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Original Article
A Neural basis for Octanoic acid regulation of
energy balance
Vanessa R. Haynes 1,2,7, Natalie J. Michael 2,6,7, Marco van den Top 5, Fei-Yue Zhao 5, Russell D. Brown 2,
David De Souza 4, Garron T. Dodd 1, David Spanswick 2,3,5,**, Matthew J. Watt 1,8,*
ABSTRACT

Objectives: Nutrient sensing by hypothalamic neurons is critical for the regulation of food intake and energy expenditure. We aimed to identify
long- and medium-chain fatty acid species transported into the brain, their effects on energy balance, and the mechanisms by which they
regulate activity of hypothalamic neurons.
Methods: Simultaneous blood and cerebrospinal fluid (CSF) sampling was undertaken in rats and metabolic analyses using radiolabeled fatty
acid tracers were performed on mice. Electrophysiological recording techniques were used to investigate signaling mechanisms underlying fatty
acid-induced changes in activity of pro-opiomelanocortin (POMC) neurons.
Results: Medium-chain fatty acid (MCFA) octanoic acid (C8:0), unlike long-chain fatty acids, was rapidly transported into the hypothalamus of
mice and almost exclusively oxidized, causing rapid, transient reductions in food intake and increased energy expenditure. Octanoic acid
differentially regulates the excitability of POMC neurons, activating these neurons directly via GPR40 and inducing inhibition via an indirect non-
synaptic, purine, and adenosine receptor-dependent mechanism.
Conclusions: MCFA octanoic acid is a central signaling nutrient that targets POMC neurons via distinct direct and indirect signal transduction
pathways to instigate changes in energy status. These results could explain the beneficial health effects that accompany MCFA consumption.

� 2020 The Authors. 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

The integration of hormone and nutrient signals in the central nervous
system is essential for the appropriate regulation of body weight ho-
meostasis [1]. Disturbances in the detection of or response to meta-
bolic signals form the cornerstone of metabolic diseases such as
obesity and type 2 diabetes [2,3]. Of the central neural pathways
regulating energy homeostasis, the melanocortin system is one of the
most important [4,5]. Consisting of two functionally antagonistic
neuronal populations located within the arcuate nucleus (ARC) of the
hypothalamus, orexigenic neuropeptide-Y/agouti-related peptide (NPY/
AgRP) and anorexigenic pro-opiomelanocortin (POMC) neurons coor-
dinate counter-regulatory responses to oppose alterations in energy
balance. Both NPY and POMC neurons express leptin and insulin re-
ceptors and alter their activity in response to these and other circu-
lating nutrients and hormones such as glucose, ghrelin, and glucagon-
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like peptide-1 (GLP-1), which reflect metabolic status [6e9]. The
regulation of POMC neurons has been shown to specifically influence
both food intake and energy expenditure to attenuate weight gain in
response to short-term energy surfeit [10,11].
Long-chain fatty acids (LCFAs) are generally thought of as signals of
nutrient surplus [12] and have been shown to regulate the activity of
neurons within numerous hypothalamic nuclei [13e15]. LCFAs are
capable of acting centrally to modulate food intake and body weight [16],
effects that have been attributed to intracellular accumulation of LCFA-
CoA rather than their oxidation [12,15]. Despite these reported effects,
the fatty acids that can readily cross the bloodebrain barrier and phys-
iologically relevant concentrations of fatty acids achieved in the cere-
brospinal fluid (CSF) remain relatively unknown. In addition, the role of
medium-chain fatty acids (MCFAs) and effects of fatty acids on func-
tionally identified neurons within the arcuate nucleus is largely unknown
and may be important in the context of satiation and energy balance.
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Abbreviations

AgRP agouti-related peptide
ANOVA analysis of variance
ARC arcuate nucleus
aCSF artificial CSF
KATP ATP-sensitive potassium channels
CNS central nervous system
CSF cerebrospinal fluid
IV current voltage
FAT/CD36 fatty acid translocase
FFA free fatty acid
FFA1/GPR40 free fatty acid receptor 1

GLP-1 glucagon-like peptide-1
HFD high-fat diet
LCFA long-chain fatty acid
LCT long-chain triglyceride
MCFA medium-chain fatty acid
MCT medium-chain triglyceride
NPY neuropeptide-Y
PSC peripheral sensor controller
POMC pro-opiomelanocortin
RER respiratory exchange ratio
TTX tetrodotoxin
VLCFA very-long-chain fatty acid
Unlike LCFAs, which must first traverse the lymphatic system, MCFAs
are transported via the portal venous system and are rapidly absorbed
into the circulation and tissues. MCFAs promote satiation and increase
energy expenditure, and diets enriched with MCFA reduce adiposity
compared with diets high in LCFAs [17e22]. Recent studies have
shown that POMC neurons express free fatty acid receptor 1 (FFA1/
GPR40) [23,24], suggesting a potential role of MCFAs to directly
regulate the electrical activity of ARC POMC neurons, a process that
may explain the effects of MCFAs on food intake and energy expen-
diture. Herein, we describe the unappreciated role of MCFA octanoic
acid (C8:0) in regulating POMC-mediated control of food intake and
energy expenditure and describe direct and indirect signaling path-
ways by which this MCFA regulates electrical excitability of these
neurons.

2. MATERIALS AND METHODS

2.1. Rat studies
Experiments using rats were conducted according to the Animals
(Scientific Procedures) Act, 1986 (UK Government Home Office). Male
Wistar Han rats were maintained on a standard rodent chow diet (7.4%
total digestible energy from lipids and 11.9 mJ/kg total digestible
energy; RM1P, Special Diet Services, Essex, UK). At 6 weeks old, the
rats either continued on the chow diet or were changed to a high-fat
diet (HFD; 42.0% total digestible energy from lipids and 20.4 MJ/kg
total; 829,100, Special Diet Services, Essex, UK) for a period of 20
weeks. The experiments were conducted at 26 weeks.

2.1.1. Intravenous glucose tolerance test and cerebrospinal fluid
collection
The methodology for this part of the study was described in detail
previously (49). D-glucose (D1610, Fisher Scientific) was dissolved in
distilled water to a concentration of 250 mg/mL. A glucose bolus
(500 mg/kg) was IV injected through the jugular vein cannula. CSF and
blood samples were collected before (0 min) and at 5, 10, 20, 30, 60,
90, and 120 min following the glucose injection (see below).
The rats were anesthetized with isoflurane for induction (5%/95%
volume, Isorrane, AHN3640, Baxter Healthcare) followed by sodium
pentobarbitone 50 mg/kg via intraperitoneal injection for maintenance.
Each animal was placed in a supine position, and a cannula (Portex
Intravenous Cannula Pink base #3F, 1.0 mm OD) filled with normal
saline (0.9%) was inserted into the right side jugular vein. The tubing
was fixed in place by two ligations using 4/0 stitch silk. Each rat was
placed in a temperature-controlled recovery chamber for 90 min before
the first blood and CSF sampling to avoid aerosol anesthetic-induced
MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. This is an open ac
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hyperglycemia. The anesthesia level was monitored throughout the
procedures and maintained by regular top-ups of pentobarbitone
through the jugular vein cannula.
Each animal’s head was manually held for CSF sample collection. The
neck was shaved, a small incision was made above the obex, and the
muscle was carefully pulled apart with a small stretcher to expose the
atlantooccipital membrane. Approximately 20 mL of CSF was drawn
from the cisterna magna using a 25 gauge needle attached to a 1 mL
syringe. The sample was placed in a 500 mL tube, snap-frozen using
dry ice, and stored at �80 �C for later lipidomic and metabolomic
analysis (Section 3.1). For blood sample collection, a cut was made on
each rat’s tail-tip. A small drop of blood sample (8e10 mL) was
examined with an Accu-Chek Glucose Meter System and 100 mL of
blood was collected into microtubes containing anticoagulant ethylene-
diamine-tetra-acetic acid (EDTA; 450474CN, Greiner Bio-One). The
blood sample was shaken, snap-frozen on dry ice, and stored
at �80 �C for later analysis.

2.1.2. Analysis of cerebrospinal fluid and blood free fatty acids by
GCeMS
CSF and blood samples from the 0 time point of the GTT (prior to
injection of the glucose bolus) were used for metabolomic analysis. A
20 mL aliquot of whole blood or CSF was combined with 60 mL
methanol and 20 mL chloroform containing 500 mM 13C2-myristic acid
as an internal standard. The samples were incubated at room tem-
perature for 15 min, then centrifuged at 16,000�g for 5 min at 4 �C to
pellet precipitated proteins. A 50 ml aliquot of the supernatant was
transferred to a fresh tube, to which 20 ml acidified (0.1 M hydrogen
chloride) Milli-Q H2O was added to facilitate biphasic partitioning and
push the fatty acids into the chloroform phase. A total of 50 ml of
chloroform was added to enable quantitative recovery of the lipid
phase. Then 45 ml of the chloroform phase was transferred to a glass
vial insert and evaporated to dryness in vacuo. The dried samples were
derivatized by the addition of 30 ml N,O-bis(trimethylsilyl)tri-
fluoroacetamide with trimethylchlorosilane (BSTFA þ 1% TMCS;
Pierce Technologies) at 37 �C for 2 h with constant mixing. Fatty acid
standards were prepared in the range of 1.56e200 mM and derivat-
ized via the previously described method.
The samples were analyzed using an Agilent 7890 Gas Chromatograph
coupled to a 5975C Mass Selective Detector. A 1 ml aliquot sample was
injected into the GC inlet set at 250 �C, and chromatographic separation
was achieved using an SGE BPX70 column (60 m � 0.25 mm i.d. X
0.25 mM film thickness). The GC oven ramp was started at 70 �C and
maintained for 1 min before ramping at 40 �C/min to 150 �C and then
4 �C/min to 250 �C andmaintained for a further 6min. Compoundswere
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 55
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fragmented via electron impact ionization and detected in the selected
ion monitoring mode, and characteristic fragments including the mo-
lecular ions were used for each fatty acid.
Resultant chromatograms were analyzed using Agilent’s MassHunter
Quantitative Analysis software. Areas were integrated for target ions
for each fatty acid in all of the samples and standards. Standard curves
were plotted and used only when the R2 value was greater than 0.9.
Concentrations were calculated from the standard curves, followed by
correction for dilution.

2.2. Mouse studies
Mouse experimental procedures were approved by the Monash Animal
Research Platform Animal Ethics Committee, Monash University
(MARP-1/2014/008) and conformed to National Health and Medical
Research Council (Australia) guidelines regarding the care and use of
experimental animals. Mice were fed a chow diet (9% total digestible
energy from lipids, 12.8 MJ/kg; Barastoc Irradiated Mice Cubes, Ridley
AgriProducts) and water ad libitum. Mice aged 6 weeks either
continued on the chow diet or were changed to a HFD (43.0% total
digestible energy from lipids, 19.0 MJ/kg; SF04-001, Specialty Feeds).
The experiments were conducted when the mice were 12 weeks old.

2.2.1. In vivo hypothalamic fatty acid metabolism: intracerebral
ventricular administration
To measure hypothalamic fatty acid (FA) metabolism in vivo, FAs were
administered via intracerebral cannulation of the left ventricle. A lateral
ventricle guide cannula (Plastics One, C315GS-4-SPC, 26 gauge, 4 mm
pedestal, cut at a depth of 2 mm below the skull) was placed�0.3 mm
anteroposterior andþ1.0 mm lateral to the bregma in 12-week-old male
C57Bl/6Jmice using sterile techniques under general anesthesia induced
and maintained by isoflurane inhalation (1.5%; Isorrane, Baxter Health-
care, AHN3640). The cannula support plate was attached to the skull and
the incision sitewas closed. A dummycannulawas inserted to temporarily
seal the guide cannula. Three days later, the conscious mice were
restrained, and the dummy cannula was removed. An internal cannula
connected to a 10 mL syringe was inserted into the guide cannula, and
2 mL of 1 mCi/mL of [1e14C]-oleic acid (Perkin Elmer, NEC31725OUC),
[1e14C]-palmitic acid (Perkin Elmer, NEC075H250UC), or [1e14C]-
octanoic acid (American Radiolabeled Chemicals Inc., ARC0149) was
injected over 30 s. Thirty min later, the mice were anesthetized via iso-
flurane inhalation, decapitated, and the brain removed. A scalpel was
used to isolate the mediobasal hypothalamus, defined caudally by the
mammillary bodies, rostrally by the optic chiasm, laterally by the optic
tract, and superiorly by the apex of the hypothalamic third ventricle. A
section of the cortex/hippocampus/thalamus (CHT) brain region was also
collected. The liver, mixed quadriceps skeletal muscle, and gonadal WAT
were then collected. The tissues were weighed, washed twice with cold
PBS, transferred to 12 � 75 mm glass test tubes containing chlor-
oform:methanol 2:1 (v:v), and homogenized. The expired 14CO2 was not
collected from the mice, so the complete FA oxidation was not assessed.
Incomplete FA oxidation, as indicated by the production of acid soluble
metabolites, and FA storage as glycerides was measured as described in
2.3.1. The values were normalized to the wet tissue mass.

2.2.2. In vivo hypothalamic fatty acid metabolism: carotid artery
administration
Male 12-week-old C57Bl/6J mice were anesthetized as previously
described and the right carotid artery was cannulated with PE50
polyethylene tubing (Plastics One). From time point 0, 200 mL of 0.9%
sodium chloride with 0.1% BSA and 2 mCi/mL [1e14C]-oleic acid, [1e
14C]-palmitic acid, or [1e14C]-octanoic acid was infused over 5 min at
56 MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. T
a rate of 40 mL/min. The mice remained under anesthesia for a further
10 min. Tail blood was collected at baseline and every 2 min
throughout the infusion using 5 mL disposable pipettes (Microcaps,
Drummond Scientific). The mice were euthanized via decapitation
without regaining consciousness and the brain was removed. A scalpel
was used to isolate the mediobasal hypothalamus and samples of the
CHT brain region, liver, skeletal muscle, and WAT as described. As
explained in Section 2.2.1, a modified Folch lipid extraction [25] was
performed and FA metabolism was measured.

2.2.3. In vivo hypothalamic fatty acid metabolism: oral gavage
administration
Male 12-week-old C57Bl/6J mice were fasted for 2 h to ensure no food
was present in the stomach. The mice were restrained and 100 mL of
water with 1% BSA, 100 mM oleic acid (250 mCi/mL [1e14C]-oleic
acid), or octanoic acid (250 mCi/mL [1e14C]-octanoic acid) was
administered via a feeding needle (22 gauge, 1 inch straight needle
with a 1.25 mm ball; Braintree Scientific, N-PK002). The mice were
returned to their cage after the gavage. Tail blood was collected using
disposable 5 mL pipettes at baseline and every 7 min thereafter. At
60 min, tissues were collected and FA metabolism was assessed as
described in Section 2.2.1.

2.2.4. Assessment of food intake
Male C57Bl/6J mice were fed a standard rodent chow (9% total
digestible energy from lipids, 12.8 MJ/kg; Barastoc Irradiated Mice
Cubes, Ridley AgriProducts). The mice were individually housed in
cages with a perimeter-mounted food hopper and spill tray attached to
a BioDAQ (Research Diets Inc.) peripheral sensor controller (PSC). The
PSC measured the weight once per second, and changes in the stable
weight were recorded along with the date and time, thus providing
second-by-second food intake data.
Following a 3-day acclimation period, a randomized cross-over trial
was conducted. At day 0, the mice were weighed and then fasted from
1400 to 1600 h. Between 1600 and 1630 h, the mice were given an
oral gavage with 175 ml water, a long-chain fatty acid triglyceride (LCT;
glyceryl trioleate, 92,860, SigmaeAldrich; 177 ml and 5.5 kJ, ac-
counting for w10% of daily caloric intake), or a medium-chain fatty
acid triglyceride (MCT; glyceryl trioctanoate, SC-215091, Santa Cruz
Biotechnology; 173 ml and 5.5 kJ, accounting for w10% of daily
caloric intake). Food intake data was collected uninterrupted for 46 h.
The mice were not handled during this period. At 1400 h on day 2, the
mice were weighed, fasted from 1400 to 1600 h, and given an oral
gavage of the next solution. Thus, each mouse received the 3 gavage
solutions in a random order 48 h apart. At the end of the study, the
mice were weighed and culled. A BioDAQ DataViewer (Research Diets
Inc.) was used to compile the data.

2.2.5. Indirect gas exchange calorimetry analysis
Male 12-week-old C57Bl/6J mice were housed individually in indirect
gas exchange calorimetry chambers (CaloSys, TSE Systems). A ran-
domized cross-over trial was conducted as previously described in
Section 2.2.4. Following triglyceride or water gavage, oxygen con-
sumption (VO2) and carbon dioxide production (VCO2) were measured
for 48 h. The respiratory exchange rate (RER) was calculated as VCO2/
VO2. The energy expenditure was calculated from VO2 and RER using
Weir constants [26] and normalized to the body mass.

2.2.6. Functional immunohistochemistry
The mice were fasted from 1400 to 1600 h then given an oral gavage
of either water, LCT, or MCT as described in Section 2.2.4. At 90 min
his 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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post-gavage, the mice were anesthetized and perfused transcardially
with heparinized saline (10,000 units/l heparin in 0.9% (w/v) NaCl)
followed by 4% (w/v) paraformaldehyde in phosphate buffer (0.1 M, pH
7.4). Their brains were post-fixed overnight and maintained for four
days in 30% (w/v) sucrose in 0.1 M phosphate buffer to cryoprotect the
tissue before freezing on dry ice. Then 30 mm sections (120 mm apart)
were cut in the coronal plane throughout the entire rostral-caudal
extent of the hypothalamus. For immunostaining, the sections were
incubated at room temperature for 1 h in blocking buffer (0.1 M
phosphate buffer, 0.2% (v/v) Triton X-100, and 10% (v/v) normal goat
serum) and then incubated overnight at 4 �C in rabbit c-Fos antibody
(1:4000, sc-52, Santa Cruz, CA, USA) or guinea pig anti-a-MSH (1/
1000; AS597, Antibody Australia) in 1% (v/v) blocking buffer. For both
c-Fos and a-MSH immunohistochemistry, the sections were incubated
for 2 h at room temperature with goat anti-rabbit or goat anti-guinea
pig Alexa-Fluor-568-conjugated secondary antibody in 5% (v/v)
blocking buffer. The sections were mounted with Mowiol 4e88
mounting media and visualized using an Olympus BX 3000 micro-
scope. To determine the fluorometric integrated density of a-MSH
staining in the PVH, a region of interest was first drawn around the PVH
using ImageJ software. All of the images underwent skeletonization
using a consistent threshold setting and the integrated density was
quantified using ImageJ software. Brightness and contrast were uni-
formly adjusted to aid visualization.

2.2.7. Electrophysiology
For the electrophysiology component of the study, 6e16 week POMC
eGFP mice were used as previously described [6]. The mice were
fasted overnight (w16.5 h) to replicate conditions in which plasma FFA
are normally increased. On the day of the experiment, the animals
were terminally anesthetized using isoflurane and the brain harvested.
Coronal 250 mM thick slices of brain containing the hypothalamus
were cut using a vibrating blade microtome (Leica VT1000 S). The
slices were cut in cold (<4�) artificial CSF (aCSF) containing (in mM):
127 NaCl, 1.2 KH2PO4, 1.9 KCl, 26.0 NaHCO3, 0.5e1 D-glucose, 9e
9.5 mannitol, 2.4 CaCl2, and 1.3 MgCl2 equilibrated with 95% O2 and
5% CO2 pH 7.4 The slices were immediately warmed at 34� for 20 min
before returning to room temperature prior to recording.
The intracellular solution contained (in mM) 140 K-gluconate, 10 KCl,
10 HEPES, 1 EGTA, and 1 ATP; the pH and osmolarity were adjusted
with KOH and sucrose, respectively. POMC eGFP-positive neurons
were visualized and recorded using a combination of epifluorescence
and differential interference contrast (IR-DIC) optics. Whole-cell patch
clamp recordings were made using an Axopatch 1D amplifier with
pipettes with resistances ranging between 5 and 12 MU when filled
with intracellular solution. Data were acquired on a PC running pClamp
data acquisition software Clampex 9.2 (Axon Instruments), filtered, and
digitally stored for later offline analysis. Analysis of the electrophysi-
ological data was carried out using Clampfit.
Octanoic acid (Sigma) was prepared as a concentrated stock (100 mM)
in 100% ethanol. On the day of the experiments, the octanoic acid was
diluted to the required concentration (4e40 mM) in aCSF and applied to
the slice chamber via superfusion of a specified volume (20 mL).
Appropriate vehicle controls were also used. Antagonists were simi-
larly prepared and aliquoted as concentrated stocks in distilled water
or DMSO and diluted in aCSF on the day of the experiments to the
required concentrations. The antagonists were applied by superfusion
for at least 10 min or following the application of sufficient volume to
saturate the recording chamber at the required concentration prior to
testing the octanoic acid. The presence of antagonist was maintained
throughout exposure to the octanoic acid. The following antagonists
MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. This is an open ac
www.molecularmetabolism.com
were used: GPR40 antagonist DC260126, adenosine A1 receptor
antagonist DPCPX, A2a receptor antagonist istradefylline, A2b receptor
antagonist PSB603 (Tocris), and A3 receptor antagonist MRS1523
(Santa Cruz Biotechnology). Tetrodotoxin (TTX, Abcam) was prepared
as a concentrated stock (1 mM) and stored frozen until use when it
was diluted in aCSF to the required concentration. Carbenoxolone
(Sigma) was prepared fresh on the day of the experiment, dissolved
directly in aCSF, and applied to the slices for at least 40 min prior to
testing octanoic acid.

2.3. Cell culture studies
N29/4 cells were purchased from CELLutions Biosystems (CLU115,
Cedarlane Laboratory, Hornby, ON, Canada). The immortalized line was
created from mouse embryonic day 15, 17, and 18 hypothalamic
neuron primary cultures and immortalized by retroviral transfer of SV40
T-Ag. The cells were grown in 25 mM glucose Dulbecco’s Modified
Eagle Medium GlutaMAX (DMEM; Gibco-Invitrogen, #10569) supple-
mented with 10% fetal bovine serum (FBS; Gibco-Invitrogen, #16000)
and 1% penicillin-streptomycin (pen/strep; Gibco-Invitrogen, #15140)
at 37 �C, with 5.0% carbon dioxide (CO2) incubation. The experiments
were conducted on the cells at 100% confluence between passages 2
and 16.
Dulbecco’s Modified Eagle Medium (DMEM) containing 5.56 mM
glucose was supplemented with 2% fatty acid-free BSA, 1% pen/strep,
and either 0 or 1.0 mM oleic acid (C18:1; SigmaeAldrich, 01008),
palmitic acid (C16:0; SigmaeAldrich, P-0500), and octanoic acid
(C8:0; SigmaeAldrich, C2875). The medium was filter sterilized
(0.20 mm) and applied to neurons for 4 or 18 h as specified. Cells were
washed with 1X phosphate buffered saline (PBS; Invitrogen,
#14040133) after treatments. Lysates were collected in the PBS,
transferred to glass test tubes with chloroform:methanol 2:1 (v:v),
vigorously mixed, and then spun at 1000�g at 4 �C for 10 min. The
organic phase was transferred to a glass tube, dried under nitrogen
gas at 40 �C, and reconstituted in 10 mL of ethanol. The triglyceride
content was measured biochemically (Roche, Basel, Switzerland,
#11730711).

2.3.1. Fatty acid metabolism
The base medium consisted of DMEM, with or without 5.56 mM
glucose, and 2% BSA. Thereafter, 0.5 mM oleic acid, palmitic acid, or
octanoic acid and 0.5 mCi/mL [1e14C]-oleic acid, [1e14C]-palmitic
acid, or [1e14C]-octanoic acid was added and incubated for 1 h at
37 �C to allow conjugation of the FA to the BSA. The cells were
incubated in the respective treatment media for 4 h at 37 �C. The
medium was removed and added to 1 mL of 1 M perchloric acid in a
25 mL glass vial. The glass vial also contained a 1.7 mL Eppendorf
tube that housed a 500 mL Eppendorf tube containing 300 mL ben-
zethonium hydroxide. The glass tube was sealed immediately to
capture the 14CO2 contained in the culture medium and radioactivity
was determined by liquid scintillation counting (Beckman Coulter
Scintillation Counter LS6500). The released 14CO2 represented com-
plete fatty acid oxidation and was normalized to the total protein.
The cells were washed twice with PBS and lysed in 0.1% Triton X-100
(SigmaeAldrich, #9002-93-1) in PBS. The lysates were transferred to
glass test tubes with chloroform:methanol 2:1 (v:v), vigorously mixed,
and then spun at 1000�g at 4 �C for 10 min. The aqueous phase was
transferred to a scintillation tube with 5 mL scintillation cocktail and
counted to assess 14C labeled acid soluble metabolites, which rep-
resented the incomplete fatty acid oxidation. The organic phase was
transferred to a 12 � 75 mm glass tube, dried under nitrogen gas at
40 �C, and reconstituted in 50 mL chloroform:methanol (2:1)
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 57
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containing w3 mg of lipid standards (dipalmitate, SigmaeAldrich,
D2636 and tripalmitate, SigmaeAldrich, TS5888). The samples
were spotted onto 250 mm glass-backed silica gel plates and the lipids
were separated by thin layer chromatography in a resolving solution
containing heptane:isopropyl ether:acetic acid (60:40:3). The plates
were air-dried and sprayed with 20,70-dichlorofluorescein dye (0.02%
w/v in ethanol). The lipid bands were visualized under UV light and then
scraped into scintillation vials for assessment of radioactivity. All of the
values were normalized to the total cellular protein.

2.4. Statistical analysis
All of the statistical analyses were conducted using the statistical
package GraphPad Prism version 6.0e (GraphPad Software, San Diego,
CA, USA). P < 0.05 was considered statistically significant. Data were
reported as mean � standard error of the mean (SEM). Metabolomics
and FA metabolism were analyzed using Student’s unpaired t-test
(two-tailed) or a one-way analysis of variance (ANOVA). Food intake,
body weight, energy expenditure, RER, and activity level data were
analyzed by two-way ANOVA with the Bonferroni post hoc test. Patch
clamp electrophysiology was analyzed by paired t-tests or one-way
ANOVA. Parametric statistics were used when the data displayed a
Gaussian distribution in all of the conditions, and non-parametric
statistics were used when this assumption was not met.

3. RESULTS

3.1. Free fatty acid composition of the cerebrospinal fluid
While fatty acids are established as regulators of food intake [16], the
precise molecular species mediating this effect are unresolved.
Accordingly, we used liquid chromatography tandem mass spec-
trometry to investigate the composition of fatty acids of various chain
lengths and degrees of saturation in the CSF. We also examined the
free fatty acid (FFA) composition of blood that was simultaneously
obtained from the same rats, which were fed a chow or high-fat diet
(HFD). The rats fed a HFD had increased body weight and mildly
impaired glucose tolerance compared with the chow-fed rats (Figure
S1). Total FFA levels were 2.5-fold higher in the blood compared
with the CSF and did not differ between the rats fed a chow or HFD
(Figure 1A). Individual FFAs are reported in Table S1. It is noteworthy
that plasma FFA levels and FFA profiles are often similar between chow
and HFD-fed rodents, particularly in the fasted state [27], which aligns
with human studies reporting similar plasma FFA levels [28] and FFA
profiles [29] between lean and obese individuals.
In the blood, 41% of the total FFAs were saturated, 16% were
monounsaturated, and 42% were polyunsaturated. Strikingly, the CSF
was composed almost exclusively of saturated FFA (89%), with
negligible concentrations of mono- and polyunsaturated FFA (4% and
7%, respectively) (Figure 1B). The distribution of the fatty acids by
chain length was also different between the blood and CSF. The blood
was predominantly composed of LCFA, which accounted for 96% of
the FFAs, with lower concentrations of very-long-chain fatty acids
(VLCFAs, 3%) and MCFAs (1%) (Figure 1C). LCFAs accounted for 94%
of all of the FFAs in the CSF and VLCFAs were barely detectable
(Figure 1C). The major LCFAs present in the CSF were palmitic acid
(C16:0, 51%) and stearic acid (C18:0, 27%) (Figure 1E). Oleic acid
(C18:1) was at low concentrations in the CSF, accounting for only 1%
of the total CSF FFAs (Figure 1E). This is notable because oleic acid
was previously used to study FFA effects on food intake, energy
expenditure, and central nervous system (CNS) control of glucose
metabolism [16,30]. MCFAs constituted 4% of all of the CSF FFAs
(Figure 1C), with octanoic acid (CH3(CH2)6COOH, C8:0) accounting for
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78% of the MCFAs (Figure 1D). Notably, the concentration of octanoic
acid was close to equimolar in the blood and CSF, suggesting bidi-
rectional movement across the bloodebrain barrier and/or a potential
role in regulating CNS function.

3.2. Octanoic acid, but not long-chain fatty acids, easily traverse
between the circulation and CSF and are predominantly oxidized
To elucidate the potential role of specific fatty acids in CNS control of
food intake and energy homeostasis, we compared the metabolic fates
of the LCFAs (oleic acid and palmitic acid) and the MCFA octanoic acid
in hypothalamic-derived N24 neurons. The neurons were capable of
transporting fatty acids across the plasma membrane, oxidizing fatty
acids, and storing fatty acids as glycerides (Figure 2A). The neurons
preferentially stored rather than oxidized the LCFAs, as reflected by an
oxidation to storage ratio of 1:5 for oleic acid (C18:1) and 1:3 for
palmitic acid (C16:0) (Figure 2B). In contrast, the neurons oxidized
rather than stored octanoic acid (ratio of 5:1). Consistent with these
results, prolonged exposure to LCFAs, but not octanoic acid, resulted in
storage of intracellular triglyceride in the neurons (Figure 2C).
To determine the in vivo relevance of these observations, fatty acid
metabolism was assessed in the hypothalamus of the conscious mice.
The FFAs were administered directly to the CSF via the lateral ventricle
and the metabolic fate of the FAs was assessed 30 min thereafter.
Octanoic acid oxidation was 90-fold higher than the oleic and palmitic
acid despite being delivered at equimolar concentrations (Figure 2D).
Similar to the results observed in the cultured neurons, the LCFAs were
preferentially stored as glycerides (1:5 and 1:3 oxidation to storage
ratio for the oleic acid and palmitic acid, respectively), while the
octanoic acid was almost exclusively oxidized rather than stored (33:1
oxidation to storage ratio) (Figure 2E). Notably, the octanoic acid rapidly
traversed from the CNS into the peripheral circulation where it was
oxidized by tissues including the liver, skeletal muscle, and white
adipose tissue (Figure S2). Radiolabeled oleic and palmitic acid
showed limited movement from the CSF to the plasma (Figures S2C-E),
demonstrating that octanoic acid readily crosses the bloodebrain
barrier, whereas LCFA transport is negligible.
While the intracerebroventricular administration of FFA tests the ca-
pacity for FFA metabolism in the hypothalamus, this route of admin-
istration bears no physiological relevance. Therefore, radiolabeled
FFAs were administered via the right carotid artery and the FFA
metabolism was assessed. Infusion of the FFAs was successful as
shown by increased radioactivity in the blood of the mice (Figure 2F).
Oleic and palmitic acid uptake into the hypothalamus was negligible
(Figure 2G), and the majority of the LCFAs remained in the circulation
and were metabolized by the liver (Figure S2H). In contrast, the
octanoic acid was readily taken up and oxidized in the hypothalamus,
with an oxidation to storage ratio of 31:1 (Figure 2G,H).
To determine the metabolic fate of FFAs administered directly to the
gut, conscious mice received radiolabeled oleic acid or octanoic
acid via oral gavage (Figure 2I). There were negligible levels of oleic
acid detected in the hypothalamus 1 h after administration
(Figure 2J) and the oleic acid was readily metabolized by the liver
(Figure S2M). In contrast, the octanoic acid rapidly crossed from the
gut (Figure 2I, within 7 min) and was almost exclusively oxidized
rather than stored by the hypothalamus (Figure 2K). Altogether,
these experiments demonstrate that the parenchyma of the hypo-
thalamus (including neurons) is capable of fatty acid transport,
oxidation, and storage. Importantly, octanoic acid readily crosses
from the circulation into the hypothalamus and is predominately
oxidized, while there is limited movement into, or oxidation of,
LCFAs by the hypothalamus.
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Figure 1: Free fatty acid composition of cerebrospinal fluid and blood. (A) Total FFA levels in the blood and CSF in rats fed chow (n ¼ 4) or HFD (n ¼ 5). (B) Proportion of FFA in
blood and CSF by saturation. (C) Proportion of FFA in blood and CSF by chain length. (D) Concentration of medium-chain fatty acids (MCFA) in the blood and CSF. (E) Concentration
of individual long-chain fatty acids (LCFA) in the blood and CSF. For panels BeE, data are mean � SEM, n ¼ 4 chow. *P < 0.05 between groups. Statistical analysis by two-tailed
paired t-test.
3.3. Trioctanoic acid, but not trioleic acid, regulates energy
homeostasis in lean mice
Given that octanoic acid rapidly traverses from the gut to the CSF and
is rapidly oxidized (Figure 2IeJ), we surmised that octanoic acid is an
important signaling lipid in the CNS that may regulate energy ho-
meostasis. To test this hypothesis, lean mice were given an oral
gavage of water, trioleic acid (long-chain triglyceride, LCT), or tri-
octanoic acid (medium-chain triglyceride, MCT). The caloric content
of the triglyceride loads was equal to 10% of each mouse’s pre-
determined daily calorie intake and was administered just prior to the
main eating period (1600 h) to determine whether the fatty acids
promoted an anorexic response. MCT administration reduced food
intake by 53% compared with water and 41% compared with the LCT
in the first 8 h after gavage (Figure 3A). Even when the initial caloric
load was considered, food intake remained markedly suppressed by
MCT administration (Figure 3B). LCT administration reduced total
food intake by 20% in the first 8 h after gavage; however, there was
MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. This is an open ac
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no difference between LCT and water gavage when the energy
content of the LCT gavage was calculated into the total caloric load
(Figure 3B). There were no differences in caloric intake between the
groups between 8 and 48 h post-gavage, suggesting that there was
no “rebound” increase in food intake in the MCT-treated mice
(Figure S3).
The reduced food intake following MCT gavage was preceded by an
increase in oxygen consumption compared with water and LCT gavage
(Figure 3CeD). Unlike the prolonged effect on food intake, there was
no difference in oxygen consumption between treatments from 4 to 8 h
post-gavage. The MCT-mediated increase in oxygen consumption was
accompanied by a small but significant increase in physical activity
(Figure 3EeF), and no such changes were observed in the LCT-treated
mice. There was no difference in whole-body RER between the
treatment groups (Figure 3GeH). Together, these data demonstrate
that mice respond to MCT by rapidly and transiently reducing their food
intake and increasing their energy expenditure.
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Figure 2: Metabolism of fatty acids in hypothalamic neurons and the parenchyma of the hypothalamus in vivo. (AeC) Metabolism of oleic acid, palmitic acid, and octanoic acid in
cultured N24 hypothalamic neurons. (A) Fatty acid oxidation and storage in triglycerides (TG). (B) Oxidation to storage ratio of the various fatty acids. Data are mean � SEM. n ¼ 5
oleic acid, n ¼ 6 palmitic acid, and n ¼ 6 octanoic acid from three independent experiments. (C) TG accumulation in cultured N24 hypothalamic neurons after 18 h exposure to
fatty acids. *P < 0.05 compared to vehicle, n ¼ 3e6. (DeE) Fatty acid metabolism in the hypothalamus 30 min after intracerebral ventricular (ICV) administration of fatty acids in
mice. (D) Fatty acid oxidation and storage in triglycerides. (E) Oxidation to storage ratio of the various fatty acids. n ¼ 5 oleic acid, n ¼ 5 palmitic acid, and n ¼ 8 octanoic acid.
(FeH) Fatty acid metabolism in the hypothalamus 15 min after administration of fatty acids via the carotid artery in mice. (F) 14C levels in whole blood during (0e5 min) and after
(5e15 min) arterial infusion of 14C fatty acids. (G) Fatty acid oxidation and storage in triglycerides. (H) Oxidation to storage ratio of the various fatty acids. n ¼ 8 oleic acid, n ¼ 4
palmitic acid, and n ¼ 6 octanoic acid. (IeK) Fatty acid metabolism in the hypothalamus 60 min after oral gavage of fatty acids in mice. (I) 14C levels in whole blood before and
after oral administration of 14C fatty acids. (J) Fatty acid oxidation and storage in triglycerides. (K) Oxidation to storage ratio of the various fatty acids. n ¼ 4 oleic acid, and n ¼ 3
octanoic acid. For all of the panels, p < 0.05 indicated by lines adjoining bars. Statistical analysis by one-way analysis of variance with Bonferroni post hoc tests for the data in
panels A, B, D, E, G, H, J, and K.
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Figure 3: Octanoic acid, but not long-chain fatty acids, rapidly and transiently reduced food intake and increase energy expenditure. Water, trioleate (long-chain triglyceride, LCT),
or trioctanoic acid (medium-chain triglyceride, MCT) was administered to mice by oral gavage immediately prior to the evening feeding period (1600 h) in a randomized cross-over
design. (A) Food intake monitored over 24 h and (B) during the 8 h after oral gavage. Hatched portion of the bars represents caloric content of the oral gavage triglyceride. n ¼ 10
mice per group. (C) Oxygen consumption (VO2) monitored over 24 h and (D) during the 4 h after oral gavage. n ¼ 6 mice per group. (E) Physical activity monitored over 24 h and
(F) during the 4 h after oral gavage. n ¼ 6 mice per group. (G) The respiratory exchange ratio (RER) monitored over 24 h and (H) during the 4 h after oral gavage. n ¼ 6 mice per
group. Data are mean � SEM. For all of the panels, p < 0.05 indicated by lines adjoining bars. Statistical analysis by two-way analysis of variance for data in panels A, C, E, and G.
Statistical analysis by one-way analysis of variance for data in panels B, D, F, and H.
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3.4. Trioctanoic acid, but not trioleic acid, enhanced melanocortin
output in the hypothalamus of lean mice
Our results indicate that oral MCT administration enters the brain
CSF, attenuates food intake, and increases energy expenditure. A
critical central regulator of energy homeostasis is the melanocortin
system within the hypothalamus [31]. The melanocortin system,
comprised in part by POMC neurons in the ARC, has the capacity to
attenuate food intake and increase energy expenditure via the
release of a-MSH from POMC neurons innervating the PVH
(Figure 4A) [32]. We postulated that MCT effects on energy ho-
meostasis may be through modulation of this hypothalamic mela-
nocortin circuitry. To determine the capacity of MCT to increase
melanocortin output within the hypothalamus, we stained for a-MSH
in the PVH of the C57BL/6J mice administered water, MCT, or LCT.
We found that a-MSH staining in the PVH was increased in the MCT-
but not LCT-treated mice (Figure 4BeC). Next, to determine whether
the enhanced melanocortin response to MCT is of functional rele-
vance in vivo, we measured the activation of neurons in the PVH of
the mice administered either water, LCT, or MCT. Administration of
MCT, but not LCT, increased c-Fos staining (a surrogate marker of
neuronal activation) in the PVH (Figure 4DeE). Taken together, MCT
enhanced a-MSH and increased neuronal activity within the PVH,
which is consistent with a role of MCT in regulating the hypothalamic
melanocortin output known to regulate energy homeostasis [33e35].

3.5. Electrophysiological characterization of the effects of octanoic
acid on ARC POMC neurons
The anorexigenic effects of octanoic acid, increased melanocortin
output, and increased energy expenditure were consistent with a
potential role in directly regulating the electrical activity of ARC POMC
neurons. Accordingly, POMC neurons in brain slices containing the ARC
Figure 4: Medium-chain triglyceride but not long-chain triglyceride stimulates POMC n
Schematic depicting the melanocortin output from POMC neurons to the paraventricular nu
PVH activates post synaptic PVH neurons to suppress food intake. The 9-week-old C57Bl/6
trioctanoic acid (medium-chain triglyceride, MCT). Then 90 min later, brains were fixe
immunoreactivity. Scale bar ¼ 200 mm. Data are mean � SEM. For all of the panels, p < 0
for data in panels C and E. n ¼ 5 mice per group. Abbreviations: III, third ventricle; a-MS
PVH, paraventricular nucleus of the hypothalamus.
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were visualized and recorded. POMC neurons included in this study
had a resting membrane potential of �47.6 � 0.7 mV (n ¼ 95) and
input resistance of 1263 � 54 MU (n ¼ 100). Most of the POMC cells
were spontaneously active, with an average firing rate of
2.14 � 0.35 Hz (n ¼ 60). The electrophysiological properties of the
POMC neurons in the present study are consistent with those reported
previously [6,36,37].
Octanoic acid differentially regulated POMC neuronal excitability,
inducing inhibition and membrane hyperpolarization in 31.8%
(n ¼ 34), excitation and membrane depolarization in 27.1% (n ¼ 29),
and biphasic responses in 7.5% (n ¼ 8) of the POMC neurons, the
latter characterized by excitation preceding membrane hyperpolar-
ization and inhibition to levels beyond control resting potentials. The
remaining 36 (33.6%) of the POMC neurons were insensitive to
octanoic acid (Figure 5A).
Octanoic acid-induced excitation (Figure 5B) was characterized by
membrane depolarization of 5.0 � 0.6 mV (from �47.4 � 0.9 mV
to �42.4 � 0.7 mV in the presence of octanoic acid; n ¼ 34,
p < 0.001) associated with an increase in firing frequency of
1.13 � 0.24 Hz (baseline: 0.68 � 0.18 Hz; octanoic acid:
1.81 � 0.35Hz; n ¼ 34, p < 0.001) and an increase in neuronal input
resistance amounting to 396 � 105 MU (baseline, 1431 � 181 MU;
octanoic acid, 1800 � 216 MU; n ¼ 8, p < 0.01; Figure 5EeG). The
increase in input resistance was consistent with the closure of ion
channels and a decrease in whole-cell conductance. The voltagee
current (VI) relationship confirmed octanoic acid-induced excitation
associated with an increase in neuronal input resistance and a reversal
potential of �86 � 3.2 mV (n ¼ 7; Figure 5C,D), close to the reversal
potential for potassium ions under our recording conditions. These
data indicate octanoic acid-induced excitation via closure of one or
more resting potassium conductances.
euronal melanocortin output to the paraventricular nucleus of the hypothalamus. (A)
cleus of the hypothalamus (PVH). a-MSH release from POMC neurons terminating in the
J male mice were administered (orally) water, trioleate (long-chain triglyceride, LCT), or
d with paraformaldehyde and processed for PVH. (BeC) a-MSH and (DeE) c-Fos
.05 indicated by lines adjoining bars. Statistical analysis by one-way analysis of variance
H, alpha melanocyte-stimulating hormone; ARC, arcuate nucleus of the hypothalamus;

his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 5: Electrophysiological effects of octanoic acid on ARC POMC neurons: octanoic acid-induced excitation. (A) Overview pie chart showing the relative numbers of ARC POMC
neurons characterized by their response to octanoic acid. n ¼ 107 cells; 34 inhibited, 29 excited, 8 showed a biphasic response (inhibition and excitation), and 36 were insensitive
to octanoic acid. (B) Representative example of a whole-cell current clamp recording from an ARC POMC neuron showing octanoic acid-induced membrane depolarization and
increased firing rate. (C) Currentevoltage (IV) relationships generated by injection of a linearly increasing series of negative and positive current pulses (not shown) recorded in the
absence (control) and during octanoic acid-induced depolarization in an ARC POMC neuron. (D) Plot of IV relationships shown in C. Note the increase in the slope of the plot in the
presence of octanoic acid, indicating block or inhibition of a resting conductance. Note also the linear IV relationship in octanoic acid compared to control at negative membrane
potentials and point of intersection more negative than �90 mV, indicating octanoic acid-induced depolarization via block of inwardly rectifying potassium conductance. (E) Mean
change in membrane potential of octanoic acid excited POMC neurons (n ¼ 34; p < 0.001). (F) Mean change in firing frequency of octanoic acid excited POMC neurons (n ¼ 34;
p < 0.001). (G) Mean change in input resistance of octanoic acid excited POMC neurons (n ¼ 8; p < 0.01). Note in B ^ indicates 20 ml of 40 mM octanoic acid applied by
superfusion. Data are mean � SEM. For panels E, F, and G, p < 0.05 indicated by lines adjoining bars. Statistical analysis by paired two-tailed t-tests.
Octanoic acid-induced inhibition of the POMC neurons was charac-
terized by membrane hyperpolarization of 4.4 � 0.6 mV
(from �45.3 � 0.9 mV to �49.6 � 1.1 mV; n ¼ 40, p < 0.001)
associated with a decrease in the spontaneous action potential firing
rate by 0.82 � 0.16 Hz (baseline: 1.06 � 0.22 Hz; octanoic acid:
0.24 � 0.09 Hz; n ¼ 42, p < 0.001) and a reduction in the neuronal
input resistance amounting to 478 � 119 MU (baseline:
1521 � 220 MU; octanoic acid: 1043 � 153 MU; n ¼ 14, p < 0.01)
(Figure 6A, D, E, and F). The VI relationship revealed octanoic acid-
induced inhibition associated with a reversal potential of �70
mV � 4.4 mV (n ¼ 9; range �57 to �100 mV), midway between the
predicted reversal potentials for potassium and chloride ions
(Figure 6B,C). Taken together, these data indicate octanoic acid-
MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. This is an open ac
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induced inhibition via opening of the potassium and/or chloride ion
channels.

3.6. Octanoic acid-induced activation of POMC neurons is
mediated via GPR40 receptors
Having established the ionic mechanisms underlying octanoic acid-
induced changes in POMC neuronal excitability, we further explored
aspects of the signal transduction pathway. Octanoic acid-induced
excitation of POMC neurons (n ¼ 11) was blocked in the presence
of the free fatty acid receptor FFA1 (GPR40) antagonist DC260126 in
the majority of the POMC neurons tested (10/11: Figure 7A).
Furthermore, blocking of the fatty acid-induced excitation with
DC260126 uncovered an octanoic acid-induced inhibition in 6 of these
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 63

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 6: Electrophysiological effects of octanoic acid on ARC POMC neurons: octanoic acid-induced inhibition. (A) Representative example of a whole-cell current clamp recording
from an ARC POMC neuron showing octanoic acid-induced membrane hyperpolarization and inhibition of firing. (B) IV relationships of an ARC POMC neuron before (control) and
during octanoic acid-induced inhibition of activity in a POMC neuron. (C) Plot of IV relationships shown in B. Note the decrease in the slope of the plot associated with octanoic acid-
induced inhibition, indicating activation of a conductance. (D) Mean change in membrane potential of octanoic acid-induced inhibition of POMC neurons (n ¼ 40; p < 0.001). (E)
Mean change in firing rate of octanoic acid inhibited POMC neurons (n ¼ 42; p < 0.001). (F) Mean change in input resistance of octanoic acid inhibited POMC neurons (n ¼ 14;
p < 0.01). Note in A ^ indicates 20 mL of 40 mM octanoic acid applied by superfusion. Data are mean � SEM. For panels D, E, and F, p < 0.05 indicated by lines adjoining bars.
Statistical analysis by paired t-tests.

Original Article
neurons. In a further 7 POMC neurons, octanoic acid alone induced
inhibition, whereas subsequent exposure to DC260126 failed to block
this effect. Overall, in 13 of the 18 neurons exposed to this GPR40
antagonist, octanoic acid-induced inhibition persisted, characterized
by membrane hyperpolarization associated with a reduction or
cessation in spontaneous action potential firing (Figure 7B,C). These
data suggest a pivotal role of GPR40 in mediating octanoic acid-
induced activation of POMC neurons, but indicate it is not a require-
ment for octanoic acid-induced inhibition of neuronal activity.

3.7. Octanoic acid-induced regulation of POMC neuronal activity is
hemichannel dependent
As GPR40 failed to influence inhibitory effects of octanoic acid on
POMC neurons in the ARC, additional signaling pathways and mech-
anisms were explored. We first investigated whether the effects of
octanoic acid were indirect and mediated through neurotransmitter-
receptor signaling pathways that required activity-dependent synap-
tic transmission. Thus, we tested the effects of octanoic acid in the
presence of the sodium channel blocker tetrodotoxin (TTX) to block
activity-dependent synaptic inputs. Octanoic acid-induced responses
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persisted in the presence of TTX (Figure 8A,D), inducing excitation in
37.5% (6/16) and inhibition in 31.3% (5/16) of the POMC neurons, with
31.3% (5/16) of the POMC neurons being non-responsive to octanoic
acid. These data are compatible with octanoic acid-induced responses
in the absence of TTX (Figures 5A,B and 6A). Thus, in TTX, octanoic
acid-induced depolarization was associated with an increase in
neuronal input resistance and reversal potential around �90mV and
octanoic acid-induced inhibition was associated with a decrease in
neuronal input resistance and similar reversal potential, consistent
with inhibition and activation of one or more potassium conductances
(Figure 8B,C, E and F). These data suggest that the effects of octanoic
acid on POMC neurons are independent of activity-dependent neural
network activity and neurotransmitter release from nerve terminals.
Hemichannels are the conduit for the release of chemical messengers
in a synapse-independent manner from non-neuronal tissue including
the glia. Hence, we next tested the effects of octanoic acid in the
presence of the gap junction/hemichannel blocker carbenoxolone
(100 mM). In the presence of carbenoxolone, 83.3% (10/12) of the
POMC neurons failed to respond to octanoic acid, with the remaining
two neurons responding with a small depolarization and
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Figure 7: Octanoic acid-induced excitation of ARC POMC neurons via a GPR40 receptor-dependent mechanism. (A) Samples of a continuous whole-cell current clamp recording
from an ARC POMC neuron that responded to octanoic acid with an initial transient inhibition of activity followed by depolarization and increased spontaneous activity (top trace). In
the presence of the GPR40 receptor antagonist DC260126 (25 mM), octanoic acid-induced excitation was blocked, revealing a persistent inhibition of activity induced by octanoic
acid (bottom trace). (B) Overview of effects of DC260126 on octanoic acid-induced changes in membrane potential. Octanoic acid-induced excitation was blocked in the presence
of this antagonist (n ¼ 11), revealing an octanoic acid-induced inhibition in 6 of these. DC260126 had no significant effect on octanoic acid-induced membrane potential hy-
perpolarization. (C) Overview of effects of DC260126 on octanoic acid-induced changes in spontaneous action potential firing frequency. Octanoic acid-induced increase in firing
rate was blocked in the presence of this antagonist (n ¼ 11) and had little effect on octanoic acid-induced inhibition of activity (n ¼ 7). Data are mean � SEM. Statistical analysis
by paired two-tailed t-tests.
hyperpolarization, respectively (Figure 8G,H). These data suggest that
some effects of octanoic acid are mediated via hemichannel-
dependent release of a chemical messenger, which in turn regulates
POMC neuronal activity. We therefore investigated the effects of an-
tagonists of hemichannel-dependent chemical messengers such as
ATP and adenosine. The adenosine A1 and A3 receptor antagonists
DPCPX and MRS1523 had little or no effect on octanoic acid-induced
inhibition of the POMC neurons (data not shown). In the presence of the
A2aR antagonist istradefylline, octanoic acid-induced membrane hy-
perpolarization was blocked in 5/8 of these neurons, with the response
persisting in the remaining 3 neurons (Figure 9AeC). Octanoic acid-
induced membrane hyperpolarization was completely blocked by the
A2bR antagonist in a further 6 POMC neurons. Taken together, these
results show that octanoic acid liberates adenosine via a hemichannel-
dependent mechanism and, via A2aR and A2bR receptors, inhibits the
activity of POMC neurons.

4. DISCUSSION

MCFAs have been shown to improve satiation, increase energy
expenditure, reduce adiposity, and promote positive health effects
such as improved insulin sensitivity and glycemic control and lowering
of blood lipids [18,20e22]. To date, the mechanisms underpinning
these actions have remained largely unresolved. Our findings revealed
the important role of MCFA octanoic acid in controlling energy balance,
at least in part by regulating ARC POMC neuronal activity.
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We first showed that the blood and CSF MCFA concentrations are
similar and that octanoic acid constitutes the major component of
MCFAs in the CSF, indicating a potential role in cellular signaling. We
next showed that octanoic acid, unlike LCFA, is rapidly transported into
the CNS, where it is preferentially oxidized, rather than stored, and that
this is associated with rapid and transient anorexigenic actions
including reduced food intake and increased energy expenditure.
Furthermore, MCT administration enhanced a-MSH and neuronal
activity with the PVH, indicating an engagement of the hypothalamic
melanocortin system known to regulate energy homeostasis [31].
Accordingly, we investigated whether the effects of octanoic acid on
energy homeostasis could be mediated by neurons within the hypo-
thalamus that are fundamental in the control of energy balance
[10,38e40]. Electrophysiological recordings within the arcuate nu-
cleus revealed that octanoic acid altered the electrical activity of
approximately two-thirds of the POMC neurons, inducing membrane
depolarization and excitation or membrane hyperpolarization and in-
hibition of activity in subgroups of octanoic acid-sensitive POMC
neurons. Pharmacological blockade of activity-dependent synaptic
transmission with TTX confirmed the effects of octanoic acid on POMC
neurons to be direct on the postsynaptic membrane and not mediated
through neural circuit level, indirect, activity-dependent synaptic
transmission. These changes in the functional operation of POMC
neurons, which are fundamental to the central control of energy ho-
meostasis, likely contributes to the anorexigenic effects and increased
energy expenditure observed with octanoic acid in vivo.
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 65
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Figure 8: Effects of octanoic acid on POMC neurons are dependent on non-synaptic cellecell communication. (A). Samples of a continuous whole-cell current clamp recording
from an ARC POMC neuron showing octanoic acid-induced membrane depolarization persisted in the presence of the sodium channel blocker tetrodotoxin (TTX), indicating that the
response did not require activity-dependent synaptic transmission. (B) IV relationships generated by injection of a linearly increasing series of negative and positive current pulses
(not shown) recorded in the presence of TTX (control) and during octanoic acid-induced depolarization and TTX in an ARC POMC neuron. (C) Plot of IV relationships shown in B.
Note the increase in the slope of the plot in the presence of octanoic acid, indicating block or inhibition of a resting conductance by octanoic acid in TTX. (D) Samples of a
continuous whole-cell current clamp recording from an ARC POMC neuron showing octanoic acid-induced membrane hyperpolarization persisted in TTX, indicating that this
response did not require activity-dependent synaptic activity. (E) IV relationships generated by injection of a linearly increasing series of negative and positive current pulses (not
shown) recorded in the presence of TTX (control) and during octanoic acid-induced membrane hyperpolarization and TTX. (F) Plot of IV relationships shown in E. Note the decrease
in the slope of the plot in the presence of octanoic acid, indicating activation of one or more conductances by octanoic acid in TTX. (G)Octanoic acid-induced changes in membrane
potential were reduced in the presence of the gap junction and hemichannel blocker carbenoxolone but not by TTX. (H) Octanoic acid-induced changes in neuronal input resistance
were reduced in the presence of the gap junction and hemichannel blocker carbenoxolone, but not TTX. Data are mean � SEM. Data are mean � SEM. For panels G and H,
p < 0.05 indicated by lines adjoining bars. Statistical analysis by paired two-tailed t-tests.
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Figure 9: Octanoic acid-induced inhibition of ARC POMC neurons is mediated via adenosine A2a receptors. (A) Samples of a continuous whole-cell current clamp recording from
an ARC POMC neuron showing octanoic acid-induced inhibition of spontaneous activity (top trace) and the effect that was subsequently blocked in the presence of A2 receptor
antagonist istradefylline (bottom trace). (B) Istradefylline reduced octanoic acid-induced membrane potential hyperpolarization (n ¼ 8). (C) Istradefylline reduced octanoic acid-
induced firing (n ¼ 8). Data are mean � SEM. For panels B and C, statistical analysis by paired two-way t-tests.
Previous studies demonstrated that fatty acids can act as signaling
molecules to hypothalamic neurons [13e15]. The role of long-chain
fatty acids (LCFAs) as signals of nutrient availability and abundance
at the level of the hypothalamic melanocortin system has been
extensively studied, in particular the role of the LCFAs oleic acid and
palmitic acid [41e43]. In fasted states, orexigenic NPY mRNA levels
increase while the accumulation of fatty acids during the fed state
suppresses NPY neurons [44,45]. Experimentally, central administra-
tion of LCFAs decrease AgRP and NPY mRNA expression and suppress
food intake and glucose production [16,30,41]. These effects are most
likely mediated through the entry of LCFAs into mitochondria and b
oxidation. A role of carnitine palmitoyltransferase-1 (CPT1a) at the level
of the CNS is also suggested, as the inhibition of CPT1a similarly
decreases energy intake and glucose production [46,47]. However,
overfeeding abolishes the metabolic and anorexigenic effects of cen-
trally administered LCFAs in rodents [30]. Palmitic acid dysregulates
NPY neurons, with NPY expression increasing in both whole animal and
in vitro cell models [30,45] through an AMPK-dependent mechanism
[43,45], inducing inflammation, endoplasmic reticulum stress, and
insulin resistance [48e51].
Palmitic acid is also pro-inflammatory in POMC-expressing neurons.
Palmitic acid-induced POMC synthesis is thought to occur through its
MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. This is an open ac
www.molecularmetabolism.com
uptake and metabolism, with the generation of ATP and reactive oxygen
species synthesis driving these effects [52e54]. Interestingly, oleic acid
can prevent, reverse, and recover the pro-inflammatory effects of pal-
mitic acid on POMC neurons, although the mechanisms by which this is
achieved are unclear [54,55]. One mechanism may be directly through
changes in electrical excitability. Oleic acid has been shown to activate
ATP-sensitive potassium channels [56]. In hypothalamic slice prepara-
tions, electrophysiological recordings have demonstrated that oleic acid
can induce excitation of subsets of POMC neurons, but not NPY neurons,
via inhibition of ATP-sensitive potassium channels [57]. The effects of
oleic acid persisted in high-fat diet fed animals despite changes in the
electrical excitability of these neurons, these effects being specific,
based on the fact that the MCFA octanoic acid had no effect on oleic
acid-sensitive neurons. b Oxidation of oleic acid in POMC neurons and
its effects on their neuronal excitability via activation of ATP-sensitive
potassium channels has been proposed to underlie the anorexigenic
effects of this LCFA [57]. Research by Jo et al. (2009) is the only previous
study to examine the effects of octanoic acid and indicated no effect on
ARC POMC neurons that were sensitive to oleic acid [57]. Given that the
data presented in the current paper clearly demonstrates the differential
sensitivity of ARC POMC neurons to octanoic acid, including some POMC
neurons that are insensitive to this MCFA, the relatively small number of
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 67
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cells tested by Jo et al. [57], differences in recording, and mouse
metabolic status (fed vs high-fat diet fed) or stage of development [58]
may explain these differences.
POMC neurons have been demonstrated to be both functionally and
anatomically heterogeneous [5,59e61]. Subpopulations of POMC neu-
rons have been shown to differentially respond to leptin, insulin, and
serotonin [33,59,60] and exhibit plasticity in their functional heteroge-
neity in response to glucose and insulin dependent upon metabolic
status [35,62]. As such, the differential responsivity of POMC neurons to
octanoic acid likely reflects the ability of these neurons to integrate
multiple hormonal cues influencing diverse homeostatic processes.
Free fatty acid receptors are known to act as nutrient sensors and
contribute to the maintenance of energy homeostasis in various re-
gions throughout the body [63]. Previous attempts to understand how
fatty acids influence the central control of energy homeostasis have
focused on the transport of fatty acids into cells by fatty acid trans-
locase (FAT/CD36) and intracellular metabolism of fatty acids, leading
to the closure of ATP-sensitive potassium channels (KATP) [15,57,64].
Free fatty acid receptor 1 (FFA1 or GPR40) is activated by medium-to
long-chain fatty acids including octanoic acid [65], is expressed within
the hypothalamus, and co-localizes with POMC neurons [23,66], and
activation of these receptors increases c-Fos expression in these
neurons [23], the latter a marker for neuronal activation. We therefore
considered GPR40 as a possible mechanism mediating the effects of
octanoic acid. Pharmacological antagonism of GRP40 blocked the vast
majority of the excitatory effects of octanoic acid on POMC neurons,
demonstrating that octanoic acid-induced depolarization of POMC
neurons was dependent on GPR40. GPR40 is a Gaq/11-coupled re-
ceptor, coupled to a phospholipase C (PLC)/1,4,5-triphosphate (IP3)
signal transduction pathway and intracellular Ca2þ release from
intracellular stores [63,65]. Our data show octanoic acid-induced
excitation of POMC neurons via GPR40 and blocking of one or more
resting potassium conductances, including inwardly rectifying potas-
sium conductances. GPR40 has previously been implicated in the
development of type 2 diabetes and remains a potential drug target for
treatment of this disease [63]. The data presented herein suggest
GRP40 not only plays a role in regulating energy homeostasis in the
periphery, but also contributes significantly at the level of the CNS;
thus, future strategies targeting this receptor should take this into
account.
Although GRP40 was shown to be fundamental to the octanoic acid
signaling pathways driving activation of POMC neurons, it had no role
in mediating the inhibitory effects of this MCFA. This study revealed
octanoic acid to have a high oxidation to storage ratio, demonstrating
that the majority of octanoic acid arriving within the hypothalamus
undergoes b oxidation. Oxidation of fatty acids within the brain pri-
marily occurs in astrocytes [67], which have been shown to release
ATP into the extracellular space via connexin-mediated hemichannels
or connexons [68,69]. Once released, ATP itself can act as a chemical
messenger, or ectonucleotides in the extracellular space can rapidly
convert ATP into adenosine, which in turn can also act as an extra-
cellular signaling molecule [70,71]. Thus, we hypothesized that ATP
and/or adenosine may contribute to the signaling pathway underpin-
ning octanoic acid-induced inhibition of POMC neuronal activity. We
subsequently confirmed this using selective antagonists to demon-
strate a role for A2AR and A2BR in mediating octanoic acid-induced
membrane hyperpolarization and inhibition of POMC neuronal activ-
ity. Furthermore, the persistence of octanoic acid-induced inhibition in
TTX and suppression of the response by the hemichannel blocker
68 MOLECULAR METABOLISM 34 (2020) 54e71 � 2020 The Authors. Published by Elsevier GmbH. T
carbenoxolone further supports the notion that these effects of octa-
noic acid are mediated by a purine-dependent signaling pathway
requiring release via hemichannels rather than activity-dependent
synaptic transmitter release from nerve terminals. Taken together,
these effects are most likely mediated by b oxidation of octanoic acid
and subsequent release of ATP from connexin/pannexin hemichannels
[68,69] and subsequent conversion to adenosine, either in the extra-
cellular space or prior to release.
Adenosine has been previously implicated in the regulation of feeding
behaviors, and the role the glia play in the regulation of energy ho-
meostasis is increasingly recognized [72,73]. Chemogenetic or opto-
genetic activation of astrocytes reduces food intake in normal
orexigenic, and potentiates the reduction of food intake in anorexigenic
situations, effects that were mediated by adenosine receptors [74,75].
Activation of the glia is associated with increased extracellular aden-
osine in the hypothalamus, and adenosine also reduces food intake
when injected intraperitoneally [75]. Astrocyte activation leads to in-
hibition of AgRP neurons [74], and adenosine differentially inhibits
AgRP and increases activity in POMC neurons [75]. The data presented
herein suggest that octanoic acid-induced inhibition of function-
specific subpopulations of POMC neurons is mediated by b oxidation
of octanoic acid and release of ATP from connexin/pannexin hemi-
channels [68,69], with subsequent conversion to adenosine, either in
the extracellular space or prior to release. Further work is required to
fully clarify this signaling pathway, the source of the liberated purines,
and the relative role of the glia.
In summary, this study showed for the first time how POMC neurons
detect and adapt activity in response to physiologically relevant levels
of MCFA octanoic acid. As a component of the melanocortin system,
AgRP neurons and tanycytes form a nutrient sensing interface at the
level of the bloodebrain barrier. How the melanocortin neuroglial
circuits integrate information regarding peripheral and central nutrient
signals to formulate appropriate output and behavioral change requires
further investigation.

5. CONCLUSIONS

In conclusion, we have identified a mechanism linking octanoic acid
consumption to a rapid and transient anorectic response characterized
by reduced food intake and increased energy expenditure. Once
consumed, MCFAs rapidly enter the systemic circulation and traverse
the bloodebrain barrier, contrasting with the relatively slow entry of
LCFAs into the CSF and hypothalamic parenchyma. Octanoic acid
differentially modulates ARC POMC neuronal activity in two ways:
directly by signaling through GPR40 and indirectly via an adenosine-
and adenosine receptor-dependent mechanism. Understanding this
process and the functional organization of the subsets of POMC neu-
rons differentially regulated by octanoic acid may lead to future novel
fatty acid-based therapeutic strategies to modulate energy balance.
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