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Direct and indirect effects of liraglutide on
hypothalamic POMC and NPY/AgRP neurons e
Implications for energy balance and glucose
control
Zhenyan He 1,2, Yong Gao 2,3, Linh Lieu 2, Sadia Afrin 2, Jianhong Cao 2,4, Natalie J. Michael 2, Yanbin Dong 2,4,
Jia Sun 2, Hongbo Guo 1,5, Kevin W. Williams 2,5,*
ABSTRACT

Objective: The long-acting glucagon-like peptide-1 receptor (GLP-1R) agonist, liraglutide, stimulates insulin secretion and efficiently suppresses
food intake to reduce body weight. As such, liraglutide is growing in popularity in the treatment of diabetes and chronic weight management.
Within the brain, liraglutide has been shown to alter the activity of hypothalamic proopiomelanocortin (POMC) and Neuropeptide Y/Agouti-related
peptide (NPY/AgRP) neurons. Moreover, the acute activities of POMC and NPY neurons have been directly linked to feeding behavior, body weight,
and glucose metabolism. Despite the increased usage of liraglutide and other GLP-1 analogues as diabetic and obesity interventions, the cellular
mechanisms by which liraglutide alters the activity of metabolically relevant neuronal populations are poorly understood.
Methods: In order to resolve this issue, we utilized neuron-specific transgenic mouse models to identify POMC and NPY neurons for patch-clamp
electrophysiology experiments.
Results: We found that liraglutide directly activated arcuate POMC neurons via TrpC5 channels, sharing a similar mechanistic pathway to the
adipose-derived peptide leptin. Liraglutide also indirectly increases excitatory tone to POMC neurons. In contrast, liraglutide inhibited NPY/AgRP
neurons through post-synaptic GABAA receptors and enhanced activity of pre-synaptic GABAergic neurons, which required both TrpC5 subunits
and K-ATP channels. In support of an additive role of leptin and liraglutide in suppressing food intake, leptin potentiated the acute effects of
liraglutide to activate POMC neurons. TrpC5 subunits in POMC neurons were also required for the intact pharmacological effects of liraglutide on
food intake and body weight. Thus, the current study adds to recent work from our group and others, which highlight potential mechanisms to
amplify the effects of GLP-1 agonists in vivo. Moreover, these data highlight multiple sites of action (both pre- and post-synaptic) for GLP-1
agonists on this circuit.
Conclusions: Taken together, our results identify critical molecular mechanisms linking GLP-1 analogues in arcuate POMC and NPY/AgRP
neurons with metabolism.
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1. INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a global health problem closely
linked to obesity [1e3]. Glucagon-like peptide 1 (GLP-1) is a gut
derived hormone that plays a key role in regulation of glucose meta-
bolism by acting in the periphery to stimulate insulin secretion as well
as suppress glucagon secretion in a glucose dependent manner [4,5].
In addition, GLP-1 suppresses feeding by relaying meal-related
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information on nutritional status to the brain [6e9]. As a consequence,
compounds that activate GLP-1 receptors (e.g. liraglutide) are widely
used for the treatment of type 2 diabetes and chronic weight man-
agement [10e15].
The extensive distribution of GLP-1 receptors in the central nervous
system (CNS), and findings from rodents and mammalian studies,
indicate that the liraglutide-induced satiety and weight effects require
activity within the brain [16e20]. GLP-1 receptors expressed in CNS
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glutamatergic neurons are essential to the liraglutide induced physi-
ological effects [16]. Within the hypothalamus, arcuate pro-
opiomelanocortin (POMC) and Neuropeptide Y (NPY)/Agouti gene-
related peptide (AgRP) neurons play an important role in regulating
energy balance and glucose homeostasis [21e25]. Notably, arcuate
POMC neurons are glutamatergic and POMC expression in gluta-
matergic neurons is also essential for proper energy balance [26e29].
Moreover, GLP-1 receptors in POMC neurons are required for weight
regulation on a High fat diet (HFD) [30]. Both peripheral and central
administration of liraglutide alter arcuate POMC and NPY/AgRP
neuronal activity and contribute to changes in food intake and body
weight [31,32]. These data support an important regulation of meta-
bolism by GLP-1 which requires activity within the central nervous
system including melanocortin neurons.
There is increasing evidence that highlights a potential melanocortin-
dependent compensatory/additive role for GLP-1Rs in the absence/
presence of leptin. In particular, the acute effects of GLP-1 receptor
activation in melanocortin neurons mirrors that of the description of
leptin [33e37]. GLP-1 may also be beneficial in the absence of leptin
[38,39]. Moreover, leptin potentiates the effects of GLP-1 on food
intake and body weight [32,40]. Thus, a better understanding of GLP-1
receptors mechanism of action in melanocortin neurons may advance
our knowledge of how GLP-1 contributes to food intake and body
weight control with or without leptin.
In the current study, we hypothesized that GLP-1 and leptin may
activate melanocortin neurons in an additive manner. To test this
hypothesis, we utilized transgenic and Cre-Lox technology to identify
NPY/AgRP and POMC neurons which express LepRs. We found that
leptin and GLP-1 directly modulate neuronal excitability of melano-
cortin neurons in an additive manner, an activity that requires TrpC5
signaling. We also describe a melanocortin pre-synaptic network
altered in response to GLP-1, which requires TrpC5 and K-ATP
signaling.

2. METHODS

2.1. Animals
Male (6- to 18-week-old) pathogen-free mice were used for all ex-
periments. All mice were housed under standard laboratory conditions
(12 h on/off; lights on at 7:00 a.m.) and temperature-controlled
environment with food and water available ad libitum. All experi-
ments were performed in accordance with the guidelines established
by the National Institute of Health Guide for the Care and Use of
Laboratory Animals and approved by the University of Texas Institu-
tional Animal Care and Use Committee.
To identify POMC and NPY neurons with or without LepR, we generated
POMC-hrGFP::LepR-cre::tdTomato (PLT) and NPY-hrGFP::LepR-
cre::tdTomato (NLT) mice as previously described [41e44]. Briefly,
LepR reporter mice were made by mating LepR-cre mice [45] with the
tdTomato reporter mouse (#007908; The Jackson Laboratory). LepR-
cre::tdTomato reporter mice were subsequently mated with either
POMC- or NPY-humanized Renilla green fluorescent protein (hrGFP)
mice [46,47]. TrpC5 KO mice [48,49] were subsequently mated with
PLT or NLT mice to identify POMC or NPY neurons which express LepR
on a TrpC5 KO background. Separately, POMC-creERT2 mice [50] were
mated with TrpC5-flox mice to generate mice with selective deficiency
of TrpC5 in all POMC neurons (POMC-creER::TrpC5-flox mice).

Tamoxifen treatment to induce adult-onset ablation of TrpC5 in
POMC neurons:
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Tamoxifen (Sigma, 20 mg/ml) dissolved in corn oil (Sigma) was
administered i.p. for 2 consecutive days (80 ml/day) to 5- to 7-week-
old male POMC-creER::TrpC5-flox mice. Moist food was provided after
the injection of tamoxifen. After 2 weeks of injection, mice were used
for physiology studies.

2.2. Electrophysiology studies

2.2.1. Slice preparation
Brain slices were prepared from young adult male mice (6e10 weeks
old) as previously described. Briefly, male mice were deeply anes-
thetized with i.p. injection of 7% chloral hydrate and transcardially
perfused with a modified ice-cold artificial CSF (ACSF) (described
below). The mice were then decapitated, and the entire brain was
removed and immediately submerged in ice-cold, carbogen-saturated
(95% O2 and 5% CO2) ACSF (126 mM NaCl, 2.8 mM KCl, 1.2 mM
MgCl2, 2.5 mM CaCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 5 mM
glucose). For some experiments, slices were perfused with ACSF
containing 0.5 mM or 3 mM glucose by replacing glucose with equi-
molar amounts of sucrose [42,51]. Coronal sections (250 mm) were cut
with a Leica VT1000S Vibratome and then incubated in oxygenated
ACSF (32 �Ce34 �C) for at least 1 h before recording. The slices were
bathed in oxygenated ACSF (32 �Ce34 �C) at a flow rate of w2 ml/
min. All electrophysiology recordings were performed at room
temperature.

2.2.2. Whole-cell recordings
The pipette solution for whole-cell recording was modified to include
an intracellular dye (Alexa Fluor 350 hydrazide dye) for whole-cell
recording: 120 mM K-gluconate or KCl, 10 mM KCl, 10 mM HEPES,
5 mM EGTA, 1 mM CaCl2, 1 mM MgCl2, and 2 mM MgATP, 0.03 mM
Alexa Fluor 350 hydrazide dye (pH 7.3). Epifluorescence was briefly
used to target fluorescent cells, at which time the light source was
switched to infrared differential interference contrast imaging to obtain
the whole-cell recording (Zeiss Axioskop FS2 Plus equipped with a
fixed stage and a QuantEM:512SC electron-multiplying charge-
coupled device camera). Electrophysiological signals were recorded
using an Axopatch 700B amplifier (Molecular Devices), low-pass
filtered at 2e5 kHz, and analyzed offline on a PC with pCLAMP pro-
grams (Molecular Devices). Membrane potential and firing rate were
measured by whole-cell current clamp recordings from POMC and NPY
neurons in brain slices. Recording electrodes had resistances of 2.5e
5 MU when filled with the K-gluconate internal solution. Input resis-
tance was assessed by measuring voltage deflection at the end of the
response to a hyperpolarizing rectangular current pulse steps (500 ms
of �10 to �50 pA).
Neurons were voltage-clamped at�70 mV (for excitatory postsynaptic
currents) and�15 mV (for inhibitory postsynaptic currents). Frequency
and peak amplitude were measured by using the Mini Analysis pro-
gram (Synaptosoft, Inc.).

2.3. Drugs
Drug working concentrations (WC) and stock preparation (SP) were as
follows: liraglutide (6 mg/ml, Novo Nordisk), GLP-1 (WC ¼ .001-1 mM,
SP ¼ 1 mg dissolved in 1 ml deionized water, Tocris), tetrodotoxin
(TTX, WC ¼ 2 mM, SP ¼ 1 mg dissolved in 1 ml deionized water,
Tocris), picrotoxin (WC ¼ 50 mM, SP ¼ 1 mg dissolved in 30 ml
dimethyl sulfoxide, SigmaeAldrich), 6-cyano-7-nitroquinoxaline-2, 3-
dione (CNQX; WC ¼ 10 mM, SP ¼ 1 mg dissolved in 400 ml
dimethyl sulfoxide, SigmaeAldrich), AP5 (WC ¼ 50 mM, SP ¼ 1 mg
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dissolved in 200 ml deionized water, SigmaeAldrich), Leptin (WC ¼
100 nM, SP ¼ 1 mg dissolved in 1 ml Dulbecco’s PBS from Gibco,
provided by A.F. Parlow, through the National Hormone and Peptide
Program), THIP (WC ¼ 10 mM, SP ¼ 1 mg dissolved in 100 ml
deionized water, Tocris), tolbutamide (WC ¼ 200 mM, SP ¼ 25 mg
dissolved in 500 ml Ethanol alcohol, SigmaeAldrich). The final con-
centration of dimethyl sulfoxide applied to the slice was <0.1%.
TTX þ Synaptic blockers (SB): picrotoxin (GABAA receptor antagonist),
CNQX (Potent and selective non-NMDA iGluR antagonist), and AP5
(Potent and selective NMDA antagonist) were combined with TTX
(Sodium Channel blocker) in the ACSF and resulted in the final con-
centration as described above.
Solutions containing drug were typically perfused for 5 min. A drug
effect was required to be associated temporally with compound
application, and the response had to be stable within a few minutes. A
change in membrane potential was required to be at least 2 mV in
amplitude, the onset was required to be associated temporally with the
peptide application (i.e. usually beginning at about 1e2 min after
changing solutions, the time it took for compound to arrive at the
recording chamber), and the response had to be saturated and stable
within a few minutes (i.e. did not continually change). The value of the
membrane potential was measured at a specific time after compound
application (i.e. 3e4 min after the compound arrived in the chamber
and no continual changes).

2.4. Animal studies
For the liraglutide daily injection study, age matched male POMC-
creER::TrpC5-flox mice (WT and deletion mice are all homozygous of
TrpC5-flox, while KO or WT is defined as with either creER expression
or not, n ¼ �5 per genotype) were single housed and fed with chow
diet. Daily food intake, body weight, and blood glucose were measured
at 9:00 am for 5 days as baseline. Starting from day 6, liraglutide
(300 mg/kg) and vehicle (sterile saline, 10 ml/kg) were administered
i.p. in a counterbalanced manner to both controls and POMC-
creER::TrpC5-flox mice at 9:00 am for 5 days. Body weight, food intake
and blood glucose were measured daily.

2.5. Analysis and statistics
A value of twice the mean peak-to-peak noise level for a given
recording in control solutions was used as the detection limit for
minimal PSC amplitude (i.e. typically 5e10 pA). For spontaneous
EPSCs and IPSCs (sEPSCs and sIPSCs), at least 2 min of activity was
examined to identify effects on amplitude and frequency distributions.
Membrane potential values were not compensated to account for
junction potential (�8 mV). For animal studies, data were normalized
with the average of 5 days baseline. Food intake was also normalized
with body weight from the same day. All graphs were carried out using
Graphpad Prism 7.0 software. All figures were carried out using
CorelDraw C8 (64 Bit). Data from responding cells were analyzed using
a paired t test. Proportions of responding cells from different groups
were analyzed using unpaired a two-tailed Student’s t test. Results are
reported as the mean � SEM unless indicated otherwise; where n
represents the number of cells studied. Significance was set at
*p < 0.05 for all statistical measures.

3. RESULTS

3.1. Liraglutide depolarizes LepR expressing POMC neurons in
arcuate nucleus of hypothalamus
In order to analyze the effects of liraglutide on arcuate POMC neurons,
whole-cell patch-clamp recordings were performed on both leptin
122 MOLECULAR METABOLISM 28 (2019) 120e134 � 2019 Published by Elsevier GmbH. This is
receptor expressing and non-leptin receptor expressing POMC neurons
from POMC-hrGFP::LepR-cre::tdtomato (PLT) mice. Alexa Fluor 350
hydrazide dye was added to the intracellular pipette solution for real-
time confirmation that hrGFP-positive neurons were targeted for
recording (Figure 1AeE). Recordings were made in 37 POMC-hrGFP
neurons (both LepR expressing and non LepR expressing, see
Figure S1). Bath application of liraglutide (1 mM) depolarized 10 of 27
LepR expressing POMC neurons (37%, 1 mM, n ¼ 10, change of
resting membrane potential: þ10.2 � 1.8 mV. Figure 1F and M,
Figure S2C). Within a recording, the depolarization was at least
partially reversible within 15 min in 7 out of 10 neurons (Figure 1M).
Moreover, application of liraglutide induced dose-dependent depolar-
ization in LepR expressing POMC neurons (EC50 ¼ 80 nM, Figure 1G).
Rectangular current steps (500 ms; �50 pA) were applied to the
membrane in order to obtain a currentevoltage (IeV) plot. The lir-
aglutide induced depolarization of POMC neurons was concomitant
with a decrease in input resistance (29%, 1.0 � 0.1 GU for ACSF
control; 0.7 � 0.1 GU for liraglutide administration, n ¼ 5, Figure 1H,
I). Linear extrapolation of currentevoltage relation revealed the
reversal potential of the liraglutide-induced depolarization to
be�9.3 mV� 3.8 mV (n¼ 5, Figure 1I), suggesting an activation of a
mixed-cation conductance contributing to the liraglutide induced de-
polarization of arcuate POMC neurons.
Pretreatment with TTX and synaptic blockers (picrotoxin, CNQX and
AP5) failed to abrogate the liraglutide-induced depolarization on LepR
expressing POMC neurons (1 mM, n¼ 5, change of resting membrane
potential: þ9.3 � 1.2 mV, Figure 1J, M). The remaining LepR
expressing POMC neurons were unresponsive to liraglutide treat-
ment (63%, n ¼ 17, 1 mM, change of resting membrane
potential: þ0.1 � 0.3 mV, Figure 1M, Figure S1). Similarly, liraglutide
(1 mM) failed to alter the membrane potential of non LepR expressing
POMC neurons (1 mM, n ¼ 10, change of resting membrane
potential: �0.1 � 0.3 mV, Figures S1 and S2AeB).
Similar to liraglutide, GLP-1 depolarized arcuate LepR expressing
POMC neurons (1 mM, n ¼ 5, change of resting membrane
potential: þ9.8 � 2.3 mV, Figure 1K, M). Moreover, analogous results
were obtained by using GLP-1 (1 mM) following the pretreatment of
TTX (2 mM) and synaptic blockers (1 mM, n ¼ 6, change of resting
membrane potential: þ8.8 � 1.2 mV, Figure 1L, M). Together, these
data support a GLP-1/liraglutide direct membrane depolarization/
activation of LepR expressing POMC neurons via a mixed cation
conductance, independent of pre-synaptic inputs.

3.2. Additive effect of liraglutide and leptin on LepR expressing
POMC neurons
GLP-1R agonism rescues many of the metabolic deficits observed in
ob/ob mice [39]. Moreover, GLP-1R agonists potentiate leptin’s effect
to suppress food intake and body weight [32,40]. In the current study,
we observed a selective activation of LepR expressing POMC neurons
by GLP-1R agonists. Thus, we hypothesized that liraglutide and leptin
may have additive effects on the excitability of arcuate POMC neurons.
Consistent with previous reports [52e55], leptin depolarized LepR
expressing POMC neurons (100 nM, n ¼ 5, change of resting mem-
brane potential:þ6.1� 0.8, n¼ 5, Figure 2A, E). Liraglutide (100 nM)
combined with leptin (100 nM) resulted in a larger depolarization of the
resting membrane potential when compared with the changes
observed of either liraglutide or leptin, alone (100 nM liraglutide:
n ¼ 10, change of resting membrane: þ6.6 � 0.8, Figure 2B, E;
100 nM liraglutide þ 100 nM leptin: n ¼ 4, change of resting mem-
brane potential: þ10.1 � 1.5, Figure 2C, E, *p < 0.05). Interestingly,
higher doses of liraglutide (1 mM) combined with leptin (100 nM)
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Figure 1: Liraglutide depolarizes LepR expressing POMC neurons in arcuate nucleus of hypothalamus. (A) Brightfield illumination of POMC-hrGFP::Lepr-cre::tdtomato neuron from
PLT mice. (B) and (C) The same neuron under FITC (hrGFP) and Alexa Fluor 594 (tdtomato) illumination. (D) Complete dialysis of Alexa Fluor 350 from the intracellular pipette. (E)
Merge image illustrates colocalization of hr-GFP, tdtomato, and Alexa Fluor 350 indicative of LepR expressing (white arrows) and non LepR expressing (blue arrows) POMC neurons.
(F) Electrophysiological study demonstrates a POMC-hrGFP::Lepr-cre::tdtomato (green/red) neuron that is depolarized in response to liraglutide (1 mM). (G) Dosage response of
liraglutide on LepR-expressing POMC neurons. (H) Traces showing decreased voltage deflection and increased action potential frequency after liraglutide application. (I) Current
versus voltage (IeV) plot illustrating a characteristic decrease in input resistance subsequent to liraglutide application. Shown are responses before (ACSF) and during liraglutide
application. (J) Representative trace showing pretreatment with TTX (2 mM) and synaptic blockers (SB) do not abrogate liraglutide-induced depolarization of LepR-expressing POMC
neurons. (K) Representative trace showing that GLP 1 depolarizes LepR-expressing POMC neurons. (L) Representative trace showing that pretreatment with TTX (2 mM) and
synaptic blockers do not abrogate liraglutide-induced depolarization of LepR-expressing POMC neurons. (M) Histogram summarizing the acute effect of liraglutide on the membrane
potential of POMC neurons which express LepR (G&R: LepR expressing POMC neurons). Data are expressed as mean � SEM.
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Figure 2: Synergetic effect of liraglutide and leptin on LepR expressing POMC neurons. (A) Current-clamp record depicting the characteristic depolarization of arcuate LepR-
expressing POMC neurons by leptin (100 nM). (B) Representative trace showing that low dose of liraglutide (100 nM) depolarizes LepR-expressing POMC neurons. (C) Repre-
sentative electrophysiological trace demonstrating that additive administration of liraglutide (100 nM) with leptin (100 nM) induced larger depolarized effect of LepR-expressing
POMC neurons. (D) Representative trace showing that additive administration of liraglutide (1 mM) with leptin (100 nM) induced depolarization of LepR-expressing POMC neurons.
(E) Histogram summarizing the acute effect of liraglutide and leptin on the membrane potential of LepR expressing POMC neurons. Data are expressed as mean � SEM. *p < 0.05,
unpaired t-test was used to compare.

Original Article
resulted in a similar depolarization of the resting membrane potential
that was observed with the sub-maximal dose of liraglutide (100 nM)
and leptin (100 nM) co-treatment (1 mM liraglutide þ 100 nM leptin,
n¼ 5, change of resting membrane potential:þ10.4� 1.7, Figure 2D,
E, *p < 0.05). Moreover, the change of resting membrane potential of
liraglutide (100 nM) and leptin co-treatment is analogous to the change
in membrane potential observed with maximal concentrations of lir-
aglutide (1 mM) or GLP-1 (1 mM) application alone (Figures 1M and 2C).
These data suggest that both liraglutide and leptin have additive effects
on LepR expressing POMC neurons and support a potential shared
cellular mechanism to depolarize LepR expressing POMC neurons.

3.3. Similar to leptin, liraglutide directly depolarizes LepR
expressing POMC neurons via TrpC5 subunits
Transient receptor potential cation 5 (TrpC5) subunits are required for
the acute effects of leptin on POMC neurons [49]. In the current study,
the conductance activated by liraglutide in LepR-expressing POMC
neurons (Erev ¼ �9.3 � 3.8 mV) is in agreement with that described
for activation of TrpC5 subunits [56,57]. In order to examine the
requirement of TrpC5 subunits in the liraglutide induced activation of
POMC neurons, LepR expressing POMC neurons deficient for TRPC5
subunits were targeted for electrophysiological recordings from POMC-
hrGFP::LepR-cre-tdtomato::TRPC5KO (PLT5KO) mice. All POMC neu-
rons deficient for TRPC5 subunits failed to depolarize in response to
liraglutide (1 mM, n ¼ 17, change of resting membrane
124 MOLECULAR METABOLISM 28 (2019) 120e134 � 2019 Published by Elsevier GmbH. This is
potential: �0.1 � 0.3 mV, Figure 3AeG). Next, we investigated the
requirement of TrpC5 subunits in adult POMC neurons (POMC-
creERT2-cre allows temporal control of cre-recombinase activity in
POMC neurons) in regulating the pharmacological effects of liraglutide
to inhibit food intake, decrease body weight, and lower blood glucose.
Male age matched litter mates control and POMC-creER::TrpC5-flox
mice were treated daily with liraglutide (300 mg/kg; I.P.; once daily.;
for 5 days; Figure S3A). Within 24 h after the first liraglutide injection,
both WT mice and mice deficient for TrpC5 subunits in POMC neurons
exhibited a decrease in body weight (w8%), food intake (w40%), and
blood glucose levels (w45%) (Figure 3IeK). Importantly, mice defi-
cient for TrpC5 subunits in POMC neurons exhibited a rapid reversal of
the liraglutide effects on food intake, bodyweight and blood glucose
(Figure 3HeK, Figure S3B). Together, these data support a distributed
network of GLP-1 receptors to mediate the pleiotropic effects of lir-
aglutide. Moreover, TrpC5 subunits in POMC neurons are required for
the sustained intact pharmacological effects of liraglutide.

3.4. Liraglutide indirectly hyperpolarizes NPY neurons in arcuate
nucleus of hypothalamus
To better understand the effect of liraglutide on arcuate NPY/AgRP
neurons, whole-cell patch-clamp recording was performed on leptin
receptor expressing and non-expressing NPY neurons from NPY-
hrGFP::LepR-cre::tdtomato (NLT) mice (Figure 4AeE). In total, 32
NPY-hrGFP neurons were targeted in control artificial cerebrospinal
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Liraglutide depolarizes LepR expressing POMC neurons via TrpC 5 subunits. (A) Brightfield illumination of POMC-hrGFP::Lepr-cre::tdtomato neuron from POMC-
hrGFP::Lepr-cre::tdtomato::TrpC5 KO mice. (B) and (C) The same neuron under FITC (hrGFP) and Alexa Fluor 594 (tdtomato) illumination. (D) Complete dialysis of Alexa Fluor
350 from the intracellular pipette. (E) Merge image illustrates colocalization of hr-GFP, tdtomato, and Alexa Fluor 350 indicative of LepR expressing (white arrows) POMC neurons.
(F) Representative trace showing that liraglutide fails to induce a depolarization in a POMC-hrGFP::Lepr-cre::tdtomato::TrpC5 KO (green/red) neuron. (G) Histogram summarizing the
acute effect of liraglutide on the membrane potential of LepR expressing POMC neurons which deleted of TrpC5. Data are expressed as mean � SEM. Plots show the changes in
cumulative food intake (H), body weight (I), daily food intake (J), and blood glucose (K) with daily injection of liraglutide on both litter mates control and POMC-creER::TrpC5-flox
mice. Data are from male chow-fed mice. Number of mice studied for each group equals or above 5. Unpaired t-test compared to controls. *p < 0.05, **p < 0.01.
fluid (ACSF) bath solutions. Opposite to the effects on arcuate POMC
neurons, liraglutide hyperpolarized arcuate NPY neurons (53%, 1 mM,
n ¼ 17, change of resting membrane potential: �10.1 � 0.9 mV,
Figure 4F, J, Figure S4). The liraglutide induced hyperpolarization
occurred in both LepR expressing (1 mM, n ¼ 8, change of resting
membrane potential: �8.7 � 1.3 mV, Figure 4J) and non LepR
expressing NPY neurons (1 mM, n ¼ 9, change of resting membrane
potential: �11.4 � 1.1 mV, Figure 4J), suggesting liraglutide effects a
broader cell population in NPY neurons when compared to POMC
neurons. Within a recording, the hyperpolarization was at least partially
reversible within 15 min in 4 out of 8 LepR expressing NPY neurons
and 5 out of 9 non LepR expressing NPY neurons (Figure 4J). The
membrane potential of the remaining neurons remained unchanged.
Using rectangular current steps (500 ms; �50 pA), we found that the
liraglutide induced hyperpolarization on NPY neurons was concomitant
with a decrease in input resistance (39.5%, 1.2 � 0.1 GU for control
MOLECULAR METABOLISM 28 (2019) 120e134 � 2019 Published by Elsevier GmbH. This is an open acc
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ACSF, 0.7 � 0.1 GU for liraglutide administration, n ¼ 5, Figure 4G,
H). Linear extrapolation of currentevoltage relation revealed the
reversal potential of the liraglutide-induced hyperpolarization to
be �76.6 � 1.5 mV (n ¼ 5, Figure 4H). The reversal potential of the
liraglutide induced hyperpolarization of arcuate NPY neuron resembled
the reversal potential of chloride (calculated ECl ¼ �65 mV in our
solutions), suggesting that liraglutide activates a chloride channel to
hyperpolarize NPY neurons. Importantly, the liraglutide-induced hy-
perpolarization of NPY neurons was blocked in the presence of TTX and
synaptic blockers (n ¼ 14, change of resting membrane
potential: �0.1 � 0.3 mV. Figure 4I, J, Figure S4), supporting an
indirect (dependent upon action potentials and/or fast neurotransmitter
release) hyperpolarization of arcuate NPY neurons.
NPY neurons (n¼ 19) were voltage-clamped at�70 mV, and changes
in whole cell current were monitored during bath application of lir-
aglutide. Eleven of these neurons displayed a change in whole-cell
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Figure 4: Liraglutide indirectly hyperpolarizes NPY neurons in arcuate nucleus of hypothalamus. (A) Brightfield illumination of NPY-hrGFP::Lepr-cre::tdtomato neuron from NLT
mice. (B) and (C) The same neuron under FITC (hrGFP) and Alexa Fluor 594 (tdtomato) illumination. (D) Complete dialysis of Alexa Fluor 350 from the intracellular pipette. (E) Merge
image illustrates colocalization of hr-GFP, tdtomato, and Alexa Fluor 350 indicative of LepR expressing (white arrows) and non LepR expressing (blue arrows) NPY neurons. (F)
Electrophysiological study demonstrates a NPY-hrGFP neuron that is hyperpolarized in response to liraglutide (1 mM). (G) Traces showing decreased voltage deflection and
decreased action potential frequency after liraglutide application. (H) Current versus voltage (IeV) plot illustrating a characteristic decrease in input resistance subsequent to
liraglutide application. Shown are responses before (ACSF) and during liraglutide application. (I) Electrophysiological study demonstrates that pretreatment with TTX (2 mM) and
synaptic blockers (SB) abrogate liraglutide (1 mM)-induced hyperpolarization of NPY neurons. (J) Histogram summarizing the acute effect of liraglutide (1 mM) on the membrane
potential of NPY neurons with or without pretreatment of TTX and synaptic blockers. (G: non LepR expressing NPY neurons. G&R: LepR expressing NPY neurons). Data are
expressed as mean � SEM.

Original Article
current subsequent to liraglutide application. Superfusion of liraglutide
(1 mM) resulted in an outward current in 10 out of 19 NPY neurons
(Figure 5A, B). Most of the remaining cells were unchanged in
response to liraglutide (n¼ 8), while 1 NPY neuron exhibited an inward
current (change of current: �48.5 pA). In order to further investigate
the chloride dependence of the liraglutide-induced inhibition of NPY
neurons we utilized a high KCl (120 mM) intracellular solution. This
resulted in a shift of the calculated reversal potential of Cl
from �65 mV to 0 mV in our solution. Neurons were then voltage-
clamped at �70 mV. In this configuration, we observed an inward
current in 3 of 6 NPY neurons (Figure S5A). Importantly, when neurons
were voltage-clamped at membrane potentials closer to the reversal
potential of Cl (ECL ¼ 0 mV; neurons held at �15 mV), we failed to
observe a liraglutide (1 mM) induced change of holding current in all
NPY neurons (n ¼ 9, Figure S5B). These data are in agreement with a
dependence of chloride for the effects of liraglutide on NPY cellular
activity.
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3.5. Liraglutide enhances inhibitory synaptic inputs to arcuate NPY
neurons, while enhances excitatory synaptic inputs to POMC
neurons
In order to characterize the effects of liraglutide on the synaptic inputs
to arcuate NPY and POMC neurons in the absence of voltage fluctu-
ations, we targeted 22 arcuate NPY neurons and 12 LepR expressing
POMC neurons in voltage clamp configuration. With a similar time
course to the liraglutide induced membrane hyperpolarization, lir-
aglutide (1 mM) increased the spontaneous IPSCs frequency in NPY
neurons (n ¼ 19, control ACSF: 1.1 � 0.1 Hz, liraglutide adminis-
tration: 1.6 � 0.15 Hz, ****p < 0.0001, paired t test, Figure 5C, D)
independent of changes in amplitude (Figure 5CeE). Both the fre-
quency and amplitude of spontaneous EPSCs were unaltered in NPY
neurons following application of liraglutide (1 mM; Figure 5FeH). In
contrast, liraglutide increased the spontaneous EPSCs frequency to
arcuate LepR expressing POMC neurons independent of changes in
amplitude (*p < 0.05, paired t test, Figure S6AeB). However, there
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Liraglutide enhances inhibitory synaptic inputs to arcuate NPY neurons, while no effect on excitatory synaptic inputs. (A) Voltage clamp recording demonstrates liraglutide
(1 mM) induced outward current on NPY neurons (Vm ¼ �15 mV). (B) Histogram summarizing the acute effect of liraglutide (1 mM) on the currents of NPY neurons
(Vm ¼ �15 mV). Data are expressed as mean � SEM. (C) Voltage clamp recording of spontaneous inhibitory postsynaptic currents (sIPSCs) observed in NPY-hrGFP neuron from
NLT mice before (upper) and during (lower) liraglutide administration (Vm ¼ �15 mV). (D&E) Plots indicating increased sIPSC frequency (Hz), but not amplitude (pA) in arcuate NPY
neurons with liraglutide (1 mM) administration. (F) Voltage clamp recording of spontaneous excitatory postsynaptic currents (sEPSCs) observed in NPY-hrGFP neuron from NLT mice
before (upper) and during (lower) liraglutide administration (Vm ¼ �70 mV). (G&H) Plots indicating no change of both sEPSC frequency (Hz) and amplitude (pA) in arcuate NPY
neurons with liraglutide (1 mM) administration (black bar: ACSF; red bar: ACSF þ liraglutide). Data are expressed as mean � SEM. ****p < 0.0001, paired t-test compared to
controls.
was a trend toward a liraglutide induced decrease in spontaneous IPSC
frequency of LepR expressing POMC neurons, this was not statistically
significant (p ¼ 0.051, paired t test, Figure S6CeD). Similar results
were obtained in the presence of TTX (Figure S6EeH).

3.6. Liraglutide hyperpolarizes NPY neurons via both pre-synaptic
inputs and post-synaptic GABAA receptor
Pretreatment of TTX and synaptic blockers abrogated the liraglutide
induced hyperpolarization of NPY neurons, suggesting the requirement
of presynaptic GLP-1Rs in the inhibition of NPY neurons. To investigate
the possible location of GLP-1 receptors on the presynaptic neurons,
we analyzed the effect of liraglutide with and without TTX, which
blocks action potential-dependent synaptic activity. TTX reversed the
liraglutide induced hyperpolarization in one-third of NPY neurons (3 of
9 NPY neurons; Figure 6B, E). The remaining 6 NPY neurons
MOLECULAR METABOLISM 28 (2019) 120e134 � 2019 Published by Elsevier GmbH. This is an open acc
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hyperpolarized by liraglutide were unaffected by TTX application
(Figure 6A, E). In a separate experiment, application of the GABAA
receptor antagonist (picrotoxin) reversed the liraglutide induced hy-
perpolarization in all 6 neurons recorded in control ACSF (Figure 6C, F).
Picrotoxin also reversed the liraglutide induced inhibition of all NPY
neurons in the presence of TTX (n ¼ 5, Figure 6D, G). These data
suggest liraglutide/GLP-1 may act at both terminal and soma/dendritic
loci on afferent neurons. Moreover, presynaptic GLP-1 receptor
expressing neurons release GABA, binding to GABAA receptors on NPY
neurons, and leading to the inhibition of NPY neuronal excitability.
Consistent with a liraglutide-induced hyperpolarization of arcuate NPY
neurons via a putative chloride channel (GABAA receptors), adminis-
tration of the GABAA receptor agonist (THIP) results in an analogous
inhibition of NPY neurons (10 mM, n¼ 5, change of resting membrane
potential: �10.0 � 1.2 mV, Figure S7).
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Figure 6: Liraglutide hyperpolarizes NPY neurons via both pre-synaptic GLP1 receptor and post-synaptic GABAA receptor. (A) Representative trace showing that TTX (2 mM) does
not prevent the liraglutide (1 mM)-induced hyperpolarization of NPY neurons. (B) Representative trace showing that TTX (2 mM) blocked the liraglutide (1 mM)-induced hyper-
polarization of NPY neurons. (C) Representative trace showing that picrotoxin (50 mM) reversed the liraglutide (1 mM)-induced hyperpolarization of NPY neurons. (D) Representative
trace showing that picrotoxin (50 mM) reversed the liraglutide (1 mM)-induced hyperpolarization of NPY neurons in which TTX (2 mM) does not blocked the liraglutide-induced effect.
(E) Histogram summarizing the acute effect of liraglutide and followed by TTX (2 mM) administration on the membrane potential of arcuate NPY neurons (black: liraglutide, red: TTX
does not block the liraglutide-induced effect, blue: TTX blocked the liraglutide-induced effect). (F) Histogram summarizing the acute effect of liraglutide and followed by picrotoxin
(50 mM) administration on the membrane potential of arcuate NPY neurons (black: liraglutide, red: picrotoxin reversed the liraglutide effect). (G) Histogram summarizing the acute
effect of liraglutide and followed by picrotoxin (50 mM) administration on the membrane potential of arcuate NPY neurons, in which TTX (2 mM) does not block the liraglutide-
induced effect. Data are expressed as mean � SEM. ***p < 0.001, ****p < 0.0001, unpaired & paired t-test were used to compare the significance.
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3.7. ATP-sensitive potassium channel (K-ATP) and TrpC 5 subunits
were involved in liraglutide effect in CNS
We found that TrpC5 subunits are involved in the liraglutide induced
depolarization of arcuate POMC neurons. Previous work also suggest
that the ATP-sensitive potassium channels (K-ATP channel) are essential
for GLP-1 induced effects in peripheral tissues [58e62] In order to
investigate if TrpC5 subunits and/or K-ATP channels are required for the
indirect inhibition of NPY neurons (i.e. activate afferent GABAergic
128 MOLECULAR METABOLISM 28 (2019) 120e134 � 2019 Published by Elsevier GmbH. This is
neurons to arcuate NPY neurons), we first examined the effects of lir-
aglutide on NPY neurons from mice globally deficient for TrpC5 subunits
(NLT::TrpC5 KO mice; Figure 7AeD). Liraglutide hyperpolarized 6 of the
15 NPY neurons from NLT::TrpC5 KO mice (40%, 1 mM, n ¼ 6, change
of resting membrane potential: �11.2 � 0.6, Figure 7E, F). This rep-
resents a 13% reduction in the population of liraglutide responsive NPY
neurons when compared to NPY neurons from wildtype mice; however,
this did not reach statistical significance (53% on NLT mice, 40% on
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: ATP-sensitive potassium channel (K-ATP) and TrpC 5 subunits were involved in liraglutide effect. (A) Brightfield illumination of NPY-hrGFP neuron from NLT::TRPC5 KO
mice. (B) The same neuron under FITC (hrGFP) illumination. (C) Complete dialysis of Alexa Fluor 350 from the intracellular pipette. (D) Merge image illustrates colocalization of hr-
GFP and Alexa Fluor 350 indicative of NPY neuron which was deleted of TRPC5. (E) Electrophysiological study demonstrates a TRPC5 deleted NPY-hrGFP neuron that is
hyperpolarized in response to liraglutide (1 mM). (F) Histogram summarizing the acute effect of liraglutide (1 mM) on the membrane potential of TRPC5 deleted NPY neurons. (G)
Electrophysiological study demonstrates that liraglutide fails to hyperpolarize NPY-hrGFP neuron with the pretreatment of tolbutamide(200 mM). (H) Histogram summarizing the
acute effect of liraglutide (1 mM) on the membrane potential of NPY neurons, with the pretreatment of tolbutamide(200 mM). (I) Representative trace showing that liraglutide fails to
hyperpolarize NPY-hrGFP neuron from NLT:TrpC5 KO mice with the pretreatment of tolbutamide (200 mM). (J) Histogram summarizing the acute effect of liraglutide (1 mM) on the
membrane potential of NPY neurons from NLT:TrpC5 KO mice, with the pretreatment of tolbutamide (200 mM). Data are expressed as mean � SEM.
NLT::TrpC5 KO mice). Pretreatment with an ATP-sensitive potassium
channel blocker (tolbutamide) followed by liraglutide administration
prevented the liraglutide induced hyperpolarization in the majority of
neurons examined (Figure 7G, H), such that 3 of 17 neurons were
hyperpolarized (35% decrease in the population when compared to NPY
neurons in control ACSF; tolbutamideþ liraglutide: 18%, n¼ 3, change
of resting membrane potential: �11.5 � 1.2 mV, Figure 7H; liraglutide
in control ACSF: 53%, n ¼ 17, change of resting membrane
potential: �10.1 � 0.9 mV, Figure 4J). Importantly, summation of the
MOLECULAR METABOLISM 28 (2019) 120e134 � 2019 Published by Elsevier GmbH. This is an open acc
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percent of NPY neurons responsive in mice deficient for TrpC5 subunits
(40%) and those responsive in the presence of tolbutamide (18%) is
analogous to the 53% responsive NPY neurons from wildtype mice.
Moreover, pretreatment of tolbutamide totally abrogated the liraglutide
induced hyperpolarization on NPY neurons from NLT::TrpC5 KO mice
(1 mM, n ¼ 10, change of resting membrane potential: �0.1 � 0.2,
Figure 7I, J). Together, these data suggest that both K-ATP channels and
TrpC5 subunits are required for the liraglutide induced inhibition on
arcuate NPY neurons.
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4. DISCUSSION

The predominant effect of liraglutide on leptin receptor-expressing
arcuate POMC neurons was excitatory, acting to depolarize the neu-
rons directly and increase the excitatory synaptic inputs they receive.
Leptin potentiated these effects on POMC cellular activity such that
leptin and liraglutide concomitantly resulted in an enhanced depolar-
ization when compared to either peptide alone. In contrast, the overall
effect of liraglutide was inhibitory in adjacent NPY/AgRP neurons.
However, the effects on NPY/AgRP neurons were indirect, requiring
increased inhibitory synaptic inputs to suppress NPY/AgRP neuronal
activity. These effects in combination with those from previous work
support a liraglutide dependent enhancement of melanocortin neural
circuitry within the arcuate nucleus.

4.1. Liraglutide directly actives arcuate POMC neurons of
hypothalamus
The GLP-1 agonist, liraglutide, dose-dependently activates arcuate
POMC neurons. Pretreatment with the voltage-gated sodium channel
blocker (TTX) and fast ionotropic receptors antagonists failed to
abrogate the liraglutide and GLP-1 induced depolarization on POMC
neurons, suggesting these effects require direct action within POMC
neurons and are independent of pre-synaptic inputs. These data are
consistent with studies showing that GLP-1 receptors are widely
expressed in the arcuate nucleus of hypothalamus and co-express with
POMC neurons [17,31]. Similarly, GLP-1 receptors on glutamatergic
neurons are critical for liraglutide-induced effects on appetite and body
weight within the brain, but not on GABAergic neurons [16]. Impor-
tantly, Jones and colleagues also recently demonstrated that gluta-
matergic POMC neurons are essential for body weight control [27].
Furthermore, targeted delivery of Exendin-4 to the arcuate nucleus
reduces food intake, while deficiency of GLP-1R in POMC neurons
results in increased HFD induced weight gain [30]. Together, these
data highlight acute mechanisms by which liraglutide alters the activity
of arcuate POMC neurons that contribute to regulating food intake and
energy balance.

4.2. Additive effects of liraglutide and leptin on LepR expressing
POMC neuronal activity
The liraglutide-induced activation of arcuate POMC neurons occurred
almost exclusively in leptin receptor expressing neurons. Moreover,
leptin potentiated the effects of low concentrations of liraglutide on
LepR expressing POMC neurons when compared with treatment of
either compound alone. However, high doses of liraglutide with co-
administration of leptin resulted in similar maximum change in
resting membrane potential compared with the high doses of either
liraglutide or GLP-1 alone. This is in agreement with the ability of low
dose GLP-1R agonists to potentiate the effects of leptin to suppress
food intake and body weight [63,64]. Moreover, these data suggest a
common intracellular mechanism may be triggered by leptin and GLP-
1 receptor agonists [64]. In particular, combined administration of
liraglutide and leptin elevated pSTAT3 in hypothalamic tissue and
reduced the expression of PTP1B. As a negative regulator of leptin
receptor signaling and a key promoter of insulin and leptin resistance,
PTP1B could be a potential mechanism for the enhanced pSTAT3
response observed after liraglutide-leptin co-administration [64].
However, it is important to note that leptin-induced pSTAT3 has been
dissociated from the acute ability of leptin to reduce food intake and
activate arcuate POMC neurons [51,65]. Thus the changes in cellular
activity observed in the current study likely involve mechanisms in-
dependent of STAT3 and PTP1B (discussed in more detail below).
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Plasma concentrations of liraglutide measured during liraglutide
therapy have been suggested to be 10e40 nM [66,67]. In the current
study, we utilized doses of liraglutide within this therapeutic range and
observed that liraglutide effects on POMC neurons occurred in a dose-
dependent manner (from 1 nM to 1 mM). Importantly, the EC50 of
liraglutide on POMC neurons isw80 nM, which isw2e8 folds higher
than plasma concentrations of liraglutide during therapy [66,67]. This
illustrates that current dosing of liraglutide for T2DM treatment is far
from a maximal dose for this circuit. Given the observed adverse side
effects of liraglutide (e.g., nausea), combinatorial therapy to boost GLP-
1 efficacy might be advantageous [68]. The current study adds to
recent work from our group and others, which highlight potential
mechanisms to amplify the effects of GLP-1 agonists in vivo [68e71].
Together, these data highlight potential mechanisms of combinatorial
treatment for the liraglutide in treatment of T2DM.

4.3. Liraglutide indirectly inhibits arcuate NPY/AgRP neurons
In contrast with effects observed in POMC neurons, liraglutide inhibited
both LepR expressing and non LepR expressing NPY/AgRP neurons.
The hyperpolarization was not observed in the presence of TTX and
synaptic blockers, and thus required synaptic transmission in afferent
neurons, implying an indirect effect on the soma/dendritic membrane
potential. These observations are consistent with previous reports
showing liraglutide fails to bind directly to NPY neurons due to low or
absent GLP-1 receptor expression [31,72]. It is important to note that
there may be species variability to these results given that GLP-1
receptors colocalize with both NPY and AgRP neurons in T2DM pa-
tients [73]. However, liraglutide’s direct action on POMC neurons
(putative glutamatergic neurons) [74e76] and its indirect effect on NPY
neurons (putative GABAergic neurons) [77] highlighted in the current
study are in agreement with the hypothesis that GLP-1 receptors on
glutamatergic neurons are key factors for liraglutide effects on appetite
and body weight within the brain, independent of GLP-1 receptors on
GABAergic neurons [16].

4.4. Synaptic effects of liraglutide on both NPY/AgRP and POMC
neurons
Liraglutide enhanced the frequency of spontaneous GABAergic input
to NPY neurons. There are two classes of GABA receptors (GABAA and
GABAB) [78,79]. GABAA receptors are ionotropic receptors, whereas
GABAB receptors are G protein-coupled receptors. While GABAB re-
ceptors are typically linked to activation of potassium conductance,
GABAA receptors facilitate chloride entry into the cell [80,81].
Importantly, the involvement of GABAA receptors is consistent with
the IeV relationship in current study which accompanied the
liraglutide-induced hyperpolarization of arcuate NPY neurons.
Moreover, treatment of the GABAA receptor antagonist (picrotoxin)
reversed the liraglutide induced hyperpolarization on NPY neurons.
While GABAA receptors are largely recognized for their phasic action,
recent work suggests an ability of GABAA receptors to alter mem-
brane potential and cellular activity via tonic activity [82]. The tonic
activity of GABAA receptors has been attributed to possible spillover
of GABA from the synaptic cleft and/or possible inefficient removal of
GABA from the synapse. While these are both intriguing hypotheses
in this model, this requires further investigation. Although the GABAA
receptor antagonist reversed the liraglutide-induced hyperpo-
larization in every NPY cell examined, TTX alone reversed the
hyperpolarization in only one-third of neurons targeted. The hyper-
polarization persisted in the remaining two-thirds of neurons with
following treatment of TTX, suggesting liraglutide may act at terminal
and soma/dendritic loci on afferent neurons. Collectively, these data
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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detail a mechanism by which liraglutide activates pre-synaptic GLP-1
receptors, resulting in an increased release of GABA and enhanced
binding to GABAA receptors on post-synaptic NPY/AgRP neurons,
ultimately inhibiting cellular activity.
Interestingly, we also found liraglutide increased excitatory input to
LepR expressing POMC neurons, independent of changing inhibitory
input. Pretreatment of TTX failed to alter the liraglutide induced in-
crease of excitatory input to LepR expressing POMC neurons sug-
gesting liraglutide may act at terminal loci on afferent neurons. Unlike
the effects observed on arcuate NPY neurons, synaptic blockade failed
to blunt the liraglutide induced excitation of arcuate POMC neurons.
Thus, while liraglutide enhanced excitatory synaptic activity to LepR
expressing POMC neurons, this presynaptic effect was not required for
the changes in POMC membrane potential.

4.5. Cellular mechanisms of liraglutide effects in arcuate POMC
and NPY neurons e a link to metabolism
The effects of liraglutide on arcuate POMC neuronal activity mirror
those described in response to leptin [52e55]. This includes activation
of a mixed-cation conductance, which in a recent report on the effects
of leptin in POMC neurons has been identified as a TrpC5 channel [49].
This led to the hypothesis that GLP-1 receptors may activate TrpC5
channels to regulate the cellular signaling resulting in a similar
increased cellular activity of arcuate POMC neurons. Similar to the
effects of leptin, liraglutide failed to activate POMC neurons from mice
deficient for TrpC5 channels. Moreover, pharmacological effects of
liraglutide to inhibit food intake and decrease body weight was blunted
in mice selectively deficient for TrpC5 channels in POMC neurons. We
also observed an abrogation of the liraglutide induced lowering of
blood glucose levels. It is important to note that the liraglutide induced
decrease in blood glucose levels mirrored the time-course for the
observed decrease in food intake and body weight. It is difficult to
directly dissociate the glucose effects from that of secondary effects of
altered energy balance. However, if the glucose effects are secondary,
the fall in glucose levels would be expected to be slower or lag behind
the change in energy balance. Therefore, it is likely that the liraglutide-
induced effects on blood glucose levels in the current study are due to
acute effects on glucose metabolism.
In our current model, liraglutide activates POMC neurons through both
direct membrane depolarization and indirect enhancement of excit-
atory inputs from presynaptic glutamatergic neurons. Liraglutide also
indirectly inhibits NPY/AgRP neurons through increased inhibitory input
from presynaptic GABAergic neurons. Recent work suggests that
arcuate NPY neurons acutely regulate feeding behavior (within minutes
to hours), while arcuate POMC neurons alter feeding on a longer
timescale (hours to days) [83,84]. In mice with the deficiency of TrpC5
in POMC neurons, we demonstrate an inability of POMC neurons to be
activated in response to liraglutide, while the acute effects of liraglutide
remain intact in NPY neurons. While currently unclear, the acute re-
sponses observed might be due to indirect inhibition of arcuate NPY
neurons or other cell populations. However, the differences observed
over the subsequent days of liraglutide treatment might have more
relevance to activity of POMC neurons.
It is important to note that the liraglutide-induced changes in synaptic
input to POMC reinforce the post synaptic effect, providing an
increased excitatory tone. Deficiency of TrpC5 in POMC neurons blocks
only the post synaptic effects of liraglutide, while the changes in pre
synaptic input remains intact. This is an inherent caveat of all previous
POMC specific manipulations of GLP-1R expression [18,30], as we and
others cannot exclude the contribution/compensatory synaptic regu-
lation of POMC neurons on the metabolic phenotypes described.
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Opposite to effects observed in arcuate POMC neurons, global defi-
ciency of TrpC5 channels resulted in a w13% reduction of NPY
neurons which were responsive to liraglutide. In particular, 53% of NPY
neurons from wild-type mice were inhibited in response to liraglutide,
compared to 40% of NPY neurons from mice with global TrpC5 defi-
ciency. Consistent with previous reports of K-ATP channels is essential
for GLP-1 induced effects through GLP-1 receptors in peripheral tis-
sues [58e62], pretreating with the K-ATP potassium channel blocker
(tolbutamide) resulted in a 35% decrease of NPY neurons that
responded to liraglutide (liraglutide: 53%, tolbutamide þ liraglutide:
18%). Importantly, with the pretreatment of tolbutamide, liraglutide
failed to alter the activity of NPY neurons form global deficient of TrpC5
subunits. These data support the conclusion that the liraglutide
induced inhibition of NPY activity requires both TrpC5 and K-ATP
channels in pre-synaptic neurons.

5. CONCLUSIONS

In summary, liraglutide and leptin activate arcuate LepR expressing
POMC neurons via TrpC5 subunits. Liraglutide inhibits arcuate NPY
neurons by indirectly enhancing inhibitory tone via presynaptic TrpC5
subunits and K-ATP channels on GABAergic neurons. The effects of
GLP-1 analogues in the arcuate nucleus of hypothalamus are likely
play a role in understanding the pathway by which GLP-1R agonists
regulate energy balance and metabolism in the CNS.
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