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Abstract
The hypothalamus is a key element of the neural circuits that control energy homeostasis.

Specific neuronal populations within the hypothalamus are sensitive to a variety of homeo-

static indicators such as circulating nutrient levels and hormones that signal circulating glu-

cose and body fat content. Central injection of apelin secreted by adipose tissues regulates

feeding and glucose homeostasis. However, the precise neuronal populations and cellular

mechanisms involved in these physiological processes remain unclear. Here we examine

the electrophysiological impact of apelin-13 on proopiomelanocortin (POMC) neuron activi-

ty. Approximately half of POMC neurons examined respond to apelin-13. Apelin-13 causes

a dose-dependent depolarization. This effect is abolished by the apelin (APJ) receptor an-

tagonist. POMC neurons from animals pre-treated with pertussis toxin still respond to ape-

lin, whereas the Gβγ signaling inhibitor gallein blocks apelin-mediated depolarization. In

addition, the effect of apelin is inhibited by the phospholipase C and protein kinase inhibi-

tors. Furthermore, single-cell qPCR analysis shows that POMC neurons express the APJ

receptor, PLC-β isoforms, and KCNQ subunits (2, 3 and 5) which contribute to M-type cur-

rent. Apelin-13 inhibits M-current that is blocked by the KCNQ channel inhibitor. Therefore,

our present data indicate that apelin activates APJ receptors, and the resultant dissociation

of the Gαq heterotrimer triggers a Gβγ-dependent activation of PLC-β signaling that inhibits

M-current.

Introduction
Apelin is a peptide, originally isolated from bovine stomach extracts and binds to the orphan
G-protein-coupled apelin (APJ) receptor [1]. Apelin is considered one of adipokines as it is
synthesized and secreted by adipocytes. The expression of apelin in fat cells is strongly regulat-
ed by the nutritional status in rodents [2]. Interestingly, recent studies have demonstrated that
apelin-expressing cells are also present in the brain, in particular the hypothalamus [3–5].
Apelin-positive cells and its cognate APJ receptors are found in the paraventricular nucleus
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(PVN), dorsomedial nucleus (DMH), ventromedial nucleus (VMH) and arcuate nucleus
(ARC) [3–5]. These hypothalamic regions are involved in the control of feeding behavior and
glucose homeostasis [6–7]. Hence, the previous studies suggest that apelin has the ability to
regulate energy homeostasis through alterations in hypothalamic neuronal activity. Indeed,
intracerebroventricular (i.c.v.) administration of apelin induces the expression of c-fos, a mark-
er of neuronal activity in the hypothalamus and differentially regulates glycemia depending on
the nutritional state [8]. Moreover, acute i.c.v. injection of apelin decreases food intake [9–10].

There is abundant expression of apelin-positive cells in the ARC that is critical for sensing
and integrating metabolic signals [11]. The ARC contains at least two types of neurons that op-
positely regulate feeding behavior, such as anorexigenic proopiomelanocortin (POMC) /
cocaine- and amphetamine-regulated transcript (CART) and orexigenic agouti-related peptide
(AgRP) / neuropeptide Y (NPY)-expressing neurons. Interestingly, most apelin-positive neu-
rons (~ 90%) in the ARC are POMC neurons, whereas only less than 10% of apelin-expressing
neurons contain NPY [12]. Moreover, approximately half of POMC neurons express APJ re-
ceptor mRNAs and activation of APJ receptors induces the release of α-MSH from the hypo-
thalamic explants in rodents [12]. Hence, the hypothalamic melanocortinergic system appears
to be an important target that is regulated by apelin levels.

It has been demonstrated that the apelin/APJ receptor signaling pathway is mediated by
both Gαi and Gαq proteins. For instance, activation of the APJ receptor inhibits adenylyl cy-
clase, lowering cAMP production [13] and stimulates phosphatidylinositol 3-kinases (PI3K)
through pertussis toxin (PTX)—sensitive Gαi-mediated signaling [14]. In addition, the APJ re-
ceptor stimulates phospholipase C (PLC) and protein kinase C (PKC) via activating Gαq pro-
teins [15]. In the hypothalamus, apelin increases nitric oxide (NO) release in fed mice [8] and
induces a production of reactive oxygen species (ROS) [16]. Of particular interest is that
POMC neuron activity is enhanced by increased PI3K signaling as well as ROS production
[17–19]. It is thus plausible that apelin has the ability to increase POMC neuron excitability as
like other adipokines such as leptin. In this study, we sought to determine the potential
electrophysiological impact of apelin on POMC neurons in the ARC of the hypothalamus
using whole-cell patch-clamp recordings.

Materials and Methods

Animals
All mouse care and experimental procedures were approved by the Institutional Animal Care
Research Advisory Committee of the Albert Einstein College of Medicine. Mice used in these
experiments were POMC-eGFP transgenic mice (The Jackson Laboratory).

Slice preparation
Transverse brain slices were prepared from transgenic mice at postnatal age 28–35 days as de-
scribed in the previous study [20]. Briefly, animals were anesthetized with isoflurane. After de-
capitation, the brain was transferred into a sucrose-based solution bubbled with 95% O2/5%
CO2 and maintained at ~3°C. This solution contained the following (in mM): 248 sucrose,
2 KCl, 1 MgCl2, 1.25 KH2PO4, 26 NaHCO3, 1 sodium pyruvate, and 10 glucose. Transverse
coronal brain slices (200 μm) were prepared using a vibratome. Slices were equilibrated with
an oxygenated artificial cerebrospinal fluid (aCSF) for> 1 hr at 32°C before transfer to the re-
cording chamber. The slices were continuously superfused with aCSF at a rate of 1.5 ml/min
containing the following (in mM): 113 NaCl, 3 KCl, 1 NaH2PO4, 26 NaHCO3, 2.5 CaCl2,
1 MgCl2, and 5 glucose in 95% O2/5% CO2.
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Electrophysiological recordings
Brain slices were placed on the stage of an upright, infrared-differential interference contrast
microscope (Olympus BX50WI) mounted on a Gibraltar X-Y table (Burleigh) and visualized
with a 40X water-immersion objective by infrared microscopy (DAGE MTI camera). The
POMC neurons were identified by the presence of enhanced green fluorescent protein (eGFP)
resulting from the transgene. The internal solution contained the following (in mM):
115 K-Gluconate, 10 KCl, 5 CaCl2, 10 EGTA, 10 HEPES, 2 MgATP, 0.5 Na2GTP, and 5 phos-
phocreatine. All recordings were made at 30 ± 2°C. Membrane potentials were recorded in the
presence of 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 μM), D-amino-phosphonova-
leric acid (D-AP5, 50 μM) and picrotoxin (100 μM) with a Multiclamp 700B in whole cell con-
figuration. Electrophysiological signals were low-pass filtered at 2–5 kHz, stored on a PC and
analyzed offline with pClamp 10 software (Molecular devices, CA). For each recording, the fir-
ing rate and baseline membrane potential averaged from every 30 s were taken as one data
point. 10 data points that represent stable activity levels were taken to calculate mean and stan-
dard deviation before and after application of apelin-13, respectively. A neuron was considered
either depolarized or hyperpolarized if the change in membrane potential or firing rate induced
by apelin-13 was ± 3 times the standard deviation prior to apelin-13 application. Both male
and female animals were used in this study. In fact, the effect of apelin-13 on POMC neurons
from males was similar to that observed in female mice.

The liquid junction potential between the cytosol and the pipette solution was calculated
using the Henderson equation [21]. The calculated liquid junction potential was ~ +14 mV.
The reversal potential (Erev) of the apelin-sensitive current was measured by ramping the mem-
brane potential from -140 mV to -30 mVmV for 2 s in voltage-clamp configuration. In voltage
clamp, we used two protocols to measure the deactivation and steady-state currents as de-
scribed in the prior studies [22–23]. The deactivation protocol measured the current elicited
during 500 ms voltage steps from -25 to -75 mV in 5 mV increments after a 300 ms prepulse to
-20 mV from a holding potential of -60 mV in the presence of TTX (500 nM). The amplitude
of M-current deactivation was measured as the difference between the initial and sustained
current of the current trace. A series of command voltage steps from -80 to +10 mV in 10 mV
increments for 1 s was applied from a holding potential of -90 mV and returning to -60 mV in
the presence of TTX (500 nM) to examine the steady-state current.

Pertussis toxin (PTX, 0.5 μg) was injected directly into the midline arcuate nucleus of the
hypothalamus (stereotaxic coordinates: AP, -1.2; ML, 0; DV, -5.5). In some experiments, we
also co-injected Chicago Sky Blue to make sure that the injection site was correct. Based on the
previous studies showing that 5-day treatment with PTX is sufficient to block Gαi signaling
[24–26], animals were sacrificed 5 days post-injection. The mice injected with PTX were ob-
served twice a day over a period of 5 days for clinical signs such as flaccid tail and hind limb
weakness. No clinical signs were observed during 5-day treatment.

Single-cell qPCR following single-cell whole-transcriptome amplification
(WTA) of total RNA from individual POMC neurons
Single-cell samples were collected from brain slice preparations via aspiration into the patch pi-
pette. The initial reverse transcription (RT) reaction was conducted after pressure ejection of
the single cell samples into a microcentrifuge tube with REPLI-g WTA single cell kit (Qiagen).
Samples were incubated in a total volume of 2.5 μl at 24°C for 5 minutes and cooled to 4°C.
And then samples were incubated for 10 min at 42°C with 0.5 μl gDNA wipeout buffer prior to
addition of 1.75 μl RT mix (RT mix: 0.25 μl oligo(dT) primer, 1 μl RT buffer, 0.25 μl random
primer, 0.25 μl RT enzyme mix). The tubes were incubated at 42°C for 1 hr, and at 95°C for
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3 min. The tubes then were incubated at 24°C for 30 min with 2.5 μl ligation mix (2 μl ligase
buffer, 0.5 μl ligase Mix). The reaction was stopped by incubating at 95°C for 5 min. Samples
were incubated at 30°C for 2 hrs after adding the amplification mix (7.25 μl buffer, 0.25 μl
DNA polymerase) and at 65°C for 5 min.

Real-time PCR analysis was performed using a LightCycler 480 Instrument (Roche). qPCR
reactions were prepared in a final volume of 20 μl containing 2 μl of reverse-transcribed
cDNA, and 10 μl of SYBR Green master mix (Roche) in the presence of primers at 0.5 μM.
A list of primer sets included: F5’-CCTGTTTGAGGATAGCAGCA-3’ and R5’-TAGCCTG-
CACAGGCAATATC-3’ for PLC β1, F5’-GCTCCTCGAAGCACATTCCT-3’ and R5’-
AGCTTCCACCCGTTTTCGAT for PLC β2, F5’-GTGTGGAGCTGGATGTATGG-3’ and
R5’-ACCTCAGTGGTCATGGTGAA-3’ for PLC β3, F5’-TGTGTTATGCGGTTCTTGGT-3’
and R5’-TGTCCAGCCGAGTACTGTTC-3’ for KCNQ2, F5’-GAGGAACAACGCCAAG-
TACA-3’ and R5’-AGAATCAAGCATCCCAGGAC-3’ for KCNQ3, F5’-ATCTCAA-
GAGGCCTGCAGTT-3’ and R5’-ATGGGTACCTGGGTAGCTTG-3’ for KCNQ5, and
F5’-ACTTCTTCATTGCCCAAACC-3’ and R5’-GGCAAAGGTCACTACAAGCA-3’ for APJ.
The target cDNAs were amplified for 50 cycles (94°C, 10 s; 60°C, 10 s; 72°C, 10 s) followed by
5 min at 72°C. After amplification, the PCR products were analyzed on 2% agarose gels.

Statistics
Statistical analyses were performed on all POMC neurons examined. The mean values were re-
ported from the neurons that respond to apelin-13 (GraphPAD 4.03 and Origin 8.5). Data
were considered significantly different when the P value was< 0.05. All statistical results are
given as mean ± S.E.M.

Results

Apelin-13 depolarizes POMC neurons in the ARC
It has been demonstrated that half of POMC neurons in the ARC express the APJ receptor and
that activation of the APJ receptor induces the release of α-MSH in in vitro preparations [12].
There are several biological active forms of apelin such as apelin -36, -17, and -13, which are
derived from 77-amino acid precursor, preproapelin [27]. Among them, it has been shown that
apelin-13 has greater biological activity than other forms [1]. Thus we used apelin-13 to study
its role in the regulation of POMC neuron activity throughout our experiments. We included
ionotropic glutamate and GABA receptor antagonists in aCSF to prevent presynaptic influ-
ences and determined whether apelin-13 alters the intrinsic electrical properties of POMC neu-
rons. Under these experimental conditions, we found that approximately half of POMC
neurons responded to apelin-13 (100 nM) with a depolarization. Fig. 1A represents a typical
example of the response of POMC neurons to apelin-13. Treatment with apelin-13 (100 nM)
significantly depolarized the membrane potential of POMC neurons examined (mean change
in membrane potential: +4.8 ± 0.7 mV, n = 14 out of 27 neurons, p< 0.05; Fig 1A and B). In
order to determine whether apelin-13 causes a concentration-dependent depolarization of
POMC neurons, the magnitude of the effect was determined at 1, 5, 20 and 100 nM apelin-13.
We found that the depolarizing effect was dose-dependent (n = 6, 9, 6 and 14 neurons, respec-
tively; Fig. 1C). In addition to the depolarization, a small subset of POMC neurons were hyper-
polarized by apelin-13 (mean change in membrane potential, -3.7 ± 1.3 mV; n = 3 out of 27
neurons examined).

We next investigated whether apelin-mediated depolarization is due to activation of the
G-protein-coupled APJ receptor. The APJ receptor antagonist ML221 (20 μM) was added into
aCSF. In the presence of ML221, apelin-13 (100 nM) had no effect on the membrane potential
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Fig 1. Apelin-13 depolarizes POMC neurons in the ARC. (A) Representative recording sample of the
whole-cell membrane potential before, during and after treatment with apelin-13 after having blocked
ionotropic glutamate and GABA receptors (left panel). Treatment with apelin-13 (100 nM) induced a
depolarization and increased the firing rate of POMC neuron (right panel; mean change in membrane
potential: +4.8 ± 0.7 mV, n = 14 neurons, p< 0.05). Scale bar: 20 mV, 2 min. (B) Pooled data of membrane
potential and firing rate of POMC neurons with apelin-13 (A-13) (mean membrane potential: before
-53.1 ± 2.2 mV vs. after -48.3 ± 1.9 mV, n = 14 neurons, p< 0.05; mean firing rate: before 1.8 ± 0.5 Hz vs.
after 2.1 ± 0.6 Hz, n = 9 neurons, p< 0.05). (C) Apelin-13 causes a concentration-dependent depolarization
of POMC cells. Depolarization by apelin-13 was determined at 1, 5, 20 and 100 nM in 6, 9, 6 and 14 neurons,
respectively. (D). Representative whole-cell recording sample of the electrophysiological effect of apelin-13 in
the presence of the APJ receptor antagonist ML221 (20 μM; left panel). Under these experimental conditions,
POMC neurons did not respond to apelin-13 (middle and right panels; n = 11 neurons, p> 0.05). Scale bar:
20 mV, 2 min.

doi:10.1371/journal.pone.0119457.g001
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of POMC neurons (Fig. 1D; n = 11 neurons). There was no significant difference in membrane
potential and firing rate before and after application of apelin-13 with ML221 (Vm: control,
-47.9 ± 2.5 mV, apelin-13, -47.9 ± 2.5 mV, n = 11 neurons, p> 0.05; firing rate: control,
1.3 ± 0.6 Hz, apelin-13, 1.3 ± 0.5 Hz, n = 4 neurons, p> 0.05).

PTX does not block the effect of apelin-13
The APJ receptor is a G-protein-coupled receptor [28–29]. We intracellularly applied guanosine-
5'-O-2-thiodiphosphate (GDP-β-S; 2 mM) into the cell as inclusion of a non-hydrolysable form
of GDP through patch pipette prevents G protein-mediated signaling. Under such experimental
conditions, POMC neurons did not responded to apelin-13 (Vm: control,- 52.2 ± 3.6 mV,
apelin-13,- 52.3 ± 3.6 mV, n = 8 neurons, p> 0.05; Fig. 2A and E), consistent with the fact that
this depolarization occurs dependently of G protein signaling.

We further examined whether apelin-13 stimulates Gαi or Gαq proteins in POMC neurons.
PTX has been a very useful tool in determining the involvement of Gαi protein in signaling
pathways [30]. We thus examined whether PTX abolishes apelin-induced depolarization of
POMC neurons. To this end, we stereotaxically injected PTX into the ARC (see materials and
methods) and then tested apelin-13 on POMC neurons 5 days post injection. We found that
the membrane potential of POMC neurons from animals pre-treated with PTX was still depo-
larized by apelin-13. The mean change in membrane potential before and after apelin-13 was
significantly different (+3.2 ± 0.6 mV, n = 6 out of 9 neurons, p< 0.05; Fig. 2B and E).

Inhibition of PLC abolishes apelin-induced depolarization
As PTX did not block the depolarizing effect of apelin-13, the action of the APJ receptor would
be mediated via Gαq coupling that stimulates PLC signaling. To examine the contribution of
PLC, the PLC inhibitor was bath-applied. Under these experimental conditions, apelin-13 did
not significantly shift the membrane potential of POMC neurons following treatment with the
PLC inhibitor U73122 (10 μM; Fig. 2E). The mean membrane potential before and after appli-
cation of apelin-13 was -51.1 ± 3.7 mV and -51.2 ± 3.8 mV, respectively (n = 6 neurons,
p> 0.05). Stimulation of PLC signaling produces Inositol trisphosphate 3 (IP3) and diacylgly-
cerol (DAG) which lead to an activation of protein kinase C (PKC) [31]. To examine the in-
volvement of PKC, we directly introduced the protein kinase inhibitor staurosporine (100 nM)
into POMC neurons via pipette solution. Under these experimental conditions, none of
POMC neurons examined was depolarized by apelin-13 (Vm: control, -53.5 ± 3.9 mV,
apelin-13, -53.1 ± 4.3 mV; n = 8 neurons, p> 0.05; Fig. 2E). Taken together, our data suggest
that the APJ receptor in POMC neurons is preferentially coupled to Gαq, but not
Gαi, proteins.

Blockade of G-protein βγ subunit signaling abolishes the effect of
apelin-13
The prior studies have demonstrated that not only the α-subunits of different G proteins but
also the free Gβγ complex plays a role in signal transmission [32–34]. In particular, the βγ sub-
unit can activate PLC independent of the G subunit. We intracellularly applied the Gβγ signal-
ing blocker gallein (20 μM) into the cell to selectively restrain Gβγ signaling in POMC neurons.
Under such experimental conditions, apelin-13 was no longer able to alter the membrane po-
tential of POMC neurons (Vm: control, -49.8 ± 2.2 mV, apelin-13, -50.3 ± 2.2 mV; n = 7;
p> 0.05; Fig. 2C and E), indicating that the observed depolarization occurs through direct acti-
vation of Gβγ signaling.
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Fig 2. Apelin-13 excites POMC neurons via stimulating the Gβγ signaling pathway. (A) Representative recording sample of the whole-cell membrane
potential of POMC neurons before, during, and after treatment with apelin-13 with GDP-β-S. GDP-β-S (2 mM) was directly introduced into the cell through
patch pipette. Under these conditions, apelin-13 did not excite POMC neurons (n = 8 neurons). (B-C) Sample recording traces showing changes in
membrane potential before, during, and after treatment with apelin-13 in animals pre-treated with PTX (B) and in the presence of gallein (C). Application of
Apelin-13 (100 nM) effectively depolarized POMC neurons from animals pre-treated with PTX, whereas the same treatment did not change the membrane
potential after having blocked Gβγ signaling with gallein. Scale bar: 20 mV, 2 min. (D) Representative recording sample showing that the TRPC channel
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Interestingly, the βγ subunits appear to preferentially activate PLC-β1–3, but not PLC-γ
isoforms [32–34]. Hence, we performed single-cell real time qPCR following single-cell whole
transcriptome amplification of total RNA from individual POMC neurons. This method al-
lowed us to determine whether individual POMC neurons co-express the APJ receptor and
PLC-β1–3 isoforms. We found that 50% of POMC neurons examined expressed the APJ recep-
tor (n = 5 out of 10 neurons; Fig. 2F). Our data further revealed that the majority of POMC
neurons expressed PLC-β1 and-β3 isoforms (70%, 0% and 50% for PLC-β1,-β2 and-β3 iso-
forms, respectively; n = 7, 0 and 5 out of 10 neurons). More importantly, all APJ receptor-
expressing POMC neurons also contained either PLC-β1 or PLC-β3 or both (Fig. 2F). These
findings further suggest that the βγ subunits activate PLC-β isoforms, leading to a depolariza-
tion of POMC neurons.

Apelin-13 inhibits M-current
It has been well documented that leptin as well as insulin stimulates canonical transient recep-
tor potential (TRPC) channels through activation of the PLC signaling pathway, thereby depo-
larizing POMC neurons [17–18]. We thus investigated whether apelin depolarizes POMC
neurons via activating TRPC channels. In the presence of the TRPC channel blocker 2-APB
(100 μM) apelin remained effective in depolarizing POMC neurons (Fig. 2D and E). The mean
membrane potential before and after application of apelin was significantly different (Vm: con-
trol, -47.8 ± 1.9 mV, apelin-13, -43.2 ± 2.0 mV; n = 5 neurons; p< 0.05). These data suggest
that TRPC channels are not a downstream target of the apelin/APJ receptor signaling pathway.

Thus we further characterized the nature of the membrane depolarization. We measured
the reversal potential (Erev) of the apelin-sensitive current by changing the membrane potential
from −140 to −30 mV for 2 s in voltage-clamp configuration. The apelin-13-sensitive current
was calculated by subtracting the current with apelin-13 from the control conditions. The I–V
relationship revealed that the net current exhibited no rectification and that the Erev of the
apelin-sensitive current was −84.3 ± 1.4 mV (n = 10 neurons; Fig. 3A), a value close to the cal-
culated K+ equilibrium potential under our experimental conditions. Our data suggest that
apelin-13 inhibits potassium-mediated current.

Among potassium channels, KCNQ channels modulate neuronal excitability, action poten-
tial kinetics, and bursting firing [35–36]. Importantly these channels (KCNQ 2, 3, and 5 sub-
units) constitute M-type potassium current that is inhibited by activation of a number of
G-protein-coupled receptors [35]. It has been shown that both neuropeptide Y (NPY) and
POMC neurons in the ARC express KCNQ channels and that the regulation of M-current al-
ters ARC neuronal excitability [22–23]. Indeed we also found that most APJ-expressing POMC
neurons expressed KCNQ 2, 3 and 5 subunits, as shown in Fig. 2F.

We thus examined whether apelin-13 inhibits M-current in POMC neurons. To this end,
we first measured the deactivation or relaxation of the whole-cell K+ currents induced by a
well-established protocol in the presence of TTX (500 nM) [22–23]. The amplitude of
M-current deactivation was measured as the difference between the initial and sustained cur-
rent of the current trace (Fig. 3B). The outward K+ current evoked by this protocol was signifi-
cantly decreased by apelin-13 (100 nM, n = 8 neurons). Treatment with apelin-13 significantly

antagonist 2-APB did not block the effect of apelin-13. Scale bar: 20 mV, 2 min. (E) Summary of the effects of apelin-13 in the presence of Gαi, Gβγ, PLC,
PKC and TRPC inhibitors. GDP-β-S, Gallein, U73122, and staurosporin completely blocked the effect. POMC neurons remained to be sensitive to apelin-13
in the presence of PTX and 2-APB. (F) Single-cell qPCR analysis of individual POMC neurons. A representative gel illustrating the expression of the APJ
receptor, PLC-β isoforms (1 and 3) and KCNQ subunits (2, 3 and 5) in POMC neurons (L: 100 bp ladder, con: positive control, 1–5: five different APJ
receptor-expressing POMC neurons).

doi:10.1371/journal.pone.0119457.g002
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Fig 3. Apelin-13 inhibits M-type potassium current. (A) Current-voltage (I-V) relationship of the apelin-
sensitive current. Left panel shows the whole-cell membrane currents in response to ramping the membrane
potential from -140 mV to -30 mV before and after application of apelin-13 (100 nM). Right panel: The I-V
relationship shows that the reversal potential of the apelin-sensitive current was -84.3 ± 1.4 mV (n = 10
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reduced the amplitude of the maximum K+ current that was recorded at—35 mV from
48.1 ± 8.8 pA to 23.6 ± 6.2 pA (n = 8 neurons, p< 0.05; Fig. 3B and C).

Next, we activated M-current with a series of command voltage steps from -80 to +10 mV
in 10 mV increments for 1 s from a holding potential of -90 mV in the presence of TTX
(500 nM) as described in the prior studies [22], [37]. Under these experimental conditions, the
amplitude of the steady-state outward current at +10 mV was significantly decreased following
treatment with apelin-13 (mean amplitude: control, 904 ± 109.5 pA; apelin-13, 700.4 ± 93.7
pA, n = 8 neurons, p< 0.05). The involvement of M-current was further examined by includ-
ing the KCNQ channel inhibitor XE991 in aCSF. Treatment with XE991 (50 μM) significantly
decreased the amplitude of the outward current at +10 mV (mean amplitude: control,
908.84 ± 183.76pA; XE991, 604.78 ± 118.84 pA, n = 5 neurons, p< 0.05), suggesting that
POMC neurons express M-current. In the presence of XE991, treatment with apelin-13 no
longer inhibited the outward current (mean amplitude: XE991, 604.78 ± 118.84 pA,
XE991 + apelin-13, 592.51 ± 93.41 pA, n = 5 neurons, p>0.05).

Finally, we examined whether the KCNQ channel inhibitor abolishes the apelin-induced de-
polarization. In the presence of XE991 (50 μM), apelin-13 no longer changed the membrane
potential of POMC neurons (Vm: XE991, -41.7 ± 1.1 mV, XE991 + apelin-13, -41.8 ± 1.0 mV;
Fig. 3D), consistent with the fact that apelin-13 excites POMC neurons by inactivating
KCNQ channels.

Discussion
ARC POMC neurons are activated both directly and synaptically by circulating cues of energy
surfeit such as glucose [38], insulin [17], and the fat-derived hormone leptin [39]. In this work,
we outlined the cellular mechanisms underlying the depolarizing effect of apelin-13. We first
showed that apelin-13 depolarized POMC neurons, which was completely abolished by the
APJ receptor antagonist. Second, we demonstrated that this depolarization was due to a Gβγ-
dependent activation of PLC-β signaling. Interestingly, all APJ receptor-positive POMC neu-
rons expressed PLC-β isoforms (especially β1 and β3) that were a downstream target of Gβγ
dimers. Third, activation of PLC-β signaling excited POMC neurons by inactivating XE991-
sensitive M-type potassium channels. As described in recent studies of NPY and POMC neu-
rons [22–23], regulation of the expression and activity of M-current in POMC neurons would
contribute to the control of glucose homeostasis and food intake.

As apelin is synthesized and secreted from adipocytes, it is considered one of the adipokines
[2]. Like other adipocyte-derived hormones such as leptin, apelin appears to be implicated in
regulating glucose homeostasis and insulin sensitivity [8], [16], [40]. It has been proposed that
the cellular basis of these metabolic effects involves a production of nitric oxide (NO) and reac-
tive oxygen species (ROS) in the hypothalamus [8], [16]. However, changes in hypothalamic
network activity would also contribute to these physiological processes. Indeed, central injec-
tion of apelin-13 induces the expression of c-fos in the ARC of fed animals [8], suggesting that
apelin-13 is able to enhance the excitability of neurons in the ARC. POMC neurons in the
ARC express the APJ receptor and activation of APJ receptors appears to induce the release of
α-MSH [12]. It has been well documented that circulating nutrients, hormones, and

neurons). (B and C) Sample membrane currents in response to voltage steps (a voltage jump to −20 mV was
followed by steps from -25 mV to -75 mV; 5 mV step for 0.5 s) with and without apelin-13 at a holding potential
of -60 mV (B). Apelin-13 inhibited the outward current (C). Scale bar: 100 pA, 100 ms. (D) Sample recording
trace showing change in membrane potential before and during treatment with apelin-13 in the presence of
the KCNQ channel blocker XE991 (left panel). Right panel: Pooled data of membrane potential of POMC
neurons with apelin-13 (A-13) and XE991 (n = 12 neurons). Scale bar: 20 mV, 2 min.

doi:10.1371/journal.pone.0119457.g003
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neurotransmitters alter POMC neuron excitability by regulating a variety of channels such as
KATP [38], [41], TRPC [17–18], [42], and KCNQ channels [23].

The APJ receptor has been shown to be coupled to Gαi and Gαq proteins. The activation of
heterotrimeric G-proteins results in the exchange of GDP bound to the α subunit for GTP and
the subsequent dissociation of the βγ subunit complex. And then effectors can be regulated by
Gα only, by Gβγ only, by Gα or Gβγ or by Gα and Gβγ together [33]. In our preparations,
apelin-13 did not lose the ability to alter POMC neuron activity in animals pre-treated with
PTX, consistent with the fact that the observed depolarization does not require activation of
Gαi proteins. Hence, it is possible that activation of the APJ receptor would trigger the Gαq sig-
naling pathway. Alternatively, G protein βγ dimers would play a role in depolarizing POMC
neurons independently of Gα proteins. Interestingly, apelin-13 no longer changed the mem-
brane potential of POMC neurons after having blocked Gβγ signaling, consistent with the es-
sential role of Gβγ subunits in the apelin/APJ receptor signaling pathway in POMC neurons.

The Gβγ subunit complex directly activates PLC-β, but not—γ, isoforms [32], [34], [43]. It
seems likely that the majority of POMC neurons express PLC-γ isoforms [18]. Leptin and insu-
lin stimulate the PLC-γ signaling pathway and the subsequent activation of PLC-γ isoforms
leads to an opening of TRPC channels, thereby depolarizing POMC neurons [17–18]. Al-
though the PLC inhibitor blocked the effect of apelin-13 in our preparations, the TRPC chan-
nel inhibitor did not influence apelin-induced depolarization of POMC neurons, suggesting
the existence of other cellular mechanisms. In addition to the expression of PLC-γ isoforms,
single-cell qPCR analysis of individual POMC neurons revealed that all APJ receptor-positive
POMC neurons contained PLC-β isoforms, especially β1 and β3 isoforms. Our results thus sug-
gest that PLC-β signaling appears to be a direct downstream target of the APJ receptor through
the Gβγ subunit complex in POMC neurons.

The potassium channels underlying M-current are the KCNQ channel subunits (e.g. KCNQ2,
KCNQ3, and KCNQ5) [35]. It has been shown that M-current controls the excitability of neu-
rons in the ARC, including NPY and POMC neurons and is subject to modulation by nutrient
availability and G protein-coupled receptors [22–23]. For instance, inhibition of M-current by
serotonin increases POMC neuron excitability [23]. Importantly, M-type potassium channels are
modulated by Gαq protein-coupled receptors [35–36] and is regulated specifically by PLC-β iso-
forms [36]. Moreover, PLC-β1–3 isoforms are regulated by Gα subunits of the Gq class as well as
by Gβγ subunits [33]. In our preparations, the majority of POMC neurons having the APJ recep-
tor and PLC-β isoforms expressed KCNQ subunits as well. Hence it looks likely that apelin-13
inhibits M-current through a Gβγ-dependent activation of PLC-β signaling.

We should emphasize that apelin-13 did not regulate TRPC channels in POMC neurons. It
appears that, although both apelin and leptin increase POMC neuron excitability, they do not
share common signaling pathways; one is PLC-γ signaling and the other is mediated by PLC-β
isoforms. Therefore, it is plausible that each PLC isoform has a unique role in sensing and re-
sponding to diverse nutrients and hormones. This integration through PLC signaling would
determine the physiological outcome of POMC neurons. In fact, isoform-specific deletion of
signaling molecules, including PI3K and AMP-activated protein kinase (AMPK) alters re-
sponses of POMC and AgRP neurons to insulin and leptin [44–45]. As leptin and apelin recep-
tors in POMC neurons improve glucose homeostasis and insulin sensitivity [8], [16], [40],
[46], simultaneous activation of PLC-β and-γ signaling in POMC neurons could produce an
additive effect on the magnitude of depolarization and ultimately strengthen the beneficial
metabolic effects.

In summary, our results provide electrophysiological evidence that apelin-13 activates
G-protein-coupled APJ receptors, and the resultant dissociation of the Gαq heterotrimer in-
duces a Gβγ-dependent activation of PLC-β signaling, which in turn inhibits M current in
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POMC neurons. Our work suggests that the KCNQ channels in POMC neurons would be an
alternative therapeutic target against obesity and type 2 diabetes as they are regulated by an-
orexigenic neurotransmitters and adipokines such as serotonin and apelin.
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