, in POMC neurons, 2-AG
produced by activation of the OX-1R-Gg-DAGLa-cascade is partly
converted into 2-AGP, which, through activation of LPA1-R, triggers
pT231-Tau phosphorylation, microtubule dysfunction and reversible or
chronic loss of a-MSH-expressing excitatory inputs to OX-A neurons in
the LH. This new form of 2-AG metabolism-dependent synaptic

plasticity likely underlies the 0OX-A- and 2-AGP-mediated food intake
observed following food deprivation in lean mice or in obesity,
respectively, i.e. when leptin signaling in the hypothalamus is
temporarily reduced or chronically defective. In line with the
enhancement of 2-AGP levels in the serum of obese subjects, also
different lysophosphatidic acids, such as 16:0 LPA [26], as well as the
mRNA levels of distinct LPA receptors (LPA4, LPAS, and/or LPA6), have
been found increased in the myocardial tissue and in peripheral
circulating cells from overweight or obese humans [11].

More specifically, by combining biochemical, pharmacological, and
cell-type-specific morphological and electrophysiological techniques,
we dissected the 2-AGP-driven molecular pathways that underlie the
loss of POMC-derived o.-MSH inputs observed under conditions of
reduced or impaired leptin signalling. First, we found that 2-AGP acts
as an orexigenic autocrine messenger by inducing the retraction of a-
MSH inputs to OX-A neurons via elevation of Tau phosphorylation.
Next, we demonstrated that these effects: 1) result from activation of
post-synaptic LPA1-R and tyrosine kinase Pyk2-mediated GSK3[
phosphorylation of Tyr216, and subsequent pT231Tau elevation, and
2) are prevented by either antagonism of OX-1R, inhibition of 2-AG
biosynthesis or leptin-controlled phosphorylation of Ser9-GSK3p via
the PI3K/Akt pathway, the latter being a mechanism common to
several microtubule associated proteins involved in microtubule ag-
gregation [20,31,33,43,70]. These results, together with those ob-
tained using correlative light and electron microscopy of OX-eGFP
neurons, coupled to targeted patch-clamp electrophysiology, reveal for
the first time the existence of 2-AG and 2-AGP-mediated remodelling
of a-MSH projections to 0X-A perikarya, which controls negatively the
synaptic efficiency of melanocortin anorexigenic inputs.

This study was focused on the 2-AGP-mediated regulation of synaptic
projections originating from POMC excitatory o.-MSH neurons. In this
regard, the production of 2-AGP from 2-AG in POMC neurons was
demonstrated through in vitro and in vivo experiments based on the
LC-MS quantification of 2-AGP-(d8) production in POMC neurons
isolated from the brain of mice injected with deuterated (d8) 2-AG as
precursor of deuterated (d8) 2-AGP. OX and POMC neurons represent
both anatomical and neurochemical different specialized subsets of
neurons strictly localized, respectively, in the hypothalamic lateral (LH)
and the arcuate (ARC) nuclei (Acuna-Goycolea and van den Pol, 2009;
Schwartz et al., 2000) and 0X-A neurons send prominent projections
to POMC somas (Horvath et al., 1999; Guan et al., 2001) where the
released OX-A can activate 0X-1R’s therein located (Backberg et al.,
2002; Muroya et al., 2003). Thus, neuroendocrine POMC neurons
appear to be good candidates to mediate orexin actions including the
here demonstrated effect on the pT231-Tau-controlled regulation of
POMC-derived excitatory axonal projections, back to 0X-A neurons.
Indeed, the new form of endocannabinoid-mediated, but CB1 receptor-
independent, regulation of synaptic plasticity described here may lead
specifically to the loss of CB1-inhibited excitatory synapses within a-
MSH inputs to 0X-A neurons, with consequent impairment of synaptic
anchoring and glutamate trafficking, thus strongly contributing to the
rewiring of 0X-A neurons [35,71], and the observed increase of 0X-A
release in obesity [18,27].

The Pyk2-GSK3J cascade has already been shown to be downstream
of LPA and LPA1-R signaling [24,61], and to be implicated in the
neurite retraction activity of this receptor [64]. However, what we
describe here is a new perspective on LPA/LPA1-R signaling arising as
the consequence of the metabolism (to a non-conventional type of LPA)
of the endocannabinoid 2-AG, which is otherwise deeply involved in
both food intake and orexinergic signaling via CB1 receptors. Indeed,
endocannabinoid/CB1 signaling via 2-AG is usually terminated by the
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enzyme MAGL, which is expressed pre-synaptically to OX-A neurons in
the LH [18] and converts the endocannabinoid into products that are
per se inactive at CB1 [75]. It is, therefore, interesting to find that,
during both acute (and physiological) and chronic (hence pathological)
leptin signaling impairment, part of the 2-AG overproduced in ARC
POMC neurons, rather than being directly inactivated by MAGL, is
converted instead into a metabolite, i.e. 2-AGP. This latter mediator
thus carries a pro-orexigenic signal via a different, non-CB1 receptor-
mediated mechanism, by reducing the number of excitatory o-MSH-
expressing inputs to OX-A neurons. The overexpression of DAGL in
the LH and ARC of obese mice [18], together with elevated OX-A
signaling at 0X-1R expressed in POMC neurons, which leads to 2-
AG biosynthesis by DAGLa [50], can clearly sustain the production
in these neurons of 2-AG levels sufficient to both activate CB1 re-
ceptors and produce 2-AGP to activate LPA1-R, thereby contributing to
food intake via two different mechanisms, both of which can be
enhanced by inhibition of 2-AG degradation by MAGL. Interestingly, in
POMC neurons, others have reported that a population of CB1 re-
ceptors, expressed on the external membrane of mitochondria, pro-
mote, at least when activated by A9-tetrahydrocannabinol, POMC
expression with the exclusive role of enhancing the release of food
intake-promoting B-endorphin (but not o-MSH) in the hypothalamus of
lean ad libitum fed mice [39]. The data described here may suggest
that this latter mechanism, as well as other CB1-mediated effects in
POMC neurons, could be partly blunted in ob/ob mice or food-deprived
lean mice, by 2-AGP-induced o-MSH neurite retraction, regardless of
the subcellular localization of CB1.

It is also interesting to note how, following the results of the present
study, it is now possible to suggest that CB1 receptors and/or 2-AG
intervene in all phases, i.e. release, action and (dys)regulation
thereof, of 0X-A/0X1-R signalling in obesity, i.e.: 1) as shown here, 2-
AG, but not CB1, overproduced in POMC neurons, is partly responsible
for the leptin signalling impairment-induced reduction of excitatory
innervation of 0OX-A neurons (the increase of inhibitory NPY-afferents
being instead due to the lack of leptin-inhibition of mTOR signaling
[18]; 2) 2-AG overproduced from the somata of OX-A neurons enacts
retrograde disinhibition of such neurons, by activating CB1 on their
NPY-inhibitory afferents, thereby leading to enhanced OX-A release in
LH output areas, including the ARC [18,50]; 3) 2-AG produced from
0X1-R-Gq activation by 0X-A, and its activation of CB1, underlie also
all the actions described so far for this neuropeptide in LH neuron
output areas [19,27,52]; and 4) CB1, by making heteromers with 0X1-
R, both in vitro and in vivo, sensitizes them to activation by OX-A
[36,37,80].

In conclusion, we have described here a new form of regulation of
hypothalamic synaptic plasticity that: 1) is 2-AG metabolism-
dependent and CB1 receptor-independent, and 2) may account for
part of the transient or chronic hyperphagia observed, respectively,
following food deprivation or during obesity. Indeed, since we have
shown here that it originates from reduced or impaired leptin signaling,
this mechanism is very likely to occur also in diet-induced obesity,
which is instead characterized by leptin insensitivity in the hypothal-
amus and, in mouse models, by the same subsequent overactivity of
the OX-1R-Gg-PLC-DAGLa-2-AG cascade [18,27,50]. The present
findings strengthen the general idea that 2-AG is a fundamental as well
as multi-faceted downstream mediator of orexinergic signaling via
several, not necessarily CB1 receptor-mediated, mechanisms, as
shown also by a recent study in which 0X-A-induced 2-AG biosyn-
thesis in the amygdala mediates fear extinction deficits via activation of
the cannabinoid receptor type-2 (CB2) in astrocytes [73]. Therefore,
future studies are now required to investigate the possibility that the 2-
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AG/2-AGP/LPA1-R pathway, via effects on Tau phosphorylation and
microtubule assembly, mediates also other forms of synaptic plasticity
in other brain areas, possibly under pathological and irreversible
conditions of 2-AG overproduction, such as in the hippocampus of
mice with diet-induced obesity [27,46], thereby underlying some forms
of obesity-related cognitive and affective dysfunctions. Our study, by
establishing a causal relationship between morphological changes in
oMSH excitatory inputs to 0X-A cells from obese animals and network-
level changes in the activity of the orexin system, may open new
avenues of research on the mechanisms underlying not only hyper-
phagia and eating disorders, but also arousal and sleep/wake cycle
dysregulation, and the consequent daytime sleepiness, reward
seeking, altered stress response, and impaired cognitive tasks, which
are emerging as characterizing dysfunctions accompanying obesity
[12,27,28,71,74].
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