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Abstract—The unsaturated fatty acid, oleate exhibits

anorexigenic properties reducing food intake and hepatic

glucose output. However, its mechanism of action in the

hypothalamus has not been fully determined. This study

investigated the effects of oleate and glucose on GT1-7

mouse hypothalamic cells (a model of glucose-excited

(GE) neurons) and mouse arcuate nucleus (ARC) neurons.

Whole-cell and perforated patch-clamp recordings,

immunoblotting and cell energy status measures were used

to investigate oleate- and glucose-sensing properties of

mouse hypothalamic neurons. Oleate or lowered glucose

concentration caused hyperpolarization and inhibition of fir-

ing of GT1-7 cells by the activation of ATP-sensitive K+

channels (KATP). This effect of oleate was not dependent

on fatty acid oxidation or raised AMP-activated protein

kinase activity or prevented by the presence of the UCP2

inhibitor genipin. Oleate did not alter intracellular calcium,

indicating that CD36/fatty acid translocase may not play a

role. However, oleate activation of KATP may require ATP

metabolism. The short-chain fatty acid octanoate was

unable to replicate the actions of oleate on GT1-7 cells.

Although oleate decreased GT1-7 cell mitochondrial mem-

brane potential there was no change in total cellular ATP

or ATP/ADP ratios. Perforated patch and whole-cell record-

ings from mouse hypothalamic slices demonstrated that

oleate hyperpolarized a subpopulation of ARC GE neurons

by KATP activation. Additionally, in a separate small popula-

tion of ARC neurons, oleate application or lowered glucose

concentration caused membrane depolarization. In conclu-

sion, oleate induces KATP-dependent hyperpolarization and

inhibition of firing of a subgroup of GE hypothalamic
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INTRODUCTION

The hypothalamus is critical for the continuous regulation

of whole-body glucose, lipid and energy homeostasis. To

perform this function, various hypothalamic nuclei (e.g.

arcuate (ARC), ventromedial (VMN), lateral

hypothalamic area and paraventricular) contain

neuropeptide-expressing neurons that monitor

circulating nutrients and hormone levels (Levin et al.,

2004). Scattered throughout these nuclei are subpopula-

tions of neurons that sense changes in glucose levels,

resulting in altered neuronal firing and modified energy

homeostasis (Levin et al., 1999). There are two main sub-

types of glucose-sensing hypothalamic neurons that con-

tribute to these homeostatic mechanisms: neurons

excited (glucose-excited (GE)) and inhibited (glucose-

inhibited (GI)) by increased levels of glucose. GE neurons

utilize ATP-sensitive potassium (KATP) channels (in a

manner similar to pancreatic beta cells (MacDonald

et al., 2005) to modulate their electrical activity in

response to changes in extracellular glucose concentra-

tion (Ashford et al., 1990; Wang et al., 2004; Kang

et al., 2006). It is presently unclear which ion transport

mechanism is responsible for transducing changes in glu-

cose concentration to modify electrical activity in GI neu-

rons (Gonzalez et al., 2009). These glucose-sensing

neurons, in particular GE neurons, play important roles

in the feeding response to glucoprivation (as suppression

of glucokinase (GK) diminishes the glucoprivic stimulation

of feeding (Dunn-Meynell et al., 2009), and liver glucose

production (Parton et al., 2007) and have been strongly

implicated in the detection of hypoglycemia and subse-

quent generation of counterregulatory responses (Beall

et al., 2012). For example, loss of the KATP channel sub-

unit, KIR6.2, causes near complete suppression of gluca-

gon responses to hypoglycemia, which is driven by the

loss of KATP on neural cells (Miki et al., 2001).

Similarly, energy status (i.e. lipid level) is also

communicated continuously to the hypothalamus. This
/licenses/by/4.0/).
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is performed, at least in part, by hypothalamic neurons

responding to changes in the concentrations of

circulating hormones (e.g. leptin and insulin), the levels

of which correlate with adipose tissue depot size. It is

this latter communication system that is considered to

become faulty in obesity (Frederich et al., 1995). How-

ever, circulating lipids, such as long-chain fatty acids,

have also been demonstrated to directly act on hypotha-

lamic centers to modulate feeding and hepatic glucose

output (Obici et al., 2002; Lam et al., 2005). Circulating

levels can be acutely elevated, such as during fasting or

hypoglycemia, where lipolysis is elevated (De Feo et al.,

1989), therefore it is plausible that some neurons have

a capacity to detect both reduced glucose and elevated

lipid levels. Indeed the long-chain fatty acid, oleate alters

ARC neuron neuropeptide expression, electrical activity

and within glucosensing neurons, can alter intracellular

calcium signaling via CD36/fatty acid translocase

(Obici et al., 2002; Morgan et al., 2004; Wang et al.,

2006; Le Foll et al., 2009). Furthermore, long-chain fatty

acids are activators of KATP channels in pancreatic beta

cells (Larsson et al., 1996) and hypothalamic-delivered

oleate suppresses hepatic glucose production in a

KATP-dependent manner (Obici et al., 2002). A previous

study suggested that oleate alters the excitability of

ARC neurons in a glucose-concentration-dependent man-

ner suggesting interaction at the level of cellular nutrient

metabolism (Wang et al., 2006). In addition, the central

effects of fatty acids on glucose homeostasis have been

ascribed to neuronal fatty acid metabolism (Obici et al.,

2003; Cruciani-Guglielmacci et al., 2004).

Alternatively, fatty acids can regulate the activity of

mitochondrial uncoupling proteins (UCP) (Echtay et al.,

2001), including the neuronal enriched UCP isoforms,

UCP4 and UCP5 (Hoang et al., 2012). In the pancreatic

beta cell, UCP2 has been implicated in regulating

glucose-sensing behavior (Lameloise, 2001; Zhang,

2001; Parton et al., 2007). Indeed, oleate modulates the

expression of UCP2 and alters glucose-dependent insulin

secretion in pancreatic beta cells and beta cell lines

(Medvedev et al., 2002; Oprescu et al., 2007). Impor-

tantly, UCP2 has been shown to regulate the glucose-

sensing behavior of GE neurons and alter whole-body

glucose homeostasis (Parton et al., 2007). Consequently,

in order to explore the mechanisms by which oleate mod-

ifies neuronal excitability we have examined the interplay

between nutrient-dependent pathways and oleate

responses in mouse GE-type neurons.
EXPERIMENTAL PROCEDURES

Cell culture

Immortalized mouse hypothalamic GnRH secreting GT1-

7 cells (Pamela Mellon, San Diego, California, USA (Lam

et al., 2005) were maintained in Dulbecco’s modified

Eagle’s medium (DMEM; Sigma–Aldrich, Gillingham,

UK)) with 10% fetal bovine serum (PAA Laboratories,

Yeovil, UK & Hyclone, Pasching, Austria) as described

(Mirshamsi et al., 2004).
Immunoblotting

GT1-7 cells, seeded in 6-well dishes, were serum-starved

for three hours with DMEM replaced by saline and then

treated with nutrients (0–100 lM oleate or 2.5/0.1 mM

glucose) for various times as described in the results

section. We used oleate concentrations in the low

micromolar (10–100 lM) as plasma concentrations of

total free fatty acids have been estimated within the

range of 350–500 lM under normal circumstances

(Richieri and Kleinfeld, 1995; Mai et al., 2006; Abdul-

Ghani et al., 2008) and, in type 1 diabetes, can reach

levels of more than 1200 lM (Boden, 1998). In human

CSF levels of oleate have been reported to be >10 lM

in non-diabetic populations (Levi et al., 2013), and may

be expected to reach much higher levels in type 1 diabetic

patients. In rats, brain glucose levels have been esti-

mated at �2.5 and �0.1 mM during euglycemia and

hypoglycemia, respectively (Silver and Erecinska, 1994).

Protein isolation and immunoblotting procedures were

as described previously (Mirshamsi et al., 2004). Briefly,

protein lysates were subjected to SDS–PAGE, electro-

transferred to nitrocellulose membranes, and probed with

primary antibodies against p-AMPKa (Thr172; 1:1000), p-

ACC (Ser79; 1:1000), actin (1:5000), UCP4 (1:1000) and

UCP5 (1:1000). All antibodies were obtained from Cell

Signalling Technology Inc. (New England Biolabs, Hitchin,

UK) except UCP4 and UCP5, which were obtained from

Acris Antibodies (Herford, Germany). Proteins were

detected with horseradish peroxidase-conjugated Goat

anti-Rabbit IgG and immunoreactive proteins identified by

chemiluminescence. Gel protein bands were quantified by

densitometry, where total density was determined with

respect to constant area, background subtracted and aver-

age relative band density calculated.

Hypothalamic slice preparation

All animal procedures conformed to the UK Animals

Scientific Procedures Act (1986) and were approved by

the University of Dundee institutional ethics review

committee. Wild-type male C57Bl/6 mice (6–20 weeks

old) were killed by cervical dislocation and the brains

rapidly removed and submerged in an ice cold slicing

solution as described previously (Hisadome et al.,

2009). Briefly, hypothalamic coronal slices containing

the ARC (350 lm) were prepared using a Vibratome (St

Louis, MO, USA) and stored at room temperature (22–

25 �C) in an external solution containing (in mM): NaCl

125, KCl 2.5, NaH2PO4 1.25, NaHCO3 25, CaCl2 2, MgCl2
1, D-Glucose 10, D-Mannitol 15, ascorbate 1 and pyru-

vate 3, equilibrated with 95% O2, 5% CO2, pH 7.4. Imme-

diately before use, brain slices were transferred to the

recording chamber of an upright Zeiss Axioskop-2 FS

plus microscope and continuously perfused with a modi-

fied external solution (containing 0.5 mM CaCl2 and

2.5 mM MgCl2, no ascorbate and pyruvate) at a constant

flow rate of 5–10 ml min�1 and bath temperature of 33 �C.

Electrophysiology

GT1-7 cells were visualized by phase contrast and

individual neurons of mouse hypothalamic slices by
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differential interference contrast optics. Whole-cell patch-

clamp recordings were performed using borosilicate

pipettes (4–8 MO) filled with an internal solution

containing (mM): K-gluconate 130, KCl 10, EGTA 0.5,

HEPES 10, NaCl 1, MgCl2 3, CaCl2 0.28, Na2-ATP 3,

Tris-GTP 0.3, and phosphocreatine 14; pH 7.2 for ARC

neurons and with KCl 140, EGTA 10, HEPES 10, MgCl2
5, CaCl2 3.8, and Na2-ATP 3; pH 7.2 for GT1-7 cells.

Hypothalamic neuron recordings were made in external

solution at 33 �C and GT1-7 cell recordings at room

temperature (22–25 �C) in saline containing (in mM):

NaCl 135, KCl 5, MgCl2 1, CaCl2 1, HEPES 10, glucose

2.5 (pH 7.4). For perforated patch-clamp recordings 30–

35 lg/ml amphotericin B and/or 2.5 mg/ml gramicidin

was included in the internal solution in the absence of

Na2-ATP. As previously described, voltage and current

commands were manually or externally driven using

pCLAMP 9.2 software and injected into neurons via the

patch-clamp amplifier (Axopatch 200B; Molecular

Devices, Sunnyvale CA, USA). In the whole-cell current-

clamp configuration, hyperpolarising current pulses (5–

20 pA amplitude at a frequency of 0.05 Hz) were used

to monitor changes in input resistance. For voltage-

clamp recordings the membrane potential was held at

�70 mV and voltage steps (20 mV increments, 200 ms

duration) applied over the voltage range of �160 to �20

or +80 mV. Voltage-clamp protocols were carried out

immediately after whole-cell formation, prior to and

during exposure to drugs and/or oleate or altered

glucose concentration (following achievement of

maximal responses). At least 10 min of stable control

data were recorded before the application of drugs or

oleate, which were added to the external/saline solution

and applied to slices or GT1-7 cells via a superfusion

system. In some slice experiments oleate was applied

locally via pressure ejection using a broken-tipped

pipette positioned above the recording neuron.
Nucleotide measurements

GT1-7 cells were seeded onto black-walled 96-well plates

at 1 � 104 cells per well. Total ATP measurements were

made using ATPLite assay kit (Perkin-Elmer, Seer

Green, UK), as per the manufacturer’s protocol, with

minor modifications. Briefly, cells were lyzed with

shaking, using 40 ll of mammalian cell lysis buffer for

10 min at 700 rpm, followed by the addition of 40 ll of

ATP substrate solution. For ATP/ADP ratios, cells were

plated as for total ATP measurements. Ratios were

determined using an ATP/ADP ratio kit (Sigma–Aldrich,

Gillingham, UK) as per the manufacturer’s instructions.
Mitochondrial membrane potential

GT1-7 cells were seeded on to glass-bottom dishes (In

Vitro Scientific, CA, USA) 24 h prior to study. JC-1 was

used as per the manufacturer’s protocol with minor

modifications. Briefly, cells were pre-incubated with

2 lg/ml JC-1 for 1 h at 37 �C in a 95% O2/5% CO2

humidified incubator before washing twice with saline

containing 10 mM glucose and studied immediately.

Images were captured on a Leica SP5 laser scanning
confocal microscope and fluorescence intensity

analyzed using the standard Leica LAS AF software and

GraphPad Prism 5 for statistical analyses.

Non-ratiometric calcium imaging

GT1-7 cells were seeding into 96-well plates at

2 � 105 cells per well. Cells were loaded with Fluo4

Direct (ThermoFisher, UK) for 1 h at 37 degrees.

Fluorescence was monitored using a Pheratar FS

multifunction plate reader (BMG Labtech, Aylesbury,

Buckinghamshire, UK), with oleate added by injection

and cells maintained at 37 degrees during the imaging

protocol. Fluorescence is presented as relative

fluorescent units (RFU), with fluorescence at the zero

point being normalized to 1.

Chemicals

Amphotericin B, AMP-PNP, FA-free bovine serum

albumin, diazoxide, etomoxir, gramicidin, malonyl-CoA,

octanoic acid, oleic acid, and tolbutamide were

purchased from Sigma–Aldrich. Compound C was

obtained from Merck Chemicals Ltd (Nottingham, UK).

Genipin was purchased from Wako Chemicals

(Eastleigh, UK) and JC-1 was obtained from Thermo

Fisher Scientific (Renfrew, UK). Oleate was prepared as

a 10 mM stock solution containing 5% NEFA-free BSA.

Statistics

In slice recordings, hypothalamic neurons responding to

drugs, oleate or altered glucose concentration were

distinguished from non-responding neurons based on

the criterion that the change in membrane potential

(DVm) induced by the challenge was ± three times the

standard deviation of the mean membrane potential

prior to the challenge. Results are expressed as the

mean ± S.E.M. of the defined responses, with the

number of cells studied. Statistical significance was

determined by Student’s t-test or ANOVA followed by

Bonferroni’s post hoc test where appropriate. Changes

in protein phosphorylation in Western blot experiments

were analyzed using a one-sample t-test for multiple

comparisons with respect to control. A P value of less

than 0.05 was considered statistically significant.

RESULTS

Mouse hypothalamic GT1-7 cells exhibit GE behavior
and are oleate-sensitive

Attempting to study the mechanism(s) by which oleate

alters ARC neuron excitability is difficult when recording

from unidentified neurons in a hypothalamic slice.

Therefore, we utilized the mouse hypothalamic cell line,

GT1-7, which exhibits GE-type properties. We have

previously demonstrated that this neuronal cell line

shows graded electrical responses over a physiological

range of glucose concentrations and that these

responses can be modulated by pharmacological

manipulation of the classical components of glucose-

sensing, namely glucokinase, adenosine 50-monopho
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sphate-activated protein kinase (AMPK) and KATP (Beall

et al., 2012). They therefore represent an excellent model

for studying the mechanisms through which oleate may

alter neuron excitability.

In GT1-7 cells, a hypoglycemic challenge (0.1 mM

glucose) of 30 min resulted in increased AMPK
phosphorylation (p-AMPK) (Fig. 1A). This was

accompanied by increased acetyl-CoA carboxylase

(ACC) phosphorylation (p-ACC), a key substrate of

AMPK, indicating increased AMPK activity. As AMPK

has been implicated as a key component of cellular

glucose sensing in hypothalamic neurons (Claret et al.,
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2007), GT1-7 neurons (Beall et al., 2012) and pancreatic

beta cells (Beall et al., 2010), we next examined whether

oleate also alters AMPK activity. Oleate (10–100 lM;

Fig. 1B) increased levels of AMPK and ACC phosphoryla-

tion with a minimum oleate concentration to elicit this

response of >50 lM (Fig. 1B). Thus, oleate mimics the

effects of lowered glucose levels on p-AMPK/p-ACC

levels in GT1-7 cells over a similar time course. Conse-

quently, we next determined whether oleate also induced

cell hyperpolarisation and KATP activation in GT1-7 cells

as demonstrated previously for lowered glucose concen-

trations (Beall et al., 2012).

Hence we performed perforated patch recordings

(which minimizes disruption of normal cell glucose

metabolism) from GT1-7 cells to monitor changes in

electrical activity and firing frequency. Application of

oleate (100 lM) to GT1-7 cells induced

hyperpolarization and inhibition of firing (Fig. 1C).

Baseline membrane potential was �54.3 ± 3.1 mV,

which hyperpolarized to �70.0 ± 1.5 mV following

approximately 15 min of oleate treatment (n = 3,

P < 0.05), and reversed by application of tolbutamide

(200 lM) suggesting activation of KATP channels. The

lowest concentration at which oleate induced a

detectable hyperpolarization of GT1-7 cells was �50 lM

(data not shown). To determine the contribution of KATP,

we utilized whole-cell voltage-clamp, intermittent with

current-clamp recordings to examine the effect of oleate

on KATP currents following attainment of the maximal

hyperpolarizing response. Firstly, oleate hyperpolarized

GT1-7 neurons (Fig. 1D upper traces) with a similar time

course to that observed in perforated patch recordings.

Secondly, this hyperpolarization was accompanied by

an increased total current (Fig. 1D lower traces), a shift

in the reversal potential from �29.2 ± 6.5 mV to �58.9

± 4.5 mV (n = 6; P < 0.01; Fig. 1E) and an increased

slope conductance (Fig. 1F). The increase in

conductance elicited by oleate was returned to control

levels by concomitant application of 200 lM tolbutamide

(n = 3; Fig. 1F). Additionally, GT1-7 cells under voltage-

clamp exposed to 100 lM oleate and subsequently

challenged by addition of the direct KATP channel

opener diazoxide (250 lM) in the continued presence of

oleate, demonstrated further cell hyperpolarization

(Fig. 1D), an additional negative shift of the reversal

potential (to �76.0 ± 2.2 mV; n = 6; P < 0.01; Fig. 1E)
Fig. 1. Oleate activates AMPK and KATP in glucose-sensing GT1-7 neuro

glucose concentration from 2.0 to 0.1 mM on p-AMPK and p-ACC levels with t

function of time after challenge with 0.1 mM glucose (n = 6). (B) Represen

oleate (10, 50 and 100 lM) on the levels of p-AMPK and p-ACC. Bar graphs s

concentration (n = 5–8). (C) Oleate hyperpolarizes GT1-7 cells within 5–15 m

graph shows mean values for membrane potential of cells exposed to oleate (

voltage-clamp for short periods as denoted by (d) showing that the oleate (1

diazoxide (250 lM) causing further hyperpolarization (upper traces). The fam

tests pulses between �160 and �20 mV and obtained at times marked (d
relationships formed with current amplitude values from the cell shown in (D).

best fit to current–voltage curves over �160 to �20 mV range) in control a

+ Dzx (n = 6). (G) Effect of oleate (100 lM) on the membrane potential of a

solution and allowed to dialyze into the cell for 20 min prior to oleate applicatio

addition of tolbutamide (200 lM). Bar graph shows mean values for membran

whole-cell configuration and after 20-min dialysis, followed by the addition of

± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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with an enlarged current associated with a greater slope

conductance (Fig. 1D, F). These actions of oleate are

consistent with submaximal activation of KATP. In order

to assess whether the increase in AMPK activity drives

the oleate-mediated hyperpolarization and KATP

activation, we determined the effect of oleate on whole-

cell recordings with the AMPK inhibitor (Zhou et al.,

2001), compound C (20 lM) in the pipette solution. The

presence of compound C resulted in a significantly more

depolarized membrane potential for GT1-7 cells, in com-

parison to untreated control cells, but did not prevent ole-

ate from hyperpolarizing the cells in a tolbutamide-

dependent manner (Fig. 1G). Consequently, these data

suggest that, in contrast to lowered glucose level

(Hisadome et al., 2009), elevated AMPK activity is not

required for oleate-mediated activation of KATP channels

and cell hyperpolarization.
GT1-7 cell response to OA is independent of fatty
acid oxidation

It has previously been reported that oleate induces

depolarization and excitation of mouse ARC

proopiomelanocortin (POMC) neurons via mitochondrial

b-oxidation, raised ATP concentration and subsequent

inactivation of KATP channel activity (Jo et al., 2009). As

GT1-7 cells respond to oleate by activation of KATP and

cell hyperpolarization such a mechanism was unlikely to

also explain this outcome. Alternatively, increased fatty

acid oxidation could raise reactive oxygen species levels

(Ruiz-Ramı́rez et al., 2011; Arany et al., 2013;

Gremmels, 2015) previously implicated in pathways

leading to neuronal KATP activation (Chai and Lin,

2010). Thus in order to examine the role of fatty acid

metabolism via b-oxidation we prevented the delivery of

oleate to mitochondria by inhibition of carnitine

palmitoyltransferase-1 (CPT1). Whole-cell recordings

were used to deliver directly to the interior of the cell (drug

present in patch pipette solution), either malonyl-CoA

(50 lM) an endogenous CPT1 inhibitor (McGarry et al.,

1977) or etoxomir (100 lM) an irreversible CPT1 inhibitor

(Declercq et al., 1987). The presence of malonyl-CoA did

not significantly alter the membrane potential of GT1-7

cells (�43.9 ± 2.3 mV; n = 10; P > 0.05 vs untreated

controls), and subsequent challenge with oleate resulted

in membrane potential hyperpolarization and increased
ns. (A) Representative immunoblots showing the effect of lowering

ime. Bar graphs show relative mean levels of p-AMPK and p-ACC as a

tative immunoblots showing the effect of increasing concentration of

how relative mean levels of p-AMPK and p-ACC as a function of oleate

in of application, an action reversed on application of tolbutamide. Bar

n = 3). (D) Whole-cell recording under current-clamp and switched to

00 lM) hyperpolarization is sustained but submaximal with addition of

ilies of currents shown are from a holding potential of �70 mV with

) during the experiment shown in upper traces. (E) Current–voltage

(F) Bar graph denotes mean slope conductance values (derived from

nd after addition of 100 lM oleate, oleate + tolbutamide and oleate

GT1-7 cell in which compound C (20 lM) was present in the electrode

n. Note that oleate hyperpolarized the cell, which was reversed by the

e potential of cells dialyzed with compound C �2 min after formation of

oleate, tolbutamide and extensive wash (n = 4–7). Values are mean
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KATP conductance (Fig. 2A–C). The actions of oleate in

the presence of malonyl-CoA were similar to that of

control experiments (above), however, although the initial

(5–10 min) response to oleate in the presence of malonyl-

CoA was indistinguishable from control, we did note that
the oleate response waned with time and by 20 min was

reduced by >50% (Fig. 2A–C). This outcome could indi-

cate a delayed reduction in fatty acid oxidation by

malonyl-CoA, mediated perhaps by diffusion limitations.

Thus, in separate experiments, we examined the effect
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of etomoxir (applied via pipette solution with a dialysis

time of at least 20 min prior to oleate challenge) and

showed that this drug had no effect per se on the resting

membrane potential of GT1-7 cells and did not prevent

oleate from causing cell hyperpolarization (Fig. 2D). Con-

sequently, it appears unlikely that b-oxidation of oleate is

required to elicit the inhibition of GT1-7 cell electrical

activity. We next examined whether the short-chain fatty

acid octanoate (C8), which does not require CPT1-

dependent transport into the mitochondria for oxidation,

could mimic the hyperpolarizing effect of oleate on GT1-

7 cells. Surprisingly, addition of octanoate (50 lM) to

GT1-7 cells caused a significant depolarization, which

was reversible on washout of the fatty acid (Fig. 2E).

However, the presence of this short-chain fatty acid did

not prevent oleate from hyperpolarizing GT1-7 cells in a

tolbutamide-dependent manner (Fig. 2F). These results

indicate that GT1-7 cells respond by different effector

mechanisms to short- and long-chain fatty acids. In cal-

cium imaging studies, we found that oleate treatment

did not alter intracellular calcium (Fig. 2H) suggesting that

CD36 is not involved in this response.

Oleate hyperpolarization of GT1-7 cells may be
dependent on ATP metabolism

Previously it has been suggested that oleate may inhibit

ATP-dependent gating of an acetylcholine-modulated

potassium channel (Kim and Pleumsamran, 2000). As

KATP channel activity is controlled to a large extent by

the ATP/ADP ratio in cells, with ATP-inhibiting and

ADP-activating KATP activity, respectively (Tucker and

Ashcroft, 1998), a simple explanation for the oleate-

mediated hyperpolarization could be reduced ATP-

dependent inhibition of channel activity. To examine this

possibility, we first decided to replace ATP with the non-

hydrolyzable ATP analog, 50-adenylylimidodiphosphate

(AMP-PNP; 3 mM) in the pipette solution. The mean

GT1-7 cell resting membrane potential was significantly

depolarized by the presence of AMP-PNP (Fig. 2G), com-

pared to control experiments in which ATP was allowed to

wash into the cell interior (compare with Fig. 2A). Further-

more, neither oleate (up to 200 lM) nor diazoxide

(250 lM) application to cells dialyzed with AMP-PNP

resulted in hyperpolarization of the membrane potential

(Fig. 2G), conflicting with the idea that oleate may act to

displace ATP from its inhibitory site on KATP. However,
Fig. 2. KATP activation by oleate is independent of AMPK, fatty acid oxidatio

membrane potential of a GT1-7 cell in which malonyl-CoA (50 lM) was pre

20 min prior to oleate application. (B) Families of currents shown are from

�20 mV and obtained at the marked times (d) during the experiment shown i

from best fit to current–voltage curves over �160 to �20 mV range) in contr

oleate addition. (D) Effect of oleate (100 lM) on membrane potential of a G

solution and allowed to dialyze into the cell for 20 min prior to oleate applicatio

(concurrently performed) cells (Cont), etomoxir (Etom) and Etom + oleate

membrane potential. Bar graph shows mean values for membrane potential

extensive washout of OctA (n = 8). (F) Oleate (100 lM) hyperpolarizes G

tolbutamide (200 lM). Bar graph shows mean values for membrane potential

and OctA + oleate + Tolb (n = 3–4). (G) The presence of AMP-PNP (3 mM

depolarization and prevented hyperpolarization by oleate (100 lM) and DZX

cells exposed to control (Cont: �2 min after formation of whole-cell configur

oleate + DZX (n = 4). (H). Calcium imaging traces following addition of B
*p < 0.05, ***p < 0.001
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these data suggest the requirement for ATP hydrolysis

for KATP activation, as previously demonstrated for dia-

zoxide in beta cells (Larsson et al., 1993).

Oleate reduced JC-1 mitochondrial membrane
potential fluorescence without altering cellular
energy charge

Previous studies have indicated an important role for

uncoupling protein-2 (UCP2) as a regulator of KATP

channels in glucose-sensing neurons (Parton et al.,

2007), and oleate has been demonstrated to increase

levels of UCP2 in beta cells (Medvedev et al., 2002).

Increasing cellular UCP2 levels and activity would be

expected to diminish mitochondrial membrane potential

and respiration, via uncoupling, and so reduce ATP

levels, which could provide an explanation for oleate-

mediated activation of KATP in these neurons. We exam-

ined this possibility by inhibiting UCP2 activity pharmaco-

logically with genipin (Zhang et al., 2006), which has

previously been shown to reverse low glucose-mediated

hyperpolarization of pancreatic beta cells, GE-type

hypothalamic neurons and GT1-7 cells (Parton et al.,

2007; Beall et al., 2010; Beall et al., 2012). In contrast

we found that genipin was unable to reverse, or prevent,

oleate from hyperpolarizing GT1-7 neurons (Fig. 3A, B)

suggesting that UCP2 activity is not mediating oleate

action on these cells. However, on screening GT1-7 cells

for additional UCP isoforms we found that they also

express UCP4 and UCP5, although their protein levels

were not altered by oleate treatment (Fig. 3C). Conse-

quently, to explore further whether uncoupling by oleate

was a possible mechanism we assessed GT1-7 mito-

chondrial membrane potential using the membrane per-

meant mitochondrial dye, JC-1. Oleate significantly

decreased JC-1 fluorescence indicating depolarization

of the mitochondrial membrane potential (Fig. 3D) in a

time course that mimics oleate-mediated changes in

membrane potential and KATP current in these cells. To

determine whether the oleate-induced mitochondrial

depolarization reduced cellular energy charge, we mea-

sured both total cellular ATP and the ATP/ADP ratio. Nei-

ther measure was significantly altered by exposure to

increasing concentrations of oleate (Fig. 3E, F), further

indicating that the activation of KATP channels by oleate

is unlikely to be caused by reduced ATP-mediated

inhibition.
n and not mimicked by octanoic acid. (A) Effect of oleate (100 lM) on

sent in the electrode solution and allowed to dialyze into the cell for

a holding potential of �70 mV with tests pulses between �160 and

n (A). (C) Bar graph denotes mean slope conductance values (derived

ol and in the presence of 100 lM oleate (n = 4), 10 and 20 min after

T1-7 cell in which etomoxir (100 lM) was present in the electrode

n. Bar graph shows mean values for membrane potential of untreated

(n = 4). (E) Octanoic acid (50 lM) reversibly depolarizes GT1-7 cell

of cells exposed to control (Cont), octanoic acid (OctA) and following

T1-7 cells in the presence of OctA (50 lM), an action reversed by

of cells exposed to control (Cont), octanoic acid (OctA), OctA + oleate

) in the electrode solution (and thus dialyzed into cell) resulted in cell

(250 lM). Bar graph shows mean values for membrane potential of

ation and after 20-min dialysis, followed by the addition of oleate and

SA (control) of oleate (100 lM; n = 5). Values are means ± SEM.



Fig. 3. Oleate hyperpolarizes GT1-7 neurons independent of UCP2 activity but depolarizes the mitochondrial membrane potential. (A)

Representative perforated patch recording from a GT1-7 neuron showing that 100 lM oleate-induced hyperpolarization is unaffected by the

presence of 100 lM genipin, and depolarized by subsequent application of 200 lM tolbutamide. Bar graph shows mean values for membrane

potential of cells before and after application of oleate, followed by oleate + genipin and oleate + tolbutamide (n = 4). (B) Bar graph showing data

from similar experiment to (A), but with 100 lM genipin added prior to challenge with oleate + genipin, followed by oleate + tolbutamide (n = 3).

(C) Representative immunoblots showing the levels of UCP5, UCP4, p-ACC, p-AMPK and actin for control, vehicle (BSA) and oleate-treated cells.

(D) Confocal images of GT1-7 cells pre-incubated with JC-1 under control conditions and treated with oleate (100 lM) for 20 min. Conventional light

images of cells are shown on the right panels. Graph showing the change in JC-1 fluorescence intensity with time (relative to starting point of

recording) for control (filled squares) and oleate-treated cells (n = 8). (E) GT1-7 total cellular ATP levels and (F) ATP:ADP ratios are unchanged by

the addition of oleate (10, 50 and 100 lM). Values are mean ± SEM. *p < 0.05, ***p < 0.001
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ARC neurons exhibit oleate and glucose sensitivity

We then sought to translate our findings in GT1-7 cells to

acute brain slice preparations from mice. First we

performed perforated patch recordings on unidentified

ARC neurons using a physiological extracellular glucose

concentration (2 mM) (de Vries et al., 2003; Silver and

Erecinska, 1994), similar to the recording conditions for

the GT1-7 cells. We used hypoglycemic challenge

(0.1 mM glucose) and subsequent changes in membrane

potential and firing rates to identify GE- and GI-type neu-

rons, prior to challenge with oleate. Thus, when GE ARC

neurons were challenged with 0.1 mM glucose, they

responded, by hyperpolarization (from a Vm of �46.6

± 1.2 mV to �53.8 ± 1.5 mV (n = 20); P < 0.01), which

was reversible on return to 2 mM glucose solution

(Fig. 4A). Subsequent addition of 100 lM oleate resulted

in hyperpolarization (DVm = �7.0 ± 1.1 mV; P < 0.01)

and cessation of firing in six out of 13 GE neurons tested,

with concomitant application of tolbutamide (200 lM)

reversing the hyperpolarization caused by the presence

of oleate. The remaining GE neurons were unaffected

by oleate (data not shown). Interestingly, in ARC neurons

that responded, reversibly, to 0.1 mM glucose by depolar-

ization (from a Vm of �49.3 ± 0.8 mV to �38.9 ± 1.7 mV

(n = 13; P < 0.01)) and were thus deemed GI-type, sub-

sequent application of 100 lM oleate exhibited depolar-

ization (DVm = +6.4 ± 1.2 mV) in four out of seven GI

neurons tested (Fig. 4B), with the remaining GI neurons

unaffected (data not shown). Neurons that displayed no

change in membrane potential or firing rate to 0.1 mM glu-

cose challenge were similarly electrically unresponsive to

oleate (n = 5; data not shown). Consequently, subpopu-

lations of glucose-sensing GE and GI ARC neurons

respond to oleate, with the change in electrical excitability

mirroring the effect of hypoglycemic levels of glucose.

As performed for GT1-7 cells, we also tested the effect

of oleate on the electrical activity of mouse unidentified

ARC neurons using the whole-cell current-clamp

recording configuration. Under these conditions the

mean resting membrane potential for ARC neurons was

�52.9 ± 0.5 mV (n = 51), similar to that reported

previously for this recording mode in hypothalamic

neurons (Song et al., 2001; Ibrahim et al., 2003; Claret

et al., 2007). Bath application or pressure ejection of

oleate (100 lM) resulted in hyperpolarization (Fig. 4C),

with a mean DVm of �6.9 ± 0.6 mV (n = 32;

P < 0.001) and inhibition of firing from 4.1 ± 0.4 Hz to

1.6 ± 0.4 Hz (P < 0.001). This inhibitory response was

accompanied by a decrease in the mean input resistance

from 2.13 ± 0.15 GX to 1.87 ± 0.16 GX (P < 0.05),

indicative of an increased cell conductance. Application

of tolbutamide (200 lM) in the continued presence of

oleate, reversed the hyperpolarization and inhibition of

firing (Fig. 4C; n = 4; P < 0.01). In addition, naı̈ve ARC

neurons that responded with a small depolarization

(DVm = +2.8 ± 1.1 mV; n = 15; P < 0.05) and

increased firing to the application of 200 lM tolbutamide

(indicating the presence of active KATP channels and so

likely to be GE-type) were shown to be unaffected by addi-

tion of 100 lM oleate in the continued presence of tolbu-

tamide (Fig. 4D). These data are in general agreement
with the GT1-7 findings and indicate that oleate can inhibit

neuronal firing by activation of KATP channels in at least a

subpopulation of hypothalamic GE neurons. In a small

number of ARC neurons under these whole-cell recording

conditions we found that oleate caused depolarization

(DVm = +5.1 ± 0.7 mV; n = 6; P < 0.01), which

resulted in no significant change in firing frequency (4.4

± 1.4 Hz to 6.4 ± 0.8 Hz; n = 6; P = 0.09), possibly

because the depolarization was sufficient in some cases

to result in inactivation of voltage-gated sodium/calcium

channels and inhibit action potential generation (Fig. 4E).

DISCUSSION

Previous studies have produced disparate outcomes on

whether lipid-sensing hypothalamic neurons are also

glucose sensing. Wang and colleagues (Wang et al.,

2006) showed that there is minimal overlap between

oleate-sensing and glucose-sensing neurons in rat ARC

whereas Le Foll et al. (2009) demonstrated, using rat

VMN neurons, that many GE- and GI-type neurons were

excited and inhibited, respectively, by oleate (Wang et al.,

2006; Le Foll et al., 2009). We find that glucose-sensing

ARC neurons are also oleate sensing in the same

direction with respect to change in excitability. Thus GE

neurons are inhibited by exposure to oleate and by

lowered extracellular glucose concentration, via a

KATP-dependent mechanism. Similarly, ARC neurons

depolarized by oleate are also depolarized by lowered

extracellular glucose concentration. These data indicate

that for these mouse ARC neurons at least, there is a

shared cellular response to increased lipid availability

and glucose deprivation. Thus it is likely that such neu-

rons play important roles in the modulation of physiologi-

cal responses to the fed-fasted transition and/or in the

pathophysiological outcomes associated with hypo-

glycemia and/or starvation. Both insulin-induced hypo-

glycemia and starvation are associated with increased

lipolysis (De Feo et al., 1989). However, lipid levels are

also elevated in the post-prandial period therefore per-

haps the glucose level stratifies the physiological

response to increased lipid availability. Therefore, it is

possible that moderate changes in lipid availability con-

verge on these neuron populations to amplify an energy

deficit signal or to enhance hepatic glucose production,

depending on glucose availability.

To investigate the intracellular mechanism(s)

responsible for oleate sensing in hypothalamic GE

neurons we utilized the mouse hypothalamic GnRH-

releasing GT1-7 neuronal cell line, which we have

recently characterized as a GE-type glucose-sensing

neuron (Beall et al., 2012), with glucose-sensing proper-

ties similar to that described for ARC neurons, including

POMC and AgRP neurons (Claret et al., 2007) and GnRH

neurons (Zhang et al., 2007). Challenging GT1-7s with ole-

ate elicited hyperpolarization and reduction or cessation of

firing, which was reversed or prevented by tolbutamide,

indicating a KATP-dependent mechanism, similar to that

observed in ARC GE neurons under the same perforated

patch-recording conditions. As this outcome was observed

on isolated GT1-7 cells, this suggests that the oleate

response is intrinsic to neurons and cell autonomous. We
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have previously shown that low glucose-induced opening

of KATP in mouse pancreatic beta cells, POMC neurons

and GT1-7 neurons is dependent on AMPK activity

(Claret et al., 2007; Beall et al., 2010; Beall et al., 2012).

Although oleate increases AMPK activity in GT1-7 cells

(similar to that observed for low-glucose stimulation), the

oleate-induced hyperpolarization of GT1-7 cells was not
prevented by the presence of the AMPK inhibitor, com-

pound C. Thus oleate-driven modulation of KATP channel

activity in GT1-7 neurons is likely mediated by a mecha-

nism distinct from that of hypoglycemia.

Interestingly, the oleate-induced neuronal

hyperpolarization reported here is in contrast to a

previous study, which demonstrated that oleate
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depolarized mouse ARC POMC neurons, which are GE-

type neurons (Ibrahim et al., 2003), by inhibition of KATP

channels, an outcome ascribed to increased mitochondrial

beta-oxidation of oleate and raised cellular ATP levels (Jo

et al., 2009). An alternative mechanism by which mitochon-

drial oxidation of oleate could increase KATP activity and

cause cell hyperpolarization is via the enhanced production

of reactive oxygen species (Larsson et al., 1996; Arany

et al., 2013; Gremmels, 2015). Importantly, the effects of

oleate on energy and glucose homeostasis have been

shown to be dependent on hypothalamic CPT1 activity

(Obici et al., 2003; Pocai et al., 2006), indicative of fatty acid

oxidation regulating hypothalamic neurons. CPT1 is

endogenously inhibited by malonyl-CoA, the product of

the reaction carried out by acetyl CoA carboxylase. How-

ever, we found that oleate-induced GT1-7 neuron hyperpo-

larization was not altered by direct intracellular application

of malonyl-CoA or by etomoxir, a pharmacological inhibitor

of CPT1, suggesting that oleate-induced KATP channel acti-

vation and subsequent hyperpolarization does not require

mitochondrial fatty acid metabolism. Furthermore, the

short-chain fatty acid, octanoic acid induced a significant

depolarization of GT1-7 cells, but did not block the hyper-

polarizing action of oleate. Moreover, oleate did not alter

intracellular calcium in the GT1-7 cells, suggesting that

the oleate-induced changes are unlikely to be mediated

by CD36-driven store calcium release (Le Foll et al.,

2009) or conventional PKCs. Consequently, there is no

evidence to indicate that an alteration in fatty acid

beta-oxidation or fatty acid transport via CD36 is involved

in the oleate-mediated hyperpolarization of hypothalamic

neurons. Perhaps this is unsurprising as mitochondrial

FA metabolism predominantly generates ATP, which

would be expected to maintain KATP channel closure, as

described previously (Jo et al., 2009).

It has recently been suggested that coupling of the

extracellular glucose concentration to KATP in pancreatic

b-cells and GT1-7 neurons may also be dependent on

the expression and activity of UCP2 (Beall et al., 2010;

Beall et al., 2012). UCP2 acts to dissipate the proton gra-

dient across the mitochondrial membrane and is

expressed throughout the VMH (Parton et al., 2007) and

in GT1-7 cells (Beall et al., 2012). Furthermore, UCP2 is

activated by long-chain fatty acids (Jabůrek, 1999),

including oleate (Lameloise, 2001; Zackova et al., 2003)

or indirectly via fatty acid-induced production of reactive
Fig. 4. Subpopulations of mouse ARC neurons respond electrically to oleate

demonstrated by the reversible hyperpolarization elicited on switch from 2 mM

presence of 2 mM glucose hyperpolarizes this GE neuron. Addition of tolbuta

the loss of action potentials in the presence of oleate + TOLB. Bar graph sho

to 2.0 mM and 0.1 mM glucose and 2 mM glucose + oleate. (B) Representat

the reversible depolarization elicited on switch from 2 mM to 0.1 mM glucose

glucose depolarizes this GI neuron. Bar graph shows mean values (n = 4)

glucose and 2.0 mM glucose + oleate. (C) Representative whole-cell current

100 lM oleate producing hyperpolarization of the membrane potential an

tolbutamide (200 lM). Bar graph shows mean values (n = 4) for membrane

tolbutamide (TOLB). (D) Tolbutamide (200 lM) induced depolarization and in

of active KATP channels) under whole-cell current-clamp. Subsequent addition

Bar graph shows mean values (n = 15) for membrane potential of neurons ex

cell current-clamp recording from an unidentified ARC neuron demonstratin

overall decrease in firing and truncation of action potential amplitude. Bar gra

Cont and exposed to oleate. Values are mean ± SEM. *p < 0.05, **p < 0.0
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oxygen species such as superoxide (Krauss et al.,

2003) or lipid peroxidation intermediates (Murphy et al.,

2003; Malingriaux et al., 2013). Thus oleate activation of

UCP2 is expected to decrease the mitochondrial mem-

brane potential and mitochondrial respiration, resulting

in reduction of cellular ATP levels. Acute pharmacological

inhibition of UCP2 with genipin did not prevent nor reverse

the oleate-induced hyperpolarization of GT1-7 neurons,

indicating that UCP2 does not play a role in oleate-

induced changes in membrane potential. Nonetheless,

indirect measurement of the mitochondrial membrane

potential indicated that oleate induced a mild uncoupling

of the mitochondrial membrane potential in a time course

that correlated with the activation of KATP. This led us to

screen GT1-7 neurons for other UCP isoforms, with

UCP4 and UCP5, the brain-enriched isoforms (Sanchis

et al., 1998; Mao et al., 1999), which display proton trans-

port capacity within lipid membranes (Hoang et al., 2012).

Both UCP4 and UCP5 were detected by immunoblotting,

although their expression was not significantly modified

over the time course of the oleate treatment. Importantly

however, the reduced JC-1 fluorescence caused by ole-

ate did not translate to a reduction in either total ATP

levels or a change in the ATP/ADP ratio. Therefore it is

possible that oleate quenched the JC-1 fluorescence in

a non-specific manner (Mathur et al., 2000; Perry et al.,

2011) and that none of the UCP isoforms are involved

in oleate-induced KATP channel opening.

This leaves open the question of what intracellular

mechanism(s) mediates oleate-induced KATP channel

activation and hyperpolarization of GT1-7 and ARC GE

neurons. Since ATP levels are not altered and oleate

hyperpolarizes GE neurons and GT1-7 cells (where ATP

levels are clamped to maintain KATP channels closed), it

is unlikely that activation is mediated by a deficit in ATP

availability. It is possible that oleate may reduce ATP

availability in the microdomain around the KATP channel

that is not detectable with whole-cell ATP measurements,

or that oleate (or a metabolite) alters KATP ATP sensitivity

or displaces ATP from the nucleotide binding domain of

the channel. An alternative possibility is that oleate is

converted to a long-chain fatty acyl CoA (LC–CoA) in

neurons. This process requires ATP hydrolysis and

LC–CoA molecules have been demonstrated to activate

KATP by binding to a specific site on the channel (Larsson

et al., 1996; Bränström et al., 1997).
. (A) Representative perforated patch recording from a GE neuron, as

to 0.1 mM glucose. Subsequent application of oleate (100 lM) in the

mide (200 lM) in the presence of oleate depolarizes the neuron. Note

ws mean values (n = 6) for membrane potential of neurons exposed

ive perforated patch recording from a GI neuron, as demonstrated by

. Subsequent application of oleate (100 lM) in the presence of 2 mM

for membrane potential of neurons exposed to 2.0 mM and 0.1 mM

-clamp recording from an unidentified ARC neuron, with application of

d inhibition of firing, actions reversed by concomitant addition of

potential of neurons exposed to: Control (Cont), 100 lM oleate and

creased firing in an unidentified ARC neuron (indicating the presence

of oleate (100 lM) had no effect on membrane potential or firing rate.

posed to: Cont, TOLB and oleate + TOLB. (E) Representative whole-

g the addition of oleate (100 lM) depolarized some neurons with an

ph shows mean values (n = 13) for membrane potential of neurons in

1, ***p < 0.001
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There are a number of limitations to our studies.

Firstly, we have not been able to address the

mechanism of oleate-induced depolarization in GI ARC

neurons, in large part due to the lack of a suitable cell

culture model. Therefore, the current that underlies

hypoglycemic and oleate-induced neuronal

depolarization remains elusive. A recent mouse model

developed by Stanley and colleagues (Stanley et al.,

2013) allowing identification of GI neurons for slice elec-

trophysiology may be useful for identifying this current.

The concentration of oleate used here is larger than

that previously used in some studies of hypothalamic

glucose-sensing neurons (Wang et al., 2006; Le Foll

et al., 2009), although a recent study in humans mea-

sured an oleate level of >10 lM in the CSF of non-

obese humans (Levi et al., 2013). Furthermore, our data

demonstrating phosphorylation (inhibition) of ACC in

response to 100 lM oleate corresponds with that previ-

ously shown to inhibit ACC and fatty acid synthesis in

astrocytes (Natali et al., 2007). Therefore the concentra-

tion used here probably lies in the upper end of the phys-

iological level or in the pathophysiological range seen in

type 1 diabetes (Boden and G., 1998) and/or obesity.

However, there may be a number of reasons for the dis-

crepancies in oleate sensitivity. Previous studies have uti-

lized acutely dissociated VMH neurons, the preparation of

which may induce a stress response sufficient to alter the

sensitivity of these neurons to alternate fuel sources. Sec-

ondly, we have used whole-cell and perforated patch-

clamp studies to measure whole-cell macroscopic cur-

rents, membrane potential and firing frequency whereas

other studies have utilized Ca2+ imaging. Indeed, oleate

can induce changes in intracellular calcium by mobilizing

[Ca2+]i stores (Carrillo et al., 2011), which may change

independently of cellular membrane potential, although

we did not observed in the current study.

The ability of oleate to reproduce the effects of low

glucose on glucose-sensing neurons in the hypothalamus

might be expected to drive food intake and increase

hepatic glucose production since direct pharmacological

opening of hypothalamic KATP channels drives glucagon

and adrenaline release in the periphery during

hypoglycemia (Evans et al., 2004). However, central oleate

(under normoglycemic conditions) has been shown to inhi-

bit feeding and suppress glucose production, (Obici et al.,

2002; Cintra et al., 2012). This is further complicated by

the observation that the effect of oleate on feeding and glu-

cose production requires the activity of KATP (Obici et al.,

2002), indicating that the action of oleate on feeding and

glucose production may utilize a similar intracellular mech-

anism described here. To examine this relation in more

detail, it would be interesting in future experiments to exam-

ine changes in ARC neuropeptide ratios (NPY/POMC and

AgRP/POMC) and counterregulatory hormone responses

to insulin-induced hypoglycemia under conditions of high

(oleate infusion) or low (acipimox-treated) plasma fatty acid

levels. It is plausible that separate subpopulations of ARC

neurons, which are involved in discrete physiological func-

tions (Lam et al., 2015; Burke, 2016) respond differentially

to oleate (by depolarization, hyperpolarization or no

response). Further analysis of electrophysiological
responses of identified ARC neurons to oleate and other

common dietary fatty acids, in conjunction with mouse

metabolic phenotypic analysis is required to resolve this

issue. Moreover, our studies did not examine the influence

of hormones on low glucose and oleate responses. It is

plausible that leptin, insulin and ghrelin, for example, mod-

ulate oleate and glucose responses, depending on the

physiological context of energy surfeit or deficit.

In summary, we have demonstrated that the long-

chain unsaturated fatty acid, oleate alters the activity of

glucose-sensing hypothalamic neurons in a manner

similar to that of a hypoglycemic stimulus. Furthermore,

by utilizing a hypothalamic glucose-sensing cell line, we

show that oleate-induced KATP channel activation occurs

independently of changes in energy charge and may

involve an oleate metabolite that directly alters KATP

channel activity. The assimilation of fatty acid- and

glucose-sensing neuronal populations, along with the

influence of hormones such as insulin and leptin are

likely to be important drivers of an integrated

physiological response to changing nutrient availability.

Clearly, additional research is required to delineate the

network integration of glucose- and fatty acid-sensing

neurons within the hypothalamus and their relation to

energy homeostasis.

AUTHOR CONTRIBUTIONS

M.L.J.A. conceived the study. S.D., C.B., J.V.W., M.P.M.S,

R.J.M. and M.L.J.A. contributed to experimental design,

analysis of data and writing of the manuscript. S.D. and

C.B. performed the patch-clamp studies and S.D. and

M.P.M.S. performed the Western blotting studies and

C.B. performed the imaging studies. J.V.W. performed

the nucleotide measurements and calcium imaging

studies. All authors read and approved the final manuscript.

Acknowledgments—This work was supported by: grants from the

Wellcome Trust (grant number 068692) to M.L.J. Ashford; from

Juvenile Diabetes Research Foundation International (JDRFI)

to R.J. McCrimmon and Fellowships to C. Beall (JDRFI; 3-576-

2010 and Diabetes UK 13/0004647).

REFERENCES

Abdul-Ghani MA, Muller FL, Liu Y, Chavez AO, Balas B, Zuo P,

Chang Z, Tripathy D, Jani R, Molina-Carrion M, Monroy A, Folli F,

Van Remmen H, DeFronzo RA (2008) Deleterious action of FA

metabolites on ATP synthesis: possible link between lipotoxicity,

mitochondrial dysfunction, and insulin resistance. Am J Physiol

Endocrinol Metab 295(3):E678–E685.

Arany I, Clark JS, Reed DK, Juncos LA, Dixit M (2013) Role of

p66shc in renal toxicity of oleic acid. Am J Nephrol 38(3):226–232.

Ashford ML, Boden PR, Treherne JM (1990) Tolbutamide excites rat

glucoreceptive ventromedial hypothalamic neurones by indirect

inhibition of ATP-K+ channels. Br J Pharmacol 101(3):531–540.

Beall C, Piipari K, Al-Qassab H, Smith MA, Parker N, Carling D,

Viollet B, Withers DJ, Ashford MLJ (2010) Loss of AMP-activated

protein kinase alpha 2 subunit in mouse beta-cells impairs

glucose-stimulated insulin secretion and inhibits their sensitivity

to hypoglycaemia. Biochem J 429:323–333.

Beall C, Ashford ML, McCrimmon RJ (2012) The physiology and

pathophysiology of the neural control of the counterregulatory

response. Am J Physiol Regul Integ Comp Physiol 302(2):

R215–R223.

http://refhub.elsevier.com/S0306-4522(17)30004-0/h0005
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0005
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0005
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0005
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0005
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0005
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0010
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0010
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0015
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0015
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0015
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0020
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0020
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0020
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0020
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0020
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0025
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0025
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0025
http://refhub.elsevier.com/S0306-4522(17)30004-0/h0025


S. Dadak et al. / Neuroscience 346 (2017) 29–42 41
Beall C, Hamilton DL, Gallagher J, Logie L, Wright K, Soutar MP,

Dadak S, Ashford F, Haythorne E, Du Q, Jovanovic A,

McCrimmon RJ, Ashford ML (2012) Mouse hypothalamic GT1-7

cells demonstrate AMPK-dependent intrinsic glucose-sensing

behaviour. Diabetologia 55(9):2432–2444.

Boden G (1998) Free fatty acids (FFA), a link between obesity and

insulin resistance. Front Biosci 3:D169–D175.

Bränström R, Corkey BE, Berggren P-O, Larsson O (1997) Evidence

for a unique long chain Acyl-CoA ester binding site on the ATP-

regulated potassium channel in mouse pancreatic beta cells. J

Biol Chem 272(28):17390–17394.

Burke LK, Doslikova B, D’Agostino G, Greenwald-Yarnell M,

Georgescu T, Chianese R, Martinez de Morentin PB,

Ogunnowo-Bada E, Cansell C, Valencia-Torres L, Garfield AS,

Apergis-Schoute J, Lam DD, Speakman JR, Rubinstein M, Low

MJ, Rochford JJ, Myers MG, Evans ML, Heisler LK (2016) Sex

difference in physical activity, energy expenditure and obesity

driven by a subpopulation of hypothalamic POMC neurons. Mol

Metab 5(3):245–252.

Carrillo C, Cavia MM, Alonso-Torre SR (2011) Oleic acid versus

linoleic and a-linolenic acid. Different effects on Ca2+ signaling in

rat thymocytes. Cell Physiol Biochem 27(3–4):373–380.

Chai Y, Lin Y-F (2010) Stimulation of neuronal KATP channels by

cGMP-dependent protein kinase: involvement of ROS and 5-

hydroxydecanoate-sensitive factors in signal transduction. Am J

Physiol Cell Physiol 298(4):C875–C892.

Cintra DE, Ropelle ER, Moraes JC, Pauli JR, Morari J, de Souza CT,

Grimaldi R, Stahl M, Carvalheira JB, Saad MJ, Velloso LA (2012)

Unsaturated fatty acids revert diet-induced hypothalamic

inflammation in obesity. PLoS One 7(1):e30571.

Claret M, Smith MA, Batterham RL, Selman C, Choudhury AI, Fryer

LG, Clements M, Al-Qassab H, Heffron H, Xu AW, Speakman JR,

Barsh GS, Viollet B, Vaulont S, Ashford ML, Carling D, Withers DJ

(2007) AMPK is essential for energy homeostasis regulation and

glucose sensing by POMC and AgRP neurons. J Clin Invest 117

(8):2325–2336.

Cruciani-Guglielmacci C, Hervalet A, Douared L, Sanders N, Levin B,

Ktorza A, Magnan C (2004) Beta oxidation in the brain is required

for the effects of non-esterified fatty acids on glucose-induced

insulin secretion in rats. Diabetologia 47(11):2032–2038.

De Feo P, Perriello G, Torlone E, Ventura MM, Fanelli C,

Santeusanio F, Brunetti P, Gerich JE, Bolli GB (1989)

Contribution of cortisol to glucose counterregulation in humans.

Am J Physiol 257(1 Pt 1):E35–E42.

de Vries MG, Arseneau LM, Lawson ME, Beverly JL (2003)

Extracellular glucose in rat ventromedial hypothalamus during

acute and recurrent hypoglycemia. Diabetes 52(11):2767–2773.

Declercq PE, Falck JR, Kuwajima M, Tyminski H, Foster DW,

McGarry JD (1987) Characterization of the mitochondrial carnitine

palmitoyltransferase enzyme system. I. Use of inhibitors. J Biol

Chem 262(20):9812–9821.

Dunn-Meynell AA, Sanders NM, Compton D, Becker TC, Eiki J,

Zhang BB, Levin BE (2009) Relationship among brain and blood

glucose levels and spontaneous and glucoprivic feeding. J

Neurosci 29(21):7015–7022.

Echtay KS, Winkler E, Frischmuth K, Klingenberg M (2001)

Uncoupling proteins 2 and 3 are highly active H(+) transporters

and highly nucleotide sensitive when activated by coenzyme Q

(ubiquinone). Proc Natl Acad Sci USA 98(4):1416–1421.

Evans ML, McCrimmon RJ, Flanagan DE, Keshavarz T, Fan X,

McNay EC, Jacob RJ, Sherwin RS (2004) Hypothalamic ATP-

sensitive K + channels play a key role in sensing hypoglycemia

and triggering counterregulatory epinephrine and glucagon

responses. Diabetes 53(10):2542–2551.

Frederich RC, Hamann A, Anderson S, Lollmann B, Lowell BB, Flier

JS (1995) Leptin levels reflect body lipid-content in mice –

evidence for diet-induced resistance to leptin action. Nat Med 1

(12):1311–1314.

Gonzalez JA, Reimann F, Burdakov D (2009) Dissociation between

sensing and metabolism of glucose in sugar sensing neurones. J

Physiol Lond 587(1):41–48.
Gremmels H, Bevers LM, Fledderus JO, Braam B, Jan van

Zonneveld A, Verhaar MC, Joles JA (2015) Oleic acid increases

mitochondrial reactive oxygen species production and decreases

endothelial nitric oxide synthase activity in cultured endothelial

cells. Eur J Pharmacol 751:67–72.

Hisadome K, Smith MA, Choudhury AI, Claret M, Withers DJ, Ashford

MLJ (2009) 5-HT inhibition of rat insulin 2 promoter CRE

recombinase transgene and proopiomelanocortin neuron excitability

in the mouse arcuate nucleus. Neuroscience 159(1):83–93.

Hoang T, Smith MD, Jelokhani-Niaraki M (2012) Toward

understanding the mechanism of ion transport activity of

neuronal uncoupling proteins UCP2, UCP4, and UCP5.

Biochemistry 51(19):4004–4014.

Ibrahim N, Bosch MA, Smart JL, Qiu J, Rubinstein M, Ronnekleiv OK,

Low MJ, Kelly MJ (2003) Hypothalamic proopiomelanocortin

neurons are glucose responsive and express K-ATP channels.

Endocrinology 144(4):1331–1340.
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