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ABSTRACT

Objective: Long-acting glucagon-like peptide-1 receptor agonists (GLP-1RAs), like liraglutide and semaglutide, are viable treatments for dia-
betes and obesity. Liraglutide directly activates hypothalamic proopiomelanocortin (POMC) neurons while indirectly inhibiting Neuropeptide Y/
Agouti-related peptide (NPY/AgRP) neurons ex vivo. While temporal control of GLP-1R agonist concentration as well as accessibility to tis-
sues/cells can be achieved with relative ease ex vivo, in vivo this is dependent upon the pharmacokinetics of these agonists and relative
penetration into structures of interest. Thus, whether liraglutide or semaglutide modifies the activity of POMC and NPY/AgRP neurons in vivo as
well as mechanisms required for any changes in cellular activity remains undefined.

Methods: In order to resolve this issue, we utilized neuron-specific transgenic mouse models to examine changes in the activity of POMC and
NPY/AgRP neurons after injection of either liraglutide or semaglutide (intraperitoneal - 1.P. and subcutaneous - S-C.). POMC and NPY/AgRP
neurons were targeted for patch-clamp electrophysiology as well as in vivo fiber photometry.

Results: We found that liraglutide and semaglutide directly activate and increase excitatory tone to POMC neurons in a time-dependent manner.
This increased activity of POMC neurons required GLP-1Rs in POMC neurons as well as a downstream mixed cation channel comprised of TRPC5
subunits. We also observed an indirect upregulation of excitatory input to POMC neurons originating from glutamatergic cells that also required
TRPC5 subunits. Conversely, GLP-1Ra’s decreased excitatory input to and indirectly inhibited NPY/AgRP neurons through activation of K-ATP and
TRPC5 channels in GABAergic neurons. Notably, the temporal activation of POMC and inhibition of NPY/AgRP neuronal activity after liraglutide or
semaglutide was injected [either intraperitoneal (I.P.) or subcutaneous (S-C.)] was dependent upon the nutritional state of the animals (fed vs
food-deprived).

Conclusions: Our results support a mechanism of liraglutide and semaglutide in vivo to activate POMC while inhibiting NPY/AgRP neurons,

which depends upon metabolic state and mirrors the pharmacokinetic profile of these compounds in vivo.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION receptor agonists (GLP-1Ra’s), like liraglutide and semaglutide, have

been developed and are effective therapeutic agents in the treatment
Glucagon-like peptide-1 (GLP-1), an incretin hormone produced in L of diabetes and chronic weight management [4—6]. GLP-1Ras are
cells of the gut and in the nucleus tractus solitarius (NTS) of the located in the periphery as well as the central nervous system (CNS)
hindbrain, is capable of reducing food intake, improving glucose and contribute to a distributed network of neurons responsible for its
metabolism, and lowering body weight [1—3]. Long acting GLP-1  metabolic benefits.
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Within  the hypothalamic  arcuate nucleus, activation of
Proopiomelanocortin (POMC) neurons or an increased release of the
biologically active peptide alpha-MSH («-MSH) is associated with a
reduction in food intake, increased energy expenditure, and improved
glucose control [7—10]. In contrast, increased activity of NPY/AgRP
neurons enhances food intake and decreases energy expenditure, thus
impairing glucose metabolism [8,9,11,12]. Importantly, GLP-1RAs
target and act directly on neurons within the arcuate nucleus,
including POMC neurons, at least in partly reducing body weight and
lower blood glucose levels [13—15]. The metabolic improvements
observed in response to GLP-1R agonists appear to require cellular
mechanisms (i.e. G-protein signalling and TRPC5 subunits) which
result in the activation of POMC neurons [14,16]. Besides activating
arcuate POMC neurons, GLP-1Ras indirectly inhibit neuropeptide-Y/
agouti-related protein (NPY/AgRP) cells, via TRPC5 subunits and
Katp channels [14,15]. Together these data highlight an important role
of central melanocortin activity in GLP-1 dependent regulation of en-
ergy balance.

While a mechanism of action for GLP-1R signalling in arcuate POMC
and NPY/AgRP neurons has been suggested, its in vivo occurrence
remains undefined. Changes in cellular activity in response to GLP-1
and GLP-1R agonists were reported in response to acute administra-
tion in an ex-vivo preparation [14,15,17]. Recent work using in-vivo
fibre photometry suggest that intraperitoneal (I.P.) injection of GLP-1
or GLP-1R agonists fails to alter arcuate AgRP activity in vivo within
30 min of injection [18,19]. However, GLP-1 is rapidly degraded (within
minutes) which may preclude peripheral native or injected GLP-1 from
reaching the arcuate nucleus [5,20,21]. This timeline does not match
the kinetics of long-acting GLP-1R agonists measured in the blood of
rodents and humans, with peak concentrations of liraglutide occurring
4—12 h after injection and returning to baseline 30—48 h after in-
jection [22—27]. In the current study, we hypothesized that changes in
the cellular activity of arcuate POMC and NPY/AgRP neurons occur in a
manner temporally associated with the pharmacokinetic properties of
the long-acting GLP-1R agonists (liraglutide and semaglutide). To
confirm this hypothesis and examine underlying cellular mechanisms
in the changes in neural activity, we utilized transgenic and Cre-Lox
technology to identify and target NPY/AgRP and POMC neurons for
electrophysiological recordings up to 48 h following injection of GLP-1R
agonists (liraglutide and semaglutide). GLP-1R dependent effects were
assessed on intrinsic membrane properties and synaptic responses of
POMC and NPY/AgRP neurons. We also utilized in vivo fiber photometry
over similar periods.

2. METHODS

2.1. Animals

Male (6—24 weeks old) pathogen-free mice were used for all exper-
iments. All mice were housed under standard laboratory conditions
(12 h on/off cycle; lights on at 7:00 am) and the temperature-controlled
environment with food and water available ad libitum. All experiments
were performed in accordance with the guidelines by the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and approved by The University of Texas Institutional Animal Care and
Use Committee.

To identify POMC and NPY neurons for electrophysiological re-
cordings, POMC- or NPY-humanized Renilla green fluorescent protein
(hrGFP) mice were utilized (Parton et al., 2007 [28]; van den Pol et al.,
2009 [29]). In some experiments, POMC and NPY neurons were
targeted in mice globally deficient for TRPC5 subunits by mating
POMC-hrGFP and NPY-hrGFP mice with TRPC5 KO mice [30,31].

POMC-cre¥ 2 mice [32] were separately mated with TRPC5'Y
lox..t4Tomato [30] or GLP-1 R®/'::tdtomato mice [33] to generate
mice with selective deficiency of TRPC5 or GLP-1 receptor in all
POMC neurons (POMC-crefRT2:TRPC5'*®:tdTomato mice, POMC-
cretRT2:GLP-1R"™ tqTomato).

2.2. Tamoxifen treatment to induce adult-onset ablation of TRPC5
or GLP-1R in POMC neurons

Tamoxifen (Sigma—Aldrich, 15 mg/ml) dissolved in corn oil (Sigma)
was administered I.P. by body weight (approx. 200 pul/day) to 8-week-
old male POMC-cre™f™%TRPC5™*tdTomato mice or POMC-
crefRT2:GLP-1R¥'tdTomato mice. Moist food was provided after the
injection of tamoxifen. After 2 weeks of injection, mice were used for
electrophysiology and molecular medicine studies.

2.3. Electrophysiology studies

2.3.1. Slice preparation

Brain slices were prepared from male mice as previously described
[14,17,30,34—36]. Briefly, male mice were deeply anesthetized with
I.P. injection of 7% chloral hydrate and transcardially perfused with a
modified ice-cold artificial cerebrospinal fluid (ACSF) (described
below). The mice were then decapitated, their entire brain was
removed, and immediately submerged in ice-cold, carbogen-saturated
(95% 02 and 5% C02) ACSF (126 mM NaCl, 2.8 mM KCI, 1.2 mM
MgCl,, 2.5 mM CaClo, 1.25 mM NaH»P04, 26 mM NaHCO3, and 5 mM
glucose). Coronal sections (250 mm) were cut with a Leica VT1000S
Vibratome and then incubated in oxygenated ACSF at room tempera-
ture for at least 1 h before recording. The slices were bathed in
oxygenated ACSF (32 °C- 34 °C) at a flow rate of ~2 ml/min. All brain
slices were prepared using oxygenated ACSF, as described above.

2.3.2. Whole-cell recording

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, 10 mM KCI, 10 mM HEPES, 5 mM
EGTA, 1 mM CaCl,, 1 mM MgCl,, and 2 mM MgATP, 0.03 mM Alexa
Fluor 350 hydrazide dye (pH 7.3). Epifluorescence was 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 2—5 kHz and
analyzed offline on a PC with patch-clamp (pCLAMP) electrophysiology
data acquisition and analysis program (Molecular Devices). Membrane
potentials and firing rates were determined from POMC and NPY
neurons in brain slices. Recording electrodes showed resistances of
2.5—5 MQ when filled with the K-gluconate internal solution. Input
resistance (IR) was assessed by measuring voltage deflection at the
end of the response to a hyperpolarizing rectangular current pulse step
(500 ms of —10 to —50 pA).

The neurons were voltage-clamped at —70 mV (for excitatory post-
synaptic currents) and —15 mV (for inhibitory postsynaptic currents).
Frequency and peak amplitude were measured by using the Mini
Analysis program (Synaptosoft, Inc.).

2.4. Drugs

Drug working concentrations and stock preparation were as follows:
liraglutide (1 uM for incubation, 300ug/Kg for injection, Novo Nordisk),
semaglutide (30 nmol/kg for injection, Ozempic), picrotoxin (50 uM for
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recording, dissolved in dimethyl sulfoxide, Sigma Aldrich), diazoxide
(200 uM for recording, dissolved in dimethyl sulfoxide, Sigma Aldrich).
The final concentration of dimethyl sulfoxide applied to the slice was
<0.1%.

2.5. Animal studies

2.5.1. Injection study

For the liraglutide or semaglutide injection study, age-matched male
mice were injected with saline (10 ml/kg), liraglutide (300ug/Kg, Novo
Nordisk), or semaglutide (30 nmol/kg for injection, 0zempic) according
to the different time points.

2.5.2. Exercise protocols

Motorized treadmills (Exer-6; Columbus Instruments, Columbus, OH)
were used for exercise experiments. The mice were deprived of food
before they were placed on the treadmills. The mice were coaxed to
stay and run on the treadmill using an electric stimulus
(0.25 mA x 163 V and 1 Hz) generated by a shock grid present at the
treadmill base and by manually tapping their tails using a soft nylon
bottle brush, as needed to enable all the mice to complete the exercise
bout [34,37].

2.5.2.1. Exercise groups. Al mice were familiarized with the
treadmills for 2 days prior to the exercise bout [Prior day 1:5 min rest
on the treadmill followed by 5 min at the speed of 8 m/min and then for
5 min at the speed of 10 m/min; Prior day 2: 5 min rest on the treadmill
followed by 5 min at the speed of 10 m/min and then for 5 min at the
speed of 12 m/min [34].

2.5.2.2. Day 1 exercise protocol +24H injection. On Day 1, mice
were subjected to a high-intensity interval exercise (HIIE) bout to
assess exercise-induced changes in electrophysiological characteris-
tics of NPY/AgRP and POMC neurons. Mice were rested on the
treadmill for 5 min prior to performing 1 h of exercise consisting of
3 x 20 min intervals (5 min at the speed of 12 m/min, followed by
10 min at the speed of 17 m/min, and then 5 min at the speed of 22 m/
min), without rest between intervals. The animals were injected with
either saline or liraglutide 23 h before HIIE.

2.5.3. Food deprivation

All experimental procedures were conducted in accordance with the
University of Pennsylvania Institutional Animal Care and Use
Committee.

For 24 h of food deprivation, mice were moved to a clean cage with no
access to food at the start of the light cycle (7 a.m.), 24 h before
recordings began. The animals were recorded at 85—90% of original
body weight. For 4 h of food deprivation, mice were moved to a clean
cage with no access to food 4 h before recordings began. The animals
were recorded at 97—99% of their original body weight.

2.5.4. Fiber photometry

2.5.4.1.  Experimental model. Homozygous AgRp-IRES-Cre (Jackson
Labs 012,899, AgRP™!CelLowl/j) \were used for fiber photometry ex-
periments. Mice were habituated to all experimental conditions for at
least 3 days before recordings began. All mice received all experi-
mental conditions in a counter-balanced manner and within-subjects
analyses were performed.

2.5.4.2. Viral injection and fiber optic implantation. Stereotaxic
surgeries were performed as previously described [19]. Briefly, mice
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were anesthetized with isoflurane (3% for induction and 1—1.5%
during the surgery) and pretreated with subcutaneous injections of
5 mg/kg ketoprofen (Santa Cruz Animal Health, sc363115Rx) and
2 mg/kg bupivacaine at the incision site (Moore Medical, 52,683). Mice
were placed into a stereotaxic apparatus (Stoelting, 51725D). The
genetically encoded calcium indicator GCaMP6s [AAV1.Syn.-
Flex.GCaMP6s.WPRE.SV40 (titer: 1.6e13 GC/ml, Addgene 100,845)]
was unilaterally injected in the arcuate nucleus (ARC, 300 nL) using the
following coordinates: 1.35 mm posterior to bregma, 0.25 mm lateral
to the midline, and 6.15—6.3 mm ventral to the skull surface. The fiber
optic ferrule was implanted 0.2 mm above the injection site and was
secured to the skull using Metabond (Parkell, S380) and dental cement
(Lang Dental Manufacturing, Ortho-jet BCA Liquid, B1306, and Jet
Tooth Shade Powder, 143,069). The mice were given 2 weeks for
recovery and viral expression before fiber photometry experiments
began. Prior to experimental procedures, mice were food-deprived for
24 h and AgRP neuron responses to food presentation recorded. As
previously reported (Alhadeff et al., 2019), mice only with at least a
15% AF/F response to a pellet of chow were used in experiments.

2.5.4.3. Dual-wavelength fiber photometry. Dual-wavelength fiber
photometry was performed as previously described by us (Lerner,
2015 [38], [19]). Two excitation wavelengths, 470 nm and 405 nm,
were simultaneously used. 470 nm excitation wavelength serves as a
proxy for neural activity by exciting the calcium-dependent GCaMP6s
fluorescence. Isobestic 405 nm excitation wavelength serves as a
control for motion and bleaching artifacts. Fiber-coupled LEDs (Thor-
labs, M470F3 for 470 nm and M405F1 for 405 nm) generated the
excitation lights and real-time amplifiers (Tucker—Davis Technologies,
RZ5P) modulated the excitation at 211 Hz for 470 nm and 566 Hz for
405 nm. The excitation wavelengths are passed through a series
of dichroic mirrors (Doric Lenses, FMC4_AE(405)_E1(460—490)
_F1(500—550)_S) and transmitted into the terminal fiber through a
low auto-fluorescent patch cord (Doric Lenses, MFP_400/430/1100—
0.57_1.5_FCM-MF2.5_LAF). The calcium-dependent and independent
emission is collected through the same patch cord, passed through a
Green Fluorescent Protein (GFP) emission filter, and focused on a
femtowatt photoreceiver (Newport, Model 2151, gain set to DC LOW).
The collected emission light is converted to an electrical signal using
the RZ5P real-time processor controlled by Synapse software
(Tucker—Davis Technologies). GCaMP6s fluorescence was set to
similar levels across mice by adjusting the 470 nm and 405 nm LED
power. The total power at the terminal fiber was 30—70 uW (470 nm)
and 5—10 puW (405 nm). A 5-min baseline was recorded prior to food
presentation and used as the baseline signal for subsequent analyses.

2.5.4.4. Liraglutide experiments. Mice expressing GCaMP6s in AgRP
neurons were habituated to fiber photometry handling prior to
experiments.

For monitoring the acute effects of Liraglutide, mice were deprived of
food for 24 h. Mice were given an I.P. injection of 300 p1g/kg Liraglutide
(Toronto Research Chemical, L468860) or an I.P. injection of the
vehicle in a counterbalanced fashion. Thereafter, 30 min, 2 h, 4 h,
12 h, and 24 h after Liraglutide injection, a 5 min baseline recording
was collected in the home cage followed by the presentation of a chow
pellet. AGRP neuron activity was monitored for 10 min following food
delivery. Food was then removed from the cage until the next
recording. Mice had ad libitum access to water during experiments.
To determine whether Liraglutide has lasting effects on in vivo AgRP
neuron activity, ad libitum fed mice were given an I.P. injection of
300 pg/kg Liraglutide (Toronto Research Chemical, L468860) or an I.P.
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injection of the vehicle in a counterbalanced fashion. Twenty hours
after Liraglutide injection, mice were moved to a clean cage without
access to food. Four hours later, a 5-min baseline recording was
collected in the home cage followed by the presentation of a chow
pellet. AgRP neuron activity was monitored for 10 min following food
delivery.

In all, in vivo Liraglutide experiments, at least a week separated the
counter-balanced trials to ensure that the drug had washed out and
that mice returned to their original bodyweights.

2.6. Analysis and statistics

2.6.1. Electrophysiology analysis and statics

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 5—10 pA). For spontaneous
excitatory synaptic currents and inhibitory synaptic currents (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). All
graphs were plotted using GraphPad Prism 9.0 software. All figures
were carried out using CorelDraw C8 (64 Bit). Data from proportions of
responding cells from different groups were analyzed using unpaired a
two-tailed Student’s t-test or analysis of variance (ANOVA) where
appropriate. Results are reported as the mean == SEM unless indicated
otherwise, as indicated in each figure legend; where n represents the
number of cells studied. Significance was set at *p < 0.05 for all
statistical measures. The data collected in each condition were ob-
tained from >3 mice and from >9 total cells. The number of cells or
mice studied for each group is shown in parentheses.

2.6.2. Fiber photometry analysis and statics

Data were exported from Synapse to MATLAB (Mathworks) using a
script provided by Tucker—Davis Technologies. Custom MATLAB
scripts were used to down-sample the data to 1Hz and normalize both
the 470 nm and 405 nm data. AF/F was calculated as (F-Fyaseline)/
Foaseline, With Fpaseine being the median of the 5-min pre-stimulus
signal. Mean AF/F was calculated by integrating AF/F over some
time and dividing by the integration time. Minimum AF/F was calcu-
lated using the 10 s mean AF/F for each mouse at the average
minimum of each recording. All data are expressed as mean == SEM in
the figures. Paired two-tailed t-tests and repeated measures two-way
ANOVAs were used to make comparisons where appropriate using
GraphPad Prism version 9.

N represents the number of animals studied. ns > 0.05, unpaired -
test and post-hoc comparison: *p < 0.05, **p < 0.01.

3. RESULTS

3.1. Extended liraglutide administration activates POMC and
inhibits NPY/AgRP neurons ex-vivo

Previous electrophysiological studies have remained limited to ex vivo
measurement of acute GLP-1Ras administration to arcuate POMC or
NPY/AgRP neurons [14,15,17]. While this results in a rapid change in
the cellular activity of both POMC and NPY/AgRP neurons, the time
required for long-acting GLP-1Ras to maximally alter POMC or NPY/
AgRP neuronal activity in vivo remains unclear. In the first step toward
understanding the effects of GLP-1Ra on the activity of arcuate POMC
and NPY/AgRP neurons in vivo, we examined the chronic effects of
GLP-1Ra ex vivo. We incubated hypothalamic slices containing arcuate

POMC and NPY/AgRP neurons with ACSF containing liraglutide (1 pM)
for up to 2 h. After incubation, the slices were moved to the recording
chamber; POMC or NPY/AgRP neurons were targeted for whole-cell
patch-clamp electrophysiological recordings. When K™ was used as
the major cation in the recording pipette, arcuate NPY/AgRP neurons
incubated with saline (n = 21) had a resting membrane potential
(RMP) of —38.5 4= 1.0 mV and a mean IR of 1.6 4= 0.1 MQ. Similar to
previous reports on the acute effects of liraglutide on arcuate NPY
neurons [14,15], incubation of NPY neurons with liraglutide (1 pM, for
2 h) resulted in a hyperpolarized RMP concomitant with a decrease in
action potential frequency (APF) and increased inhibitory synaptic input
to arcuate NPY neurons (Figure 1). We also observed a decrease in the
frequency of excitatory input to NPY neurons following incubation with
liraglutide, which may contribute, to an enhanced inhibition (Figure 1).
Arcuate POMC neurons incubated with saline (n = 14) had an RMP
of —46.1 &= 1.1 mV and a mean IR of 1.4 & 0.1 MQ. Similar to the
acute effects of liraglutide on arcuate POMC neurons, incubation of
POMC neurons with liraglutide (1 uM, for 2 h) resulted in a depolarized
RMP concomitant with an increase in APF and increased excitatory
synaptic input to arcuate POMC neurons (Figure 2). We also observed
an increase in the frequency of inhibitory input to POMC neurons
following incubation with liraglutide (Figure 2). Together these data
confirm the hypothesis that chronic exposure to GLP-1RA changes the
electrophysiological properties of POMC and NPY/AgRP neurons, per-
sisting well beyond the removal of the GLP-1RA. We next examined the
effects of injecting GLP-1RA into awake and behaving mice on the
electrophysiological properties of NPY/AgRP and POMC neurons in a
slice preparation ex vivo.

3.2. Liraglutide and semaglutide inhibit NPY/AgRP neurons in-vivo
in a time-dependent manner

To date, no in-depth analyses on the time-dependent effects of GLP-1RA
on arcuate NPY/AgRP and POMC neuronal activity have been conducted
in brain slices or in vivo. In order to understand how liraglutide regulates
the activity of NPY/AgRP neurons in the arcuate, we first performed
whole-cell patch-clamp recordings on 206 arcuate NPY neurons ex vivo
at different time points (30 min, 2 h, 12 h, 24 h, and 48 h) after an i.p.
Injection of saline or liraglutide (300 pg/kg, Figure 3 A—G). We hy-
pothesize this as a viable method to investigate in vivo effects of GLP-
1RAs on the cellular properties of NPY/AgRP neurons because we
have previously demonstrated that the effects of GLP-1RA on both NPY/
AgRP and POMC neurons persist after removal of the GLP-1Ra (Figures 1
and 2). We found that NPY neurons were hyperpolarized 12 and 24 h
after injection of liraglutide (300 pg/kg, I.P., Figure 3 A, Figure S5 A).
When compared to values of NPY neurons from saline-injected mice, the
hyperpolarized membrane potential observed in NPY neurons from mice
24 h after injection with liraglutide was concomitant with decreased APF
(Figures 3 B, S5 A). The average IR was also decreased 24 h after in-
jection of liraglutide (300 pg/kg, I.P., Figure 3C).

The inhibition of arcuate NPY neurons in response to acute [14,15] and
chronic exposure to liraglutide have been suggested to require
increased inhibitory synaptic activity (Figure 1M—P). An analogous
increase in IPSC frequency was observed in NPY neurons 12 and 24 h
after injection of liraglutide (300 pg/kg, I.P., at 12 and 24 h, Figures 3
F, S5 C), while the amplitude of sIPSCs remained unchanged (Figure 3
G, S5 C). Similar to chronic exposure, liraglutide (300 pg/kg, I.P., at
24 h) decreased the frequency of excitatory input to NPY neurons,
independent of changes in amplitude (Figure 3 D-E, S5 B). Comparable
effects were observed after S.C. injection of liraglutide (300 pg/kg) or
Semaglutide (30 nmol/kg, Figure STA—G).
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Figure 1: Incubation (2 h) of hypothalamic slices containing the arcuate with liraglutide inhibits arcuate NPY neurons from ad /ibitum fed animals. (A—D) NPY-hrGFP neuron: (A)
Brightfield illumination of an NPY-hrGFP neuron. (B) Same neuron under FITC (hrGFP). (C) The image shows the complete dialysis of Alexa Fluor 350 from the intracellular pipette.
(D) Merged image of targeted NPY-hrGFP neuron. Arrow indicates the targeted cell, Scale bar = 50 um. (E) Current-clamp recording of an NPY-hrGFP neuron shows the resting
membrane potential 2H after incubation with either ACSF or ACSF -+ liraglutide (1 wM). (F—H) Histogram demonstrating the average resting membrane potential of NPY-hrGFP
neurons (F), action potential frequency (G), and input resistance (H) 2 h after incubation with either ACSF or ACSF + liraglutide. (I—J) Voltage clamp recording (Vm = —70 mV) of
SEPSCs from NPY-hrGFP neurons 2H after incubation with ACSF (I) or ACSF + liraglutide (J). (K—L) Plots indicating the decreased SEPSCs frequency (Hz) and independent of
changes in amplitude (pA) in NPY-hrGFP neurons 2H after incubation with liraglutide compared with control ACSF group. (M—N) Voltage clamp recording (Vm = —15 mV) of sIPSCs
from NPY-hrGFP neurons 2H after incubation with ACSF (M) or ACSF + liraglutide (N). (0—P) Plots showing an increased sIPSCs frequency (Hz) and no change in amplitude (pA) in
arcuate NPY-hrGFP neurons 2 h after incubation with liraglutide compared with the control group (black bar: ACSF; red bar: ACSF + liraglutide). Data are taken from male mice and
are expressed as mean + SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001, unpaired t-test compared to controls. The number of neurons studied for each group is in
parentheses.
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Figure 2: Incubation (2 h) of hypothalamic slices containing the arcuate with liraglutide activates arcuate POMC neurons from ad /ibitum fed animals. (A—D) POMC-hrGFP neuron:
(A) Brightfield illumination of POMC-hrGFP neuron. (B) Same neuron under FITC (hrGFP). (C) The image shows the complete dialysis of Alexa Fluor 350 from the intracellular pipette.
(D) Merged image of targeted POMC-hrGFP neuron. Arrow indicates the targeted cell, Scale bar = 50 um. (E) Current-clamp recording of a POMC-hrGFP neuron shows the resting
membrane potential 2 h after incubation with ACSF or ACSF + liraglutide (1 1tM). (F—H) Histogram demonstrating the average resting membrane potential of POMC-hrGFP neurons
(F), action potential frequency (G), and input resistance (H) 2 h after incubation with ACSF or ACSF + liraglutide. (I—J) Voltage clamp recording (Vm = —70 mV) of SEPSCs from
POMC-hrGFP neurons 2 h after incubation with ACSF (1) or ACSF + liraglutide (J). (K—L) Plots demonstrating an increased SEPSCs frequency (Hz) and independent of changes in
amplitude (pA) in arcuate POMC-hrGFP neurons 2 h after incubation with liraglutide compared with the control group. (M—N) Voltage clamp recording (Vm = —15 mV) of sIPSCs in
POMC-hrGFP neurons 2 h after incubation with ACSF (M) or ACSF + liraglutide (N). (0—P) Plots indicating an increased sIPSCs frequency (Hz) and no change in amplitude (pA) in
arcuate POMC-hrGFP neurons 2 h after incubation with liraglutide compared with the control group (black bar: ACSF; red bar: ACSF + liraglutide). Data are from male mice and are
expressed as mean &+ SEM. *p < 0.05, **p < 0.01, unpaired t-test compared to controls. The number of neurons studied for each group is in parentheses.
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Figure 3: Intraperitoneal (I.P.) injection of liraglutide inhibits arcuate NPY neurons from ad /ibitum fed mice. (A—G) Histogram demonstrating the average resting membrane
potential (A), action potential frequency (B), input resistance (C), SEPSCs frequency (D), SEPSCs amplitude (E), sIPSCs frequency (F), and sIPSCs amplitude (G) of NPY-hrGFP neurons
30 min, 2 h, 12 h, 24 h or 48 h after injection saline or liraglutide (black bar: saline; red bar: liraglutide, 300 pg/kg, I.P.). Data are from male mice and are expressed as
mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired t test compared to controls. The number of neurons studied for each group is in parentheses.
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3.3. Temporal activation of arcuate POMC neurons by liraglutide
and semaglutide in vivo

Similarly, whole-cell pCLAMP recordings were done in 234 arcuate
POMC neurons from POMC-hrGFP mice at different time points
(30 min, 2 h, 12 h, 24 h, and 48 h) after an I.P. injection of saline or
liraglutide (Figure 4 A—G). POMC neurons were depolarized 12 and
24 h post injection of liraglutide (300 pg/kg, I.P., Figures 4 A, S5 D).
When compared to values of POMC neurons from saline-injected mice,
the depolarized membrane potential observed in POMC neurons from
mice 12 and 24 h after injection with liraglutide was concomitant with
an increased APF (300 pg/kg, I.P., Figures 4 B, S5 D). The average IR
was also decreased 24 h after injection of liraglutide (Figure 4 C).
Acute and chronic exposure to liraglutide results in an increase in
excitatory synaptic input to POMC neurons (Figure 2I—L). An analogous
increase in excitatory neurotransmission was observed 24 h after in-
jection of liraglutide (300 ng/kg, I.P., at 24 h), while the amplitude of
SEPSCs remained unchanged (Figure 4 D-E, S5 E). Similar to chronic
exposure, liraglutide (300 pg/kg, I.P., at 12 and 24 h) increased the
frequency of inhibitory input to POMC neurons (Figure 2I—L), inde-
pendent of changes in amplitude (Figure 4 F-G, S5 F). Comparable
effects were observed after subcutaneous (S- C.) injection of liraglutide
(300 pg/kg) or Semaglutide (30 nmol/kg, Figure S2A—G).

3.4. The liraglutide-induced activation of POMC neurons in vivo
requires GLP-1Rs in POMC neurons

In order to investigate the requirement of GLP-1Rs in the activation of
arcuate POMC neurons, whole-cell patch-clamp recordings were per-
formed on 33 arcuate POMC neurons selectively deficient for GLP-1Rs
from POMC-CrefR"%:GLP-1R/"**tdtomato mice. Neurons were tar-
geted 24 h after injection of saline or liraglutide (I.P.), which mirrored
the time point at which we previously observed the maximum effect of
liraglutide on POMC neuronal activity (Figure 4). Following injection of
saline (L.P., after 24 h), arcuate POMC neurons deficient for GLP-1Rs
had an average RMP of —46.3 4+ 0.9 mV, n = 14, a mean APF of
1.1+ 03Hz,n=14,amean IRof 1.1 & 0.1 G2, n = 14 (Figure 5 A-
C, S6 A). When compared to values obtained from arcuate POMC
neurons 24 h after injection of liraglutide; liraglutide failed to alter the
RMP, APF and IR (300 ng/kg, after 24 h, I.P.; RMP = —45.2 4+ 0.8 mV,
p > 005 n = 19; APFF = 0.8 + 0.2 Hz, p > 0.05, n = 19;
IR=1.0 & 0.1 GQ, p > 0.05, n = 19, Figure 5 A-C, S6 A).

While deficiency of GLP-1Rs in POMC neurons abrogated the effects of
liraglutide on post-synaptic cellular activity, the liraglutide-induced
effects on presynaptic inputs remained intact. In particular, the fre-
quency of SEPSCs for arcuate POMC neurons 24 h after an I.P. injection
of saline was: 2.1 + 0.3 Hz, n = 14 (Figures 5 D, S6 B). Similar to
acute [14,15,17], chronic exposure, and injection of liraglutide in
control mice; the sEPSCs frequency was increased 24 h after injection
of liraglutide in mice deficient for GLP-1Rs in POMC neurons (300 pg/
kg, L.P., at 24 h; 3.3 = 0.3 Hz, p < 0.05, n = 19, Figures 5 D, S6 B),
while the amplitude of SEPSCs remained unchanged (Figure 5 E). The
frequency of sIPSCs was also increased 24 h after injection of lir-
aglutide in mice deficient for GLP-1Rs in POMC neurons (I.P., at 24 h;
for saline: 1.0 £ 0.1 Hz, n = 12; for liraglutide: 1.6 + 0.2 Hz,
p < 0.05, n =19, Figure 5 F, S6 C), while the amplitude of sIPSCs
remained unchanged (Figure 5 G).

3.5. In vivo effects of liraglutide on POMC activity requires TPRC5
channels in POMC neurons independent of presynaptic TRPC5
expression

On the basis of a previous work on the acute effects of Liraglutide on
arcuate POMC neurons [14], we hypothesized that TRPC5 subunits

may be required for in vivo activation of arcuate POMC neurons by
GLP-1Ras. In order to confirm this hypothesis, we first targeted POMC
neurons from mice globally deficient for TRPC5 subunits [POMC-
hrGFP:TRPC5KO [30]] 24 h after injection of saline or liraglutide
(300 ng/kg, I.P.; Figure 5H—N). Arcuate POMC neurons from mice
injected with saline showed an average RMP of —44.1 + 1.1 mV,
n = 26, a mean APF of 1.7 & 0.4 Hz, n = 26, a mean IR of
1.2 £ 0.1 GQ, n = 26 (Figure 5 H-J, S6 D). Liraglutide failed to alter all
of these properties in POMC neurons from mice globally deficient for
TRPC5 subunits RMP = —43.6 & 1.6 mV, p > 0.05, n = 15;
APF=1.84+0.5Hz, p > 0.05,n=15;IR=1.3 + 0.1 GQ, p > 0.05,
n = 15, Figure 5 H-J, Figure S6 D). Notably, the frequency of excitatory
and inhibitory input to POMC neurons remained unchanged in
response to liraglutide in mice globally deficient for TRPC5 subunits
(SEPSCs: 24 h after saline, I.P.: 1.8 & 0.2 Hz, n = 25; 24 h after
liraglutide, I.P.: SEPSCs = 1.9 + 0.3 Hz, p > 0.05, n = 15; sIPSCs:
24 h after saline, I.P.: 0.7 &= 0.1 Hz, n = 22, 24 h after liraglutide, I.P.:
0.7 + 0.1 Hz, p > 0.05, n = 15, Figure 5 K—N, S6 E,F). Thus, in
addition to a requirement in stimulating postsynaptic POMC activity,
these data extend the role of TRPC5 subunits downstream of GLP-1Rs
to activate both excitatory and inhibitory presynaptic inputs of arcuate
POMC neurons.

Next, we investigated the requirement of TRPC5 subunits in POMC
neurons alone to contribute to the GLP-1Ra dependent changes in the
post-synaptic and pre-synaptic activity of POMC neurons. POMC
neurons from mice selectively deficient for TRPC5 subunits only in
POMC neurons (using POMC-cre®"T2:TRPC5'/**:tdtomato) were tar-
geted for electrophysiological recordings 24 h after injection with sa-
line or Liraglutide (300 pg/kg, I.P.). Arcuate POMC neurons selectively
deficient for TRPC5 subunits showed an average RMP
of —43.4 +1.5mV,n=17;amean APFof 1.7 = 0.3Hz,n =17, a
mean IR of 1.0 4+ 0.1 G2, n = 17 (Figure 5 0-Q, S6 G). Similar to data
obtained from mice globally deficient for TRPC5 subunits (Figure 5H—
J), liraglutide could not alter these properties in POMC neurons
selectively deficient for TRPC5 (RMP = —43.4 &+ 1.2 mV, p > 0.05,
n=24; APF =1.8 £ 0.3 Hz,p > 0.05,n=24; IR = 1.0 & 0.1 GQ,
p > 0.05, n = 24, Figure 5 0-Q, S6 G). The frequency of excitatory and
inhibitory inputs to POMC neurons remained increased in response to
liraglutide in mice selectively deficient for TRPC5 subunits in POMC
neurons (SEPSCs: 24 h after saline, I.P.: 3.1 &= 0.4 Hz, n = 14; 24 h
after liraglutide, I.P.: 4.5 & 0.4 Hz, p < 0.05, n = 19; frequency of
sIPSCs: 24 h after saline, I.P.: 1.1 4= 0.2 Hz, n = 15; 24 h after lir-
aglutide, I.P.: 1.8 & 0.3 Hz, p < 0.05, n = 19; Figure 5 R—U, S6 H,]).
These data suggest that the GLP-1Ra induced increase in synaptic
activity to POMC neurons is not required for the GLP-1Ra dependent
activation of arcuate POMC neurons.

3.6. In vivo effects of liraglutide on NPY/AgRP activity requires
TRPC5 and KATP channels in presynaptic GABAergic neurons

On the basis of a previous work on the acute effects of Liraglutide on
arcuate NPY/AgRP neurons [14], we hypothesized that TRPC5 subunits
and KATP channels may be required for an in vivo increase in inhibitory
input to arcuate NPY/AgRP neurons by GLP-1Ras. In order to assess this
activity, we first targeted NPY neurons from mice globally deficient for
TRPC5 subunits (NPY-hrGFP:TRPC5K0) 24 h after injection of saline or
liraglutide (300 pg/kg, I.P.; Figure 6 A-D, S7 AB). As expected, the
liraglutide-induced increase in inhibitory synaptic activity persisted in
mice globally deficient for TRPC5 channels (sIPSCs: 24 h after saline,
.P.. 0.6 &= 0.1 Hz, n = 18; 24 h after liraglutide, I.P.: sIPSCs:
1.2 + 0.1 Hz, p < 0.0001, n = 15, Figures 6 A, S7 A). In order to
assess the dual requirement of TRPC5 subunits and KATP channels, we
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Figure 4: Intraperitoneal (i.p.) injection of liraglutide activates arcuate POMC neurons from ad libitum fed mice. (A—G) Histogram demonstrating the average resting membrane
potential (A), action potential frequency (B), input resistance (C), SEPSCs frequency (D), SEPSCs amplitude (E), sIPSCs frequency (F), and sIPSCs amplitude (G) of POMC-hrGFP neurons
30 Min, 2 h, 12 h, 24 h or 48 h after injection saline or liraglutide (black bar: saline; red bar: liraglutide, 300 pg/kg, I.P.). Data are from male mice and are expressed as mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired t test compared to controls. The number of neurons studied for each group is in parentheses.
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Figure 5: Liraglutide-induced activation of arcuate POMC neurons in vivo requires GLP-1 receptors and TRPC5 subunits in arcuate POMC neurons. (A—G) Histogram demonstrating
the average resting membrane potential of POMC-hrGFP neurons (A), action potential frequency (B), input resistance (C), SEPSCs frequency (D), SEPSCs amplitude (E), sIPSCs
frequency (F), sIPSCs amplitude (G) 24 h after injection of saline or liraglutide (300 pg/kg, I.P.) from mice deficient for GLP-1Rs in POMC neruons (POMC-CreERT2:GLP-1RIox/
lox:tdTomato mice). (H—N) Histogram demonstrating the average resting membrane potential of POMC-hrGFP neurons (H), action potential frequency (l), input resistance (J),
SEPSCs frequency (K), SEPSCs amplitude (L), SIPSCs frequency (M), sIPSCs amplitude (N) 24 h after injection of saline or liraglutide (300 pg/kg, I.P.) from mice globally deficient for
TRPC5 subunits (POMC-hrGFP:TRPC5 KO mice). (0—U) Histogram demonstrating the average resting membrane potential of POMC-hrGFP neurons (0), action potential frequency
(P), input resistance (Q), SEPSCs frequency (R), SEPSCs amplitude (S), sIPSCs frequency (T), sIPSCs amplitude (U) 24 h after injection of saline or liraglutide (300 pg/kg, I.P.) from
mice deficient for TRPC5 subunits in POMC neurons (POMC-CreER"%TRPC5'®/'tdTomato mice). Data are from male mice and are expressed as mean + SEM. *p < 0.05,
unpaired t test compared to controls (black bar: saline; red bar: liraglutide). The number of neurons studied for each group is in parentheses.
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parentheses.

targeted NPY neurons from mice globally deficient for TRPC5 subunits
with the addition of a K-ATP channel agonist (diazoxide) in the recording
chamber. Compared to mice injected with saline, the sIPSCs frequency
and amplitude remained unchanged in mice injected with liraglutide
(p > 0.05, n = 18; Figure 6 A-B, S7 A). These data suggest the GLP-
1Ra induced increase in inhibitory input to NPY neurons in vivo requires
both the activation of TRPC5 subunits and inhibition of KATP channels.
We also examined the requirement of TRPC5 subunits and KATP
channels in the GLP-1Ra induced decrease in excitatory input to NPY
neurons. Global deficiency of TRPC5 subunits alone was sufficient to
abrogate the decrease in excitatory synaptic input (Figure 6 C-D, S7 B).
In particular, 24 h after injection of saline (I.P.), arcuate NPY neurons
globally deficient for TRPC5 subunits had a sEPSCs frequency of
22 + 04 Hz, n = 17 (Figure 6 C, S7 B). The frequency
(SEPSCs = 2.3 &= 0.3 Hz, p > 0.05, n = 15, Figure 6 C, S7 B) and
amplitude of sEPSCs remained unchanged 24 h after injection of lir-
aglutide (I.P.) in NPY neurons globally deficient for TRPC5 subunits
(Figure 6 D, S7 B). Similar results were observed while recording NPY
neurons globally deficient for TRPC5 subunits in the presence of
diazoxide, suggesting no additional role of KATP channels in this effect
(SEPSCs = 2.5 + 0.2Hz, p > 0.05, n = 18, Figure 6 C, S7 B).

Surprisingly, stimulation of TRPC5 subunits would be predicted to
activate glutamatergic neurons resulting in an increased release of

glutamate to postsynaptic (NPY/AgRP) neurons. Thus, we hypothesized
that the GLP-1Ra dependent regulation of glutamatergic input may
form a part of a polysynaptic circuit in which activation of GABAergic
neurons may suppress excitatory input to NPY/AgRP neurons. In order
to examine this, we targeted NPY neurons 2 h after chronic exposure to
liraglutide with the addition of the GABA-A receptor antagonist,
picrotoxin, in the recording chamber. The increase in excitatory syn-
aptic input was abrogated in the presence of the GABA-A selective
antagonist, picrotoxin (50 puM; sEPSCs = 3.1 + 0.3 Hz, p > 0.05,
n = 16; Figure S3 A—B). Importantly, picrotoxin alone failed to alter the
RMP and action potential frequency of NPY neurons (50 puM; Figure S3
C—D). Together, these data support a GLP-1Ra dependent poly-
synaptic regulation of glutamatergic input to NPY neurons in vivo,
which requires TRPC5 subunits and GABA-A receptors.

3.7. Liraglutide attenuates the AgRP neuron response to the
sensory detection of food

To assess the effects of liraglutide on AgRP neuronal activity in awake
and behaving animals, we next measured calcium dynamics in AgRP
neurons as a proxy for neural activity. Based on our electrophysio-
logical data, we hypothesized that GLP-1Ra’s influence AgRP neuronal
calcium dynamics in a time-dependent manner. Similar to previous
reports [18,19] and the electrophysiological data presented in the
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current study, liraglutide fails to alter the calcium levels of AgRP
neurons within 30 min of liraglutide injection. However, as calcium
dynamic measurements are not particularly well suited for longitudinal
(i.e. 24 h) monitoring of neural activity, we next measured the ability of
liraglutide to influence the change in AgRP neuron calcium dynamics in
response to food. In food-deprived animals, AgRP neuronal calcium
levels are rapidly suppressed in response to sensory detection and
subsequent consumption of food [18,19,39—42]. This suppression of
AgRP calcium levels in response to food predicts total food con-
sumption, as the magnitude of this rapid sensory inhibition predicts the
quantity of subsequent food intake [39,43]. Because liraglutide inhibits
food intake, we hypothesized that liraglutide may abrogate the sup-
pression of AgRP calcium levels that occurs in response to food pre-
sentation. Using fiber photometry, we measured calcium dynamics of
AgRP neurons in food-restricted (85—90% body weight) animals in
response to food presentation (Figure 7A,B) after injection of saline or
liraglutide (300 ng/kg, I.P. at 2 h, 4 h, 12 h, and 24 h after injection of
saline or liraglutide, timeline Figure 7C). As previously reported
[18,19,39—42], food presentation rapidly inhibits AgRP neurons of
mice injected with saline at all time points examined (Figure 7 and S8).
We found that pretreatment with liraglutide markedly attenuated re-
sponses to food presentation at 2 and 4 h after liraglutide injection, but
not at shorter (30 min) or longer (12 and 24 h) time points (Figure 7 D-
F, S8 A-C).

Surprisingly, these data show suppression of liraglutide suppressed
arcuate AgRP activity in vivo because liraglutide could not alter the
membrane potential and the firing rate of NPY/AgRP neurons within 2 h
in our electrophysiological recordings (Figure 3). However, the prior
electrophysiological data were obtained from ad libitum-fed animals,
while the in-vivo fiber photometry recordings were performed on food-
restricted mice (85—90% body weight). To determine whether the
nutritional state may influence the electrophysiological properties in
response to liraglutide, whole-cell pCLAM recordings were performed
in NPY neurons from food-restricted mice (85—90% body weight) 2 h
after I.P. injection of saline or liraglutide (Figure 7G—J). Similar to
previous reports, NPY neurons from food-restricted mice 2 h after
injection with saline exhibited a depolarized membrane potential and
an increase in action potential firing compared to ad libitum fed ani-
mals (food restriction — saline — 2 h: RMP = —37.4 + 0.4 mV,
APF = 4.8 + 0.4 Hz, n = 10, Figure 7G—H). NPY neurons from food-
restricted mice 2 h after injection with liraglutide (300 pg/kg, I.P.) were
hyperpolarized, and they showed a decrease in action potential firing
compared to saline treatment (food restriction — liraglutide — 2 h:
RMP = —40.6 == 1.5 mV, APF = 2.9 +£ 0.6 Hz, n = 9, p < 0.05;
Figure 7G—H). Notably, the absolute membrane potential reached in
response to liraglutide was no different from that observed in ad
libitum fed animals 2 h after liraglutide administration (Figure 3).
Rather this effect was significant due to the more depolarized starting
membrane potential and higher action potential frequency observed in
response to food deprivation. Similar to the fiber photometry data, we
did not observe this effect at longer time points, as the membrane
potential and action potential firing of NPY neurons from food-
restricted mice 24 h after injection with liraglutide (300 pg/kg, I.P.)
was similar to saline controls (food restriction — saline — 24 h:
RMP = —38.1 £ 1.4 mV, APF = 5.3 &£ 0.8 Hz, n = 9; food restriction
— liraglutide — 24 h: RMP = —37.1 + 0.4 mV, APF = 4.2 + 0.3 Hz,
n = 10, p > 0.05; Figure 7G—H). The lack of a liraglutide-induced
effect on NPY/AgRP activity 24 h after liraglutide injection in food-
restricted mice may depend upon the altered nutrient state leading
to an excitatory drive of NPY/AgRP neurons in these mice, which is
further examined in the following section.

3.8. Metabolic state-dependent responsiveness of NPY/AgRP and
POMC neurons to GLP-1R agonists

Activation of NPY/AgRP neurons in response to food deprivation is
linked to an increase in excitatory input to arcuate NPY/AgRP neurons
[44,45]. We hypothesized that the increased excitatory input that oc-
curs during food deprivation may explain why liraglutide has more
transient effects during extreme food deprivation. Indeed, NPY neurons
from food-restricted mice (85—90% body weight) 2 and 24 h after
injection with saline exhibited an increase in the frequency of excitatory
input independent of changes in inhibitory input when compared to ad
libitum fed animals (Figure 71—J). NPY neurons from food-restricted
mice 2 h after injection with liraglutide (300 g/kg) exhibited an in-
crease in inhibitory synaptic input concomitant with a decrease in
excitatory synaptic activity (Figure 71—J). This is notable as it is similar
to what occurs 24 h after liraglutide injection in ad libitum fed animals
(Figure 3). NPY neurons from food-restricted mice also showed an
increase in inhibitory synaptic input 24 h after injection with liraglutide
(Figure 7J). However, these neurons failed to show the decreased
excitatory synaptic input previously observed at 2 h following liraglutide
injection (Figure 7 ). Thus, food restriction drives an excitatory tone to
NPY/AgRP neurons resulting in increased feeding behavior [44], which
can be abrogated in early hours after liraglutide administration.
However, the duration of the liraglutide-induced abrogation of excit-
atory input to NPY/AgRP neurons is short-lived in food-restricted ani-
mals when compared to ad libitum feeding.

To determine whether the effects of liraglutide administration are
longer lasting in awake, behaving animals that are not food-deprived,
we used fiber photometry. We measured calcium dynamics of AgRP
neurons in response to food presentation 24 h after injection of either
saline or liraglutide (300 pg/kg, I.P., Figure 8 A). While animals
completely on an ad libitum chow diet failed to display a decrease in
calcium levels in response to food presentation [18,19,39—42], we
found that removing the food for 4 h was sufficient to observe a
decrease of AgRP neuron activity in response to food drop (Figure 8 B,
top). Importantly, under this moderate food withdrawal, liraglutide
injected animals showed a markedly attenuated response to food
presentation, even 24 h after liraglutide injection (Figure 8B—D).
Together, these data offer a cellular basis for the temporally distinct
liraglutide-induced changes in cellular activity, which depend upon the
nutrient state.

In addition to nutrients, we recently demonstrated the plasticity of
both arcuate POMC and NPY/AgRP neurons to exercise [34], resulting
in an activity profile that is in agreement with beneficial effects on
metabolism. Subsequent work suggests that these effects are
observed in response to both forced and voluntary exercise [46].
Since their approval by the FDA in 2014, GLP-1R agonists are
commonly prescribed either as a monotherapy or as an adjunct to
exercise for blood glucose control as well as weight maintenance.
Several reports suggest additive benefits of exercise and GLP-1R
agonism on energy and glucose balance [47—50]. In particular, the
combination of liraglutide and exercise decreased body weight and
body fat percent twice as either strategy alone in obese individuals
(BMI 32—43) who did not have diabetes for up to 1 year [48]. Also
when combined subjects exhibited increased insulin sensitivity at the
termination of the study [48]. This led to the hypothesis that exercise
and GLP-1R agonism might be additive on the melanocortin circuit.
We targeted arcuate POMC and NPY/AgRP neurons for electrophys-
iological recordings. To examine the combined effects of liraglutide
and exercise, neurons were targeted 24 h after a single injection of
liraglutide (300 pg/kg, I.P.). Prior to harvesting the brains, the mice
also underwent a 1-hour HIIE exercise bout [34]. Liraglutide (300 pg/
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Figure 7: Liraglutide attenuates AgRP neuron activity changes in response to food in 24H food-deprived animals. (A) Schema depicting the fiber photometry system used to record
calcium-dependent (470 nm) and independent (405 nm) fluorescence in awake, behaving mice. (B) Schematic and representative image showing GCaMP6s expression and fiber
placement over AgRP neurons in the arcuate nucleus. Scale bar, 200 pum. (C) Timeline depicting experimental procedures. Shaded green areas represent fiber photometry
recordings. (D) Mean AF/F of the 470 nm GCaMP6s signal following food presentation at various timepoints after vehicle or Liraglutide injection (see C). Thin black lines represent
individual mice. Black, vehicle; red, Liraglutide (n = 6, two-way repeated-measures ANOVA, *p < 0.05) (E) Minimum AF/F of the GCaMP6s signal following food presentation at
various timepoints after vehicle or Liraglutide injection. Black, vehicle; red, Liraglutide (n = 6, two-way repeated-measures ANOVA, *p < 0.05) (F) Mean AF/F (1 min bins) of the
GCaMP®6s signal following food presentation at various timepoints after Liraglutide injection (n = 6, two-way repeated-measures ANOVA, p < 0.05). (G-J) Histogram demonstrating
the average resting membrane potential (G), action potential frequency (H), SEPSCs frequency (), and sIPSCs frequency (J) of NPY-hrGFP neurons at 2 h and 24 h after injection
with saline or liraglutide (black bar: saline; red bar: liraglutide, 300 pg/kg, I.P.). Data are expressed as mean + SEM, ns p > 0.05, t-tests and post-hoc comparisons: *p < 0.05,
**p < 0.01, ***p < 0.001. ANOVA interaction: «p < 0.05, ANOVA main effect of group: %:p < 0.05.
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Figure 8: Long-term effects of Liraglutide on AgRP neurons during mild food deprivation. (A) Timeline depicting experimental procedure. The shaded green area represents fiber
photometry recording. (B) Average AF/F of GCaMP6s signals during food presentation 24 h after I.P. injection of vehicle or liraglutide. Signals are aligned to food presentation (red
dashed line). Green, 470 nm; grey, 405 nm. Dark lines represent means and lighter, shaded areas represent SEM. (C) Mean AF/F of the 470 nm GCaMP6s signals shown in (B).
Thin black lines represent individual mice. Black, vehicle; red, Liraglutide (n = 6, paired t-test, *p < 0.05). (D) Minimum AF/F of the 470 nm GCaMP6s signals shown in (B). Black,
vehicle; red, Liraglutide (n = 6, paired t-test, *p < 0.05). Data are expressed as mean + SEM, t-tests: *p < 0.05.

kg, I.P., 24 h prior) combined with exercise (1 h HIIE, immediately
prior to recording) resulted in a larger depolarization of the resting
membrane potential and sIPSCs frequency of arcuate POMC neurons
when compared with the changes observed by liraglutide alone
(300 pg/kg liraglutide + 1 h HIEE: RMP: —38.4 + 1.2, n = 10,
p = 0.05, APF: 4.8 + 0.7, n = 10, p > 0.05, sEPSCs frequency:
3.8 £0.5,n =10, p > 0.05, sIPSCs frequency: 1.9 £+ 0.2, n = 10,
p < 0.05, Figure S4 A—D). Similarly, liraglutide (300 pg/kg, I.P., 24 h
prior) combined with exercise (1 h HIIE, immediately prior to
recording) resulted in a larger hyperpolarization of arcuate NPY/AgRP
neurons when compared with the changes observed of liraglutide
alone (300 pg/kg liraglutide + 1 h HIIE: RMP: —48.8 + 2.8, n =10,
*p < 0.05, APF: 0.9 + 0.3, n = 10, p = 0.05, SEPSCs: 1.4 + 0.2,
n=10,p > 0.05, sIPSCs: 1.3 +0.2,n =9, p > 0.05, Figure S4 E—
H). Together these data demonstrate that GLP-1Ras alter the activity
of POMC and NPY/AgRP neurons in vivo and that the temporal
regulation by GLP-1Ras depends on the nutritional and metabolic
state of the animal.

4. DISCUSSION

In the current study, we monitored the effect of both GLP-1Ras (lir-
aglutide and semaglutide) ex vivo and in vivo on the activity of arcuate
POMC and NPY/AgRP neuronal populations. Similar to previous re-
ports on the acute effects of GLP-1Ras, the predominant effect of
liraglutide and semaglutide on POMC activity was excitatory and
inhibitory on NPY/AgRP neuronal activity. Importantly, these effects
were not observed immediately after injection of GLP-1Ras; rather this
occurred in a time-dependent manner that agrees with the pharma-
cokinetics of GLP-1Ras in vivo and varied depending on the nutrient
state of the animal. Chronic exposure or injection of GLP-1Ras also
recruited additional synaptic activity to arcuate POMC and NPY/AgRP
neurons, not previously observed after acute administration. More-
over, we identified molecular mechanisms underlying these effects in
POMC and NPY/AgRP neurons as well as altered activity of excitatory
and inhibitory neurons that project to POMC and NPY/AgRP neurons.
These effects in combination with those from previous work support a
liraglutide and semaglutide dependent regulation of melanocortin
neural circuitry with implications on energy balance and glucose
metabolism.

14

4.1. Temporal regulation of cellular activity in vivo and ex vivo

Importantly, the GLP-1Ra induced alteration of NPY/AgRP cellular ac-
tivity that occurs hours after injection was observed in both ex-vivo
pCLAMP recordings as well as during in vivo fiber photometry mea-
surements. This may appear at odds with previous work using fiber
photometry, which demonstrated that GLP-1R agonists failed to alter
the activity of arcuate NPY/AgRP neurons in vivo [18,19]. However,
these studies only examined NPY/AgRP calcium dynamics within
30 min of injection [18,19]. This is notable because of the delayed
pharmacokinetics of GLP-1Ras in rodents and humans [22,27,51]. In
particular, serum liraglutide levels gradually rise following injection in
humans, reaching a peak concentration within 8—12 h after injection
[22,24,27], and similar time-to-peak concentrations (4—10 h) have
been reported in rodents [23,51]. Moreover, injection of liraglutide (I.P.
or S-C.) in rodents fails to significantly decrease food intake within 1 h
of liraglutide injection [52]. Rather, the liraglutide dose-dependently
decreases food intake 3—6 h after injection reaching a maximal
suppression of food intake at 24 h [52]. In the current study, we
examined the activity of NPY/AgRP neurons over hours to days after
injection of GLP-1R agonists using patch-clamp electrophysiology and
fiber photometry. In the patch-clamp studies performed on ad libitum
fed animals, we found GLP-1R agonists altered the activity of both
arcuate POMC and NPY/AgRP neurons in a time scale that agrees with
the pharmacokinetic properties of GLP-1R agonists in vivo. While the
activity of NPY/AgRP neurons was also altered in the fiber photometry
experiments, we initially observed that this activity was accelerated
compared to the patch-clamp experiments. There are several possible
explanations for this discrepancy. First, the calcium dynamic changes
that occur in response to food presentation reflect a sensory property
of NPY/AgRP neurons. It implies that the changes observed in response
to food presentation occur immediately at the presentation of food prior
to consumption. The absolute magnitude and duration of this response
thus depend on the consumption of a nutritive object. Thus the
abrogation of the sensory detection of food may be an alteration of a
circuit that projects to NPY/AgRP neurons which has yet to be identified
and independent of the effects observed in the patch-clamp experi-
ments. This may be an important technical consideration as NPY/AgRP
neurons do not express GLP-1Rs. Rather presynaptic GABAergic
neurons are required for liraglutide-induced changes in the NPY/AgRP
activity [14,15]. Another possibility is that the fiber photometry results

MOLECULAR METABOLISM 54 (2021) 101352 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


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

might be a measure of activity, which is temporally dissociated from
the patch-clamp experiments. In particular, the fiber photometry is
likely measuring changes in cellular activity (using calcium levels as a
proxy measure) in real-time, while the patch-clamp experiments may
be detecting the plasticity of the circuit that occurs over many hours.
Support for a GLP-1Ra dependent plasticity of this circuit may also
come from the additional changes in the synaptic activity described in
the current study, which has not been readily apparent with short acute
administration of GLP-1Ras. In particular, we previously demonstrated
that NPY/AgRP neurons receive more inhibitory input and POMC
neurons more excitatory input following acute GLP-1Ra administration
[14,15]. However, in the current study, chronic exposure or in-vivo
injection of GLP-1Ras consistently increases inhibitory input to
arcuate POMC neurons and decreases excitatory input to NPY/AgRP
neurons as a population. Therefore, the activity changes that are seen
in the fiber photometry experiments may initiate the plasticity that is
detected in the later patch-clamp recordings. However, this assess-
ment does not support the patch-clamp recordings that were per-
formed in mice which were food restricted to a similar extent as the
mice used in the fiber photometry experiments. After food restriction,
the patch-clamp results mirrored the temporal changes that were
observed in the fiber photometry experiments. Similarly, while ad
libitum fed animals fail to demonstrate an AgRP induced suppression
of calcium levels in response to chow food presentation, moderate
(4 h) food deprivation was sufficient to elicit this activity. Importantly,
the electrophysiological properties of NPY/AgRP neurons from 4 h
food-restricted mice were similar to ad libitum fed animals. Moreover,
suppression of AgRP calcium levels in response to food presentation of
mice food-restricted for 4 h was abrogated 24 h after liraglutide in-
jection, which matched the electrophysiological results from ad libitum
fed animals. Thus, these data support consideration of activity changes
in a context-dependent manner, depending upon the metabolic and/or
nutrient state, and suggest a closer relationship between the fiber
photometry and patch-clamp electrophysiological results than previ-
ously expected.

4.2. Cellular mechanisms of GLP-1Ra dependent activity in NPY/
AgRP and POMC neurons

In a prior study, we demonstrated a GLP-1Ra dependent activation of
arcuate POMC and inhibition of NPY/AgRP neurons [14—16]. However,
these studies have largely relied on ex-vivo acute administration of
GLP-1Ras to investigate this activity. Moreover, these ex-vivo as-
sessments revealed changes in cellular activity in individual neurons
which facilitated the description of both an activation and inhibition of
arcuate NPY/AgRP and POMC neurons. Notably, the current study was
an assessment of POMC or NPY/AgRP neuronal activity in response to
chronic incubation or from mice that were injected with either saline or
GLP-1Ras. Thus, we were not able to determine if each neuron acutely
responded to GLP-1Ras. Rather the data presented are reflective of
POMC and NPY/AgRP neuronal activity as a population. This is anal-
ogous to the changes in calcium levels observed in fiber photometry
experiments. Together these data support a predominant activation of
arcuate POMC and inhibition of arcuate NPY/AgRP in response to GLP-
1Ras.

While POMC neurons express GLP-1Rs and the GLP-1Ra induced
activation of arcuate POMC neurons persists in the presence of an-
tagonists for action potentials and synaptic activity, the requirement of
GLP-1Rs has not been directly assessed for this activity nor has the
cellular activity of POMC neurons been examined in response to in-
jection of GLP-1Ras. In the current study, we found that deficiency of
GLP-1Rs in POMC neurons alone abrogated the depolarization and
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increased the firing rate of arcuate POMC neurons. Notably, the GLP-
1Ra induced changes in excitatory; inhibitory synaptic activity to POMC
neurons remained intact in POMC neurons deficient for GLP-1Rs. This
suggests that while these synaptic inputs may alter transient changes
in excitability, they may not contribute to the baseline membrane
potential of arcuate POMC neurons. We also documented that GLP-
1Ras failed to activate POMC neurons as well as change excitatory
or inhibitory synaptic activity to POMC neurons in mice globally defi-
cient for TRPC5 subunits. Moreover, GLP-1Ras failed to activate POMC
neurons selectively deficient for TRPC5 subunits though changes in
presynaptic activity remained intact. Together, both GLP-1Rs and
TRPC5 subunits are critical for the GLP-1Ra dependent pre- and post-
synaptic regulation of arcuate POMC activity.

In contrast to arcuate POMC neurons, arcuate NPY/AgRP neurons do
not express GLP-1Rs [14,15,53]. We previously demonstrated that
NPY/AgRP neurons are inhibited ex-vivo via an indirect upregulation of
presynaptic GABA activity, which requires both TRPC5 subunits and
KATP channels [14]. In the current study, injection of Liraglutide led to
an increase in GABAergic synaptic activity to arcuate NPY/AgRP neu-
rons on a similar time scale to effects observed in arcuate POMC
neurons. However, in response to chronic administration or injection of
GLP-1R agonists, NPY neurons also display a decrease in inhibitor
input contributing to disinhibition of NPY neurons. Both the increase
and inhibitory and decrease in excitatory input to NPY neurons were
abrogated in mice globally deficient for TRPC5 subunits and pre-
treatment with KATP channel agonists. This suggests that Liraglutide
inhibits NPY/AgRP neurons in vivo via presynaptic regulation of a
TRPC5 and K-ATP channel-dependent mechanism.

Arcuate NPY/AgRP and POMC neurons receive inputs from a variety of
brain nuclei [54—57]. Many of these input nuclei also express GLP-1Rs
[58—69]. The current study shows that GLP-1Ras modify the synaptic
input to both NPY/AgRP and POMC neurons. Importantly, we also show
that at least in POMC neurons these inputs may not be sufficient to
drive changes in RMP and APF of arcuate POMC neurons. However, the
activity changes of NPY/AgRP neurons are entirely dependent upon this
presynaptic regulation. In agreement with previous reports [14,15], the
GLP-1Ra induced inhibition of NPY neurons requires presynaptic
GABAergic neurons; however, it remains unclear where this neuron
may reside in the brain. This warrants further investigation.

4.3. Physiological implications

Considerable effort has gone into defining the role of GLP-1Rs in the
CNS to regulate energy balance and glucose metabolism. In partic-
ular, global deficiency of GLP-1Rs in mice attenuated the GLP-1
induced hypophagia while failing to alter body weight, suggesting
that GLP-1Rs are not a key determinant of body mass under basal
conditions [70]. Site-specific (either nucleus or cell type-specific) loss
of function of GLP-1Rs in both mice and rats has led to a distributed
network of neurons that are required in the brain for the GLP-1
dependent regulation of energy balance. With regard to arcuate
POMC and NPY/AgRP neurons, GLP-1R antagonism within the
arcuate nucleus abrogates the weight-reducing effects of Liraglutide
[15]. Mice deficient in GLP-1Rs selectively display increased HFD-
induced weight gain in POMC neurons independent of changes in
food intake and energy expenditure [33]. Moreover, GLP-1R depen-
dent activation of arcuate POMC neurons is required for the sustained
reduction in body weight by the long-acting GLP-1R agonist, lir-
aglutide [14]. As NPY/AgRP neurons do not express GLP-1Rs, less is
known about the requirement of a GLP-1R dependent inhibition of
arcuate NPY/AgRP neurons. The GLP-1R induced inhibition of NPY/
AgRP neurons and abrogation of the sensory detection of food
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observed in the current study would predict a decrease in food intake
and suppress weight gain. However, it remains unclear whether this
activity is required for GLP-1R dependent effects as glutamatergic
neurons may be the primary cell type responsible for the Liraglutide-
induced decrease in food intake and body weight [71]. However,
GABAergic neurons may not be completely dispensable as inhibition
of hindbrain GABAergic neurons attenuates the food intake and body
weight-reducing effects of Liraglutide in rats on a high-fat diet [72].
Therefore, these data highlight the need to better understand the
GLP-1R induced regulation of GABAergic signaling in energy
homeostasis.

5. CONCLUSIONS

In summary, the long-acting GLP-1R agonists (liraglutide and sem-
aglutide) activate arcuate POMC neurons while inhibiting arcuate NPY
neurons in vivo. This activity is similar to the pharmacokinetics of GLP-
1R agonist injection. In addition to the effects on POMC and NPY
neuronal activity previously identified in acute ex-vivo studies, chronic
exposure or in-vivo administration of GLP-1R agonists recruit addi-
tional synaptic regulation (i.e., decreased excitatory input to NPY
neurons and increased inhibitory input to POMC neurons), both of
which are dependent upon a GLP-1R agonist-induced excitation of
upstream GABAergic neurons. The effects of GLP-1R agonists were
also temporally dependent upon the nutritive state (ad libitum fed vs
food-deprived) of the animal, and exercise enhanced the GLP-1R
agonist-induced activity state of arcuate NPY and POMC neurons.
This study reveals an underappreciated role for GLP-1 analogs to
induce changes in cellular activity in the arcuate nucleus in-vivo and
provides a physiological (i.e., exercise) and cellular mechanism by
which this activity can be co-opted to enhance beneficial effects on
energy balance and metabolism in the CNS.
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