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Abstract: The hypothalamic arcuate nucleus (Arc) is a central unit that controls the appetite through
the integration of metabolic, hormonal, and neuronal afferent inputs. Agouti-related protein (AgRP),
proopiomelanocortin (POMC), and dopaminergic neurons in the Arc differentially regulate feeding
behaviors in response to hunger, satiety, and appetite, respectively. At the time of writing, the anatom-
ical and electrophysiological characterization of these three neurons has not yet been intensively
explored. Here, we interrogated the overall characterization of AgRP, POMC, and dopaminergic
neurons using genetic mouse models, immunohistochemistry, and whole-cell patch recordings.
We identified the distinct geographical location and intrinsic properties of each neuron in the Arc
with the transgenic lines labelled with cell-specific reporter proteins. Moreover, AgRP, POMC, and
dopaminergic neurons had different firing activities to ghrelin and leptin treatments. Ghrelin led to
the increased firing rate of dopaminergic and AgRP neurons, and the decreased firing rate of POMC.
In sharp contrast, leptin resulted in the decreased firing rate of AgRP neurons and the increased
firing rate of POMC neurons, while it did not change the firing rate of dopaminergic neurons in Arc.
These findings demonstrate the anatomical and physiological uniqueness of three hypothalamic Arc
neurons to appetite control.

Keywords: AgRP; POMC; dopamine; ghrelin; leptin; appetite

1. Introduction

The hypothalamus is a master unit that regulates energy homeostasis through the cross-
correlated operation of endocrine and sympathetic nervous systems. The hypothalamus
consists of various nuclei that are mutually interconnected for efficient energy metabolisms,
such as the ventromedial nucleus of the hypothalamus (VMH), the dorsomedial nucleus of
the hypothalamus (DMH)), lateral hypothalamus (LH), and arcuate nucleus (Arc). Among
them, the Arc dynamically regulates energy intake and expenditure via the on-demand
integration of afferent inputs, such as circulating nutrients, hormones, and neurotrans-
mitters [1,2]. The circuit activity of the hypothalamic Arc can be mainly executed by two
distinct neuronal populations of satiety-triggering POMC neurons and hunger-promoting
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AgRP neurons [3,4]. As such, POMC and AgRP neurons have significantly increased the
firing rate upon leptin and ghrelin treatment, respectively [5-7].

Studies for the hypothalamic dopaminergic neurons were initiated with the findings
showing their projection to the median eminence where axon terminals release dopamine
into the hypophyseal portal system for inhibiting prolactin secretion from the anterior
pituitary gland [8]. Although recent studies have identified that dopaminergic neurons are
also present in the dorsal part of the hypothalamic Arc [9] and their excitability responds
to the starvation and ghrelin treatment [9], their functional roles in the regulation of
energy metabolism have not been completely unraveled. For now, further studies are
required for clarifying the anatomical and electrophysiological characterizations of these
three neurons in the regulation of appetite. Here, we determined the precise spatial
distribution of the three neurons of the hypothalamic Arc by using 3D reconstructed images.
Furthermore, we investigated the cell type-specific intrinsic properties of AgRP, POMC and
dopaminergic neurons, as well as their responsiveness to ghrelin, an orexigenic hormone,
and leptin (an anorexigenic hormone), by using whole-cell patch-clamp recordings. For
these experiments, we utilized genetically engineered mouse lines that are individually
tagged with fluorescence reporter proteins to POMC, AgRP, or dopamine active transporter
(DAT)-positive neurons. The current study unveiled the distinct firing properties of each
Arc neuron to appetite hormones in addition to its geographical organization, thereby
revealing how Arc neurons regulate the energy metabolism for appetite control.

2. Results
2.1. Three-Dimensional Distribution of AGQRP, POMC, and TH-Positive Neurons in the
Hypothalamic Arc

To identify the distribution of AgRP, POMC, and tyrosine hydroxylase (TH)-positive
dopaminergic neurons in the hypothalamic Arc, we obtained three-dimensional (3D) im-
ages of AgRP (yellow), POMC (green), and TH (red) (Figure 1A). AgRP neurons were
largely located in the proximal to the third ventricle or median eminence (ME), while POMC
neurons were mostly distributed in the distal to the third ventricle (i.e., the lateral part of the
Arc). TH-positive neurons were abundantly found in the dorsal part of the Arc. We further
examined whether there is co-localization among AgRP, POMC, and dopaminergic neurons
with high magnification of images. Intriguingly, dual-labeled images showed that none of
these neurons overlapped in the hypothalamic Arc (Figure 1B). We additionally evaluated
the volume of the cell body with high-resolution images and found the labelled size of
TH, POMC, and AgRP in descending order (Figure 1C,D). Although the soma volume
was measured with the images labeled with each molecular marker, the calculated volume
appears to correspond to the intrinsic properties of each neuron, as shown in Figure 2. The
fact that each neuron is structurally situated in different areas of the hypothalamic Arc
suggests location-dependent segregation of cellular functions.
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Figure 1. Distribution of POMC, AgRP, and TH-positive neurons in the hypothalamic arcuate nucleus.
The hypothalamic Arc of the mouse brain was selected to determine the 3D distribution of POMC,
AgRP, and TH-positive neurons. (A). The yellow dotted box showed the concurrent region of three
POMC (green), AgRP (yellow), and TH-positive cells (red). AgRP, agouti-related protein; POMC,
proopiomelanocortin; TH, tyrosine hydroxylase; PVN, paraventricular nucleus; Arc, arcuate nucleus;
ME, median eminence. X axis, 950 um; Y axis, 600 um; Z axis, 600 pm. (B). The co-localization of
POMC, AgRP, and TH-positive neurons in the yellow Arc region of X-axis, 400 um; Y axis, 500 um;
Z-axis, 600 pm. In the second row, dual-labeled images showed that none of these neurons overlapped
in the hypothalamic Arc. Scale bars: 100 um. The yellow dot guideline shows the third ventricle area.
(C). Representative 3D images of cell bodies using the Imaris software 9.2. Insets showed examples
of the high magnification area for soma volume analysis. Inset scale bars: 50 um. (D). Significant
differences in the soma volume were observed in TH, POMC, and AgRP in descending order. The
results were presented as the means 4+ SEMs. *** p < 0.001.
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Figure 2. Intrinsic properties of individual Arc neurons. Distinct electrophysiological properties of
each Arc neuron. (A). Whole-cell patch-clamp recordings were carried out for identifying the firing
and intrinsic properties of DAT-positive, AgRP, and POMC neurons in the marked location. The
thick black line was a border of the ventricular region and the pink area was the Arc region. The
blue circle, red triangle, and green diamond dots indicated DAT-positive, AgRP, and POMC neurons,
respectively. (B). Responses to long step currents (at 30, 20 pA, and —50 pA during 500 ms) were
shown in DAT-positive, AgRP, and POMC neurons. The response was measured under the current-
clamp mode with the RMP of —65 mV. (C). Each Arc neuron showed unique intrinsic membrane
properties of RMP, input resistance, membrane tau, first spike amplitude, first spike latency, firing
frequency, action potential rise time, action potential decay tau, and action potential halfwidth of Arc
neurons. The results were presented as the means &+ SEMs. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.2. Distinct Electrophysiological Properties of Each Arc Neuron

Whole-cell patch-clamp recordings were carried out for identifying the firing and
intrinsic properties of AgRP, POMC, and dopamine transporter (DAT)-positive neurons
that are mostly located surrounding the third ventricle (Figure 2A). Each neuron showed
different response patterns to long step-current injection (10 pA steps from —50 pA to
30 pA with 500 ms duration). The spiking of DAT-positive and AgRP neurons was quickly
adapted, unlike that of POMC neurons (Figure 2B). The intrinsic membrane properties were
scrutinized. POMC neurons showed significantly lower resting membrane potential (RMP)
than the other two neurons (F (2, 56) = 15.28, p < 0.0001) (Figure 2C). AgRP neurons showed
significantly higher input resistance than the other neurons without a difference between
DAT-positive and POMC neurons (F (2, 52) = 5.812, p = 0.0053). AgRP neurons also showed
significantly longer tau (t) values than the other neurons without a significant difference
between DAT-positive and POMC neurons (F (2, 49) = 11.23, p < 0.0001). As shown in
Figure 1, the smallest cell size of AgRP neurons may reflect the highest input resistance and
the longest tau among the other neurons. POMC neurons showed a significantly higher
first spike amplitude than the other neurons without a significant difference between DAT
and AgRP neurons (F (2, 56) = 3.231, p = 0.0470). POMC neurons showed significantly
longer first spike latency than the other neurons without a significant difference between
DAT-positive and AgRP neurons (F (2, 48) = 14.23, p < 0.0001). POMC neurons showed sig-
nificantly lower firing frequency than DAT-positive and AgRP neurons without a significant
difference between DAT-positive and AgRP neurons (F (2, 50) = 4.600, p = 0.0147). There
was no significant difference among three groups in rise time of action potentials (Aps)
(F (2,30) =2.320, p = 0.116; POMC vs. AgRP: p =0.105; POMC vs. DAT: p = 0.735; DAT vs.
AgRP: p = 0.401). The constant decay time of APs of POMC neurons was significantly lower
than AgRP and DAT-positive neurons with no in-between difference (F (2, 30) = 11.596,
p <0.001; POMC vs. AgRP: p < 0.001; POMC vs. DAT: p < 0.05; DAT vs. AgRP: p = 0.325).
POMC neurons had narrower halfwidth of APs than DAT-positive and AgRP neurons with
no in-between difference (F (2, 30) = 7.337, p < 0.05; POMC vs. AgRP: p < 0.01; POMC vs.
DAT: p < 0.05; DAT vs. AgRP: p = 0.794). Given the unique intrinsic membrane and firing
properties of each Arc neuron, we may identify a characteristic neuron even without the
anatomical visualization of a target neuron.

2.3. Heterogeneous Firing Patterns of Arc Neurons Depending on the RMP

Each Arc neuron had a specific firing pattern depending on the RMP. DAT-positive
neurons showed a regular burst firing pattern at —65 mV, while a tonic firing pattern
appeared when the resting potential was depolarized to —50 mV (Figure 3A). Similarly, the
firing pattern of AgRP neurons showed bursting, albeit being irregular, and was converted
into a tonic firing pattern at —50 mV (Figure 3B). In sharp contrast, POMC neurons did
not possess burst firing at any potential levels, and only had a tonic firing pattern when
depolarized (Figure 3C). This observation suggests that all Arc neurons promote the
sustained release of endocrines when activated, while DAT-positive and AgRP neurons
induce an abrupt release of endocrine at rest.
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Figure 3. Firing patterns of Arc individual neurons. Heterogeneous firing patterns of Arc neurons
depending on RMPs. Red box indicates the enlarged firing pattern of each neuron at —65 mV. Blue
box indicates the enlarged firing pattern of each neuron at —50 mV. (A). The firing pattern of DAT
neurons was a burst mode at —65 mV and a tonic mode at —50 mV. (B). The firing pattern of AgRP
neurons was a burst mode at —65 mV and a tonic mode at —50 mV. (C). The firing pattern of POMC
neurons had no firing at —65 mV and became a tonic mode at —50 mV.

2.4. Ghrelin and Leptin Reactivity of the Arc Neurons

The hypothalamic Arc regulates the whole-body energy metabolism by integrating the
multiple factors that reflect the status of energy availability, such as nutrients, hormones,
and neuronal inputs. Ghrelin, a gut-derived hormone, triggers a hunger signal, and leptin,
an adipose-derived hormone, enhances a satiety signal via targeting the hypothalamic
neurons involved in appetite regulation. We interrogated the activity patterns of AgRP,
POMC, and DAT-positive neurons in response to bath application of ghrelin or leptin. The
firing rate of DAT-positive neurons was significantly increased during ghrelin application.
Upon ghrelin, the membrane potential was depolarized and, accordingly, the firing pattern
was changed from a burst to tonic mode (n = 8, p = 0.0251) (Figure 4(Ai)). In sharp contrast,
leptin did not alter the resting membrane potential and firing pattern in DAT-positive
neurons (n =7, p = 0.4722) (Figure 4(Aii)). The firing rate of AgRP neurons was significantly
increased with ghrelin (n = 6, p = 0.0180) (Figure 4(Bi)), but decreased upon leptin (1 = 6,
p = 0.0205) (Figure 4(Bii)). As opposed to the effects on AgRP neurons in response to
ghrelin or leptin treatments, the firing rate of POMC neurons was decreased and increased
upon ghrelin (n = 7, p = 0.0314) (Figure 4(Ci)) and leptin (n = 7, p = 0.0478) (Figure 4(Cii)),
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respectively. These results confirm an opposite response between AgRP and POMC neurons
in light of neuronal activities in response to ghrelin and leptin, and newly demonstrate that
DAT-positive neurons in the Arc respond to ghrelin, but not to leptin.
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Figure 4. Reactivity of Arc neurons to ghrelin and leptin. Distinct responses of the hypothalamic
Arc neurons to ghrelin and leptin. (Ai). DAT-positive neurons showed a significantly increased
firing rate when ghrelin was applied. (Aii). There was no significant difference between before
and after leptin. (Bi). AgRP neurons showed a significantly increased firing rate when ghrelin was
applied. (Bii). AgRP neurons showed a decreased firing rate when leptin was applied. (Ci). POMC
neurons showed a decreased firing rate when ghrelin was applied. (Cii). POMC neurons showed a
significantly increased firing rate when leptin has applied. (D). A summary of the firing rate alteration
upon ghrelin and leptin. The results were presented as the means &= SEMs. * p < 0.05.

3. Discussion

Previous studies on POMC, AgRP, and dopaminergic neurons in the hypothalamic
Arc focused on their roles in energy metabolism and on their interactions in the context
of hormonal regulation [9-13]. Here, our study newly demonstrated the distinct anatom-
ical and electrophysiological properties of three Arc neurons and their susceptibility to
appetite hormones. We found these neurons’ anatomical and biophysical segregation in
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the Arc. Furthermore, we denoted that these three neurons have distinct firing patterns
and differential responses to ghrelin and leptin.

AgRP neurons have irregularly tonic spikes to the stimulus when they are depo-
larized [14-16]. Moreover, according to our findings of higher input resistance/longer
time constant and smaller AgRP-labelled soma size, our study confirms a previous study
that AgRP neurons can have smaller cell sizes than the other Arc neurons [16]. Together
with the higher input resistance and estimated small cell size, AgRP neurons with wider
half-width and slower decay T of APs may reflect fewer voltage-gated K™ channels than
the other Arc neurons. The firing pattern of AgRP neurons transforms from a burst to
tonic mode when hyperpolarized, suggesting differential modulation of food metabolism
which heavily relies on a resting membrane state. POMC neurons have more hyperpolar-
ized RMP, lower input resistance, and slower time constant than the other Arc neurons.
These intrinsic membrane properties likely correspond to the longer decay T and narrower
half-width of spikes. The hyperpolarized RMP of POMC neurons may be caused by an
intervention of gamma-aminobutyric acid (GABA) receptors [17]. POMC neurons heavily
receive GABAergic inputs (in particular, tonic GABA) from AgRP neurons, resulting in
the hyperpolarization of POMC neurons and making them quiescent at the RMP [18,19].
Due to the lack of burst firing in POMC neurons, they are likely to be involved in the tonic
release of neurotransmitters irrespective of the membrane potentials [20]. DAT-positive
neurons have a lower input resistance and slower membrane time constant than AgRP
neurons. DAT-positive neurons’ intrinsic characteristics correspond to a large cell size
when soma volume is measured with TH-staining immunohistochemistry. This result leads
us to speculate that DAT-positive neurons have numerous K* channels and larger cell sizes
than the other Arc neurons as the number of K* channels is closely related to the input
resistance and the time constant of neurons [14,15,21,22]. Another noticeable finding for
DAT-positive neurons is a bursting firing pattern when hyperpolarized. Previous studies
have documented that a burst firing is highly related to various cellular functions, such as
enhanced neuroplasticity, signal filtering, or synchronization, which suggests the essential
roles of DAT-positive neurons in the regulation of neuroendocrine release [23-25].

Orexigenic AgRP neurons show a biphasic effect in response to two appetite hor-
mones, i.e., ghrelin and leptin. Ghrelin induces the burst spiking while leptin suppresses
the spiking. As the bursting promotes synaptic release [26,27], ghrelin may increase neu-
rotransmitter release in the AgRP neuron. These results are consistent with the previous
well-known findings in which AgRP neurons are activated and inhibited upon ghrelin and
leptin, respectively [2,6]. As calcium-permitting channels (such as NMDA receptors and
voltage-gated Ca?* channels) and GABAg receptors are also involved in the generation of
the bursting firing pattern and the promotion of neurotransmitter release [28-30], further
investigation is required for revealing the roles of calcium-permitting channels in the differ-
ential regulation of neuroendocrine release. Anorexigenic POMC neurons are activated
by energy surfeits and inhibited by energy deficits. When activated, these neurons induce
«-MSH release, which acts over the melanocortin-4 receptor (MC4R) located in different hy-
pothalamic areas for increasing energy expenditure and reducing energy intake [3]. POMC
neurons also show a biphasic effect in response to ghrelin and leptin, which is opposite to
the responses of AgRP neurons. As previous studies have shown that ghrelin evokes direct
excitatory effects to the dopaminergic neurons in the Arc [9], we successfully confirmed that
Arc dopaminergic neurons have an increased firing rate in response to ghrelin treatment.
Multiple lines of evidence have shown that leptin administration directly into the ventral
tegmental area (VTA) leads to a reduction in food intake, while the knockdown of leptin
receptors in the VTA results in an increase in food intake, locomotor activity, and hedonic
feeding behaviors [31]. However, the dopaminergic neurons in the Arc do not respond to
the anorexigenic hormone leptin. This suggests that dopaminergic neurons in Arc may
have a preferential role in the regulation of the orexigenic signals. In accordance with
firing patterns of dopaminergic neurons in the Arc, a previous study has shown that the
optogenetic stimulation of Arc dopaminergic neurons leads to elevated feeding behavior
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via enhancing the activity of AgRP neurons and oppositely inhibiting the activity of POMC
neurons [9]. Although the current study provides a useful information to better understand
the functional roles of Arc dopaminergic neurons in the appetite regulation, further studies
are required to clarify the complexity of the neural plasticity between arcuate neurons that
controls whole-body energy metabolism.

Collectively, the present study identifies the distinct histological, physiological and
electrical properties of AgRP, POMC and dopaminergic neurons in the hypothalamic Arc,
and suggests the functional segregation of arcuate neurons on the hypothalamic control of
energy metabolism.

4. Materials and Methods
4.1. Animal Models

Transgenic mice (POMC-EGFP; stock no. 009593, AgRP-Cre stock no. 012899, DAT-
Cre stock no. 006660, and Ail4 stock no. 007914) were obtained from Jackson Labo-
ratory (Bar Harbor, ME, USA). The POMC-EGFP mice led to the expression of GFP
in POMC neurons. To visualize AgRP-Cre or DAT-Cre expression, AgRP-Cre or DAT-
Cre mice were crossed with Ail4 reporter mice to generate AgRP-Cre Ail4 or DAT-
Cre Ail4 mice, while Cre expression can be directly visualized by tdTomato, a vari-
ant RFP, under fluorescent microscopes. These mice were used for patch-clamp record-
ings of the AgRP, POMC, and DAT neurons as described below. Genotyping for trans-
genic mice was confirmed using primers from Jackson Laboratory: POMC-EGFP, 5'-
AAGTTCATCTGCACCACCG-3" and 5'-TCCTTGAAGAAGATGGTGCG-3' for 173 bp;
AgRP-Cre, 5'-GCTTCTTCAATGCCTTTTGC-3" and 5'-AGGAACTGCTTCCTTCACGA-3’
for 280 bp; DAT-Cre, 5'-TGGCTGTTGGTGTAAAGTGG-3' and 5'-CCAAAAGACGGCAAT
ATGGT-3' for 152 bp; Ail4, 5-GGCATTAAAGCAGCGTATCC-3' and 5'-CTGTTCCTGTAC
GGCATGG-3' for 196 bp. The mice were maintained in a temperature- (23-25 °C) and
humidity-controlled chamber with a 12 h light-dark cycle (light exposure from 7 am to
7 pm). The mice had access to standard chow (D.B.L., Eumseong, Korea) and water ad
libitum. All the animal care and experimental procedures were performed in accordance
with the protocols approved by the Institutional Animal Care and Use Committee (IACUC)
at the Incheon National University (permission number: INU-ANIM-2021-01).

4.2. Sample Preparation of Hypothalamic Region for Deep Tissue Immunostaining

POMC-EGFP/AgRP Cre-tdTomato double-fluorescence-expressing mice were cardiac
perfused with 4% PFA and the hypothalamus coronally cut to a thickness of 1 mm using
the Leica VT100 S vibratome. The sections containing hypothalamic nuclei (stereotaxic
coordinates: between —1.06 mm and —2.40 mm from the bregma) were matched with
a mouse brain atlas book (Paxinos and Franklin, 2001, The Mouse Brain in Stereotaxic
Coordinates—second edition, San Diego, CA, USA, Academic Press). The fixed brain slices
were placed in the chamber of the C-phoresis (Crayon technologies, Guri-si, Gyeonggi-
do, Korea) and followed the manufacture protocols. Briefly, brain slices were placed in
the chamber with 15-20 mL of clearing buffer, and an electric field was applied with
maintained 40 °C buffer. Then, 80 V of constant power was applied across the electrodes
for 30 min for 1 mm-thick brain slices. The sample holder consisted of an acryl plate and
porous nylon mesh. For immunostaining, the cleared brain slice was incubated for 2 h with
blocking solution (10% Normal horse serum and 1% TritonX-100 in PBS (Sigma-Aldrich,
St. Louis, MO, USA)) and washed on a gentle shaker twice for 30 min. Subsequently,
mouse brain slices were stained using the electrophoretic immunostaining system (C-stain,
Crayon technologies, Guri-si, Gyeonggi-do, Korea) with the antibody of rabbit anti-tyrosine
hydroxylase (1/200, Cat# ab6211, Abcam, Cambridge, UK) for 2 h and washed for 30 min
three times with a large volume of washing buffer. Washed brain slices were then processed
in the C-stain system again with a goat anti-rabbit Alexa Fluor 647 (1/500, Cat# A-21245,
Invitrogen, Carlsbad, CA, USA) for 2 h and washed for 30 min three times again. Washed
brain slices were immersed with refractive index matching solution for 1 h and imaged with
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fast confocal microscopy (Dragonfly 502 w, Andor Technology, Belfast, UK). The objectives
were a 10x, Plan Apochromat, and 20x, Apo LWD WI from Nikon. All acquired images
were adjusted by Imaris software (ver 9.2.1, Bitplane, OXFORD Instruments, Abingdon,
Oxfordshire, UK).

4.3. Slice Preparation

The brain slices of hypothalamic arc region were obtained from POMC-EGFP, AgRP-
Cre-Ail4, and DAT-Cre-Ail4 mice (postnatal age: 4-6 weeks). Mice were deeply anes-
thetized with isoflurane shortly before brain slicing. The brains were quickly shift into
cold (4 °C), oxygenated (5% CO,, 95% Op) slicing medium containing 110 mM of choline
chloride (Sigma-Aldrich), 2.5 mM of KCI (Sigma-Aldrich), 1.2 mM of NaH,PO, (Sigma-
Aldrich), 25 mM of NaHCOj (Sigma-Aldrich), 20 mM of glucose (Sigma-Aldrich), 7 mM
of MgCl, (Sigma-Aldrich), and 0.5 mM of CaCl, (Sigma-Aldrich). Coronal slices (150 um)
were cut using a vibratome. After slicing, the mice brain slices were transferred to a holding
chamber filled with oxygenated (5% COy, 95% O,) artificial CSF (ACSF) solution containing
124 mM of NaCl (Sigma-Aldrich), 2.5 mM of KCI, 1 mM of NaH,POy, 26.2 mM of NaHCO;3,
20 mM of glucose, 1.3 mM of MgCl,, and 2.5 mM of CaCl,. After at least one hour of
recovery, individual slices were transferred to a recording chamber. Oxygenated ACSF
continuously flew at a rate of 5 mL/min at 30-32 °C temperature.

4.4. Patch-Clamp Recording

The Axon clamp 700B amplifier and the Axon Digidata 1550A (Molecular Devices,
San Jose, CA, USA) were used for whole-cell patch recording. The whole-cell patch-clamp
application was performed on fluorescent neurons in the hypothalamic Arc region (AgRP-
cre: red signal, POMC-EGFP: green signal, DAT-cre: red signal). BX51WI fluorescence
microscope (Olympus, Tokyo, Japan) with a Zyla 5.5 CCD camera (Andor, Abingdon,
UK) visualized the fluorescent Arc neurons. The recording pipettes tip resistance was
5-9 MQ) when filled with pipette internal solution containing 135 mM of K-gluconate
(Sigma-Aldrich), 5 mM of KCl, 1 mM of MgCl,, 0.02 mM of CaCly, 0.2 mM of EGTA
(Sigma-Aldrich), 10 mM of HEPES (Sigma-Aldrich), 4 mM of Na,-ATP (Sigma-Aldrich),
and 0.3 mM of Na-GTP (Sigma-Aldrich) (pH 7.3 with NaOH, 290-293 mOsm). In the
current-clamp configuration, cells were held at —65 mV or —50 mV. During recording,
access resistance was constantly monitored. Recordings were excluded if an input resistance
changed over 15%. Clampex 10.7 software (Molecular Devices, San Jose, CA, USA) was
used for data acquisition. The resting membrane potential (RMP) was measured from the
resting-state membrane potential 1 min after the whole-cell patch-clamp was complete. The
input resistance value was calculated from its steady-state membrane potential, and the
voltage change was induced by hyperpolarizing current injection (—40 pA). The membrane
time constant (membrane T) was obtained from recovery time for the membrane voltage
to reach 63% of the steady-state voltage value from the hyperpolarizing current injection
state (—40 pA). The first spike amplitude means the peak voltage value of the first spike in
depolarizing current injection (20 pA), and the first spike latency represents the duration
between the time point of the first spike peak value and the time point that start depolarizing
current injection (20 pA). The firing frequency represented the firing numbers for 5 min,
after 1 minuet from the whole-cell patch-clamp was performed. The action potential rise
time was measured when the first spike reached 10% to 90% of the amplitude (peak relative
to baseline). The action potential decay time constant (Decay T) was determined by fitting a
falling phase of the spike to a single exponential function. The half-width of action potential
was calculated by elapsing time when the voltage from the first spike cross half-maximal
amplitude (peak relative to baseline) during the rising and the falling phase.

4.5. Pharmacology Application

Ghrelin and leptin (mouse) were obtained from R&D Systems (Minneapolis, MN,
USA). Drugs were diluted in ACSF to 100 nM before each experiment. In pharmacology
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application, the drug solutions were switched from normal ACSF for 1-2 min. During
non-drug time, the recording chamber continuously flowed by normal ACSE.

4.6. Data Analysis

All electrophysiological data were treated and expressed numerically using AxonTM
pCLAMPTM10.1 Electrophysiology Data Acquisition & Analysis Software (Molecular De-
vices, San Jose, CA, USA). For the differences between individual neuron groups, p < 0.05
was interpreted as statistically significant (* p < 0.05, ** p < 0.005, *** p < 0.001). All graphs
were crafted in GraphPad® Prism 7 (GraphPad Software Inc., La Jolla, CA, USA), and final
arrangement and labeling were carried out using Adobe Illustrator CC 2019 (Adobe Inc.,
San Jose, CA, USA). All graph data are illustrated as mean =+ standard error of the mean
(SEM). Table 1 values are particularly treated as mean =+ standard deviation (SD). The
duration, such as half-width (or full width at half maximum, FWHM), was calculated by
elapsing time when the voltage from the first spike crossed the half-maximal amplitude
(peak relative to baseline) during the rising and the falling phase. The rising action potential
time was measured when the first spike reached 10% to 90% of the amplitude (peak relative
to baseline). The decay time constant of action potential was determined by fitting a falling
phase of the spike to a single exponential function.

Table 1. Intrinsic properties of individual neurons.

Intrinsic Properties DAT AgRP POMC
RMP (mV) —5224 +£418* —52.38 +3.80 * —60.54 £+ 7.06 **
Input resistance (M) 1286.88 £352.32*  1751.73 + 584.75*%  1321.86 + 418.18 #
Membrane T (ms) 66.06 £ 22.45 % 87.22 4 22.03 *# 54.06 + 18.43 *
First spike amplitude (mV) 62.38 +16.68 * 64.44 +£12.16 73.48 +7.78*
First spike latency (ms) 81.80 +54.24 % 60.12 + 18.36 * 119.74 4 53.73 *#
Firing Frequency (Hz) 17.53 +7.03 19.56 + 8.64 % 13.57 £5.15%
Rising time (ms) 1.46 +0.59 1.83 £0.76 1.23 4+ 0.60
Halfwidth (ms) 227 +£042% 2.37 +£0.38% 1.80 + 0.32 %+
Decay T (ms) 22140697 2534+ 0.50% 1.47 4+ 0.35 %+
Firing pattern burst irregular burst tonic
Firing mode regular adapting adapting

Values are means + SD of various measures. Each following symbol mean that they are signifi-cantly different
*: DAT-AgRP #. AgRP-POMC *: DAT-POMC (p < 0.05, Tukey multiple comparison, one-way ANOVA test).

Author Contributions: Conceptualization, ].G.K. and S.Y. (Sunggu Yang); investigation, ].N., B.S.P,,
DJ., DK, TH.T, Y.R. and C.M.H.; data curation, ].N. and B.S.P,; writing—original draft preparation,
J.N. and B.S.P,; writing—review and editing, M.K., S.Y. (Sungchil Yang), ].G.K. and S.Y. (Sunggu
Yang). All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (NRF-2021R1C1C2005067) for Byong Seo Park and sup-
ported by an Incheon National University (International Cooperative) research grant for Jae Geun
Kim.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at the Incheon National University (permission number:
INU-ANIM-2021-01).

Informed Consent Statement: Not applicable.
Data Availability Statement: All data reported in the manuscript.

Conflicts of Interest: The authors declare no competing financial interest.



Int. J. Mol. Sci. 2022, 23, 2609 12 0f13

References

1. Saper, C.B.; Lowell, B.B. The hypothalamus. Curr. Biol. 2014, 24, R1111-R1116. [CrossRef] [PubMed]

2. vanden Top, M,; Lee, K.; Whyment, A.D.; Blanks, A.M.; Spanswick, D. Orexigen-sensitive NPY/AgRP pacemaker neurons in the
hypothalamic arcuate nucleus. Nat. Neurosci. 2004, 7, 493-494. [CrossRef] [PubMed]

3. Millington, G.W. The role of proopiomelanocortin (POMC) neurones in feeding behaviour. Nutr. Metab. 2007, 4, 18. [CrossRef]
[PubMed]

4. Olofsson, L.E.; Pierce, A.A.; Xu, A.W. Functional requirement of AgRP and NPY neurons in ovarian cycle-dependent regulation
of food intake. Proc. Natl. Acad. Sci. USA 2009, 106, 15932-15937. [CrossRef] [PubMed]

5. Sun, J.; Gao, Y;; Yao, T.; Huang, Y,; He, Z.; Kong, X.; Yu, K.J.; Wang, R.T.; Guo, H.; Yan, J.; et al. Adiponectin potentiates the acute
effects of leptin in arcuate Pomc neurons. Mol. Metab. 2016, 5, 882-891. [CrossRef] [PubMed]

6. Cowley, M.A; Smith, R.G.; Diano, S.; Tschop, M.; Pronchuk, N.; Grove, K.L.; Strasburger, C.J.; Bidlingmaier, M.; Esterman, M.;
Heiman, M.L,; et al. The distribution and mechanism of action of ghrelin in the CNS demonstrates a novel hypothalamic circuit
regulating energy homeostasis. Neuron 2003, 37, 649-661. [CrossRef]

7.  Baver, S.B.; Hope, K.; Guyot, S.; Bjorbaek, C.; Kaczorowski, C.; O’Connell, K.M. Leptin modulates the intrinsic excitability of
AgRP/NPY neurons in the arcuate nucleus of the hypothalamus. J. Neurosci. 2014, 34, 5486-5496. [CrossRef] [PubMed]

8.  Kawano, H.; Daikoku, S. Functional topography of the rat hypothalamic dopamine neuron systems: Retrograde tracing and
immunohistochemical study. J. Comp. Neurol. 1987, 265, 242-253. [CrossRef]

9.  Zhang, X,; van den Pol, A.N. Hypothalamic arcuate nucleus tyrosine hydroxylase neurons play orexigenic role in energy
homeostasis. Nat. Neurosci. 2016, 19, 1341-1347. [CrossRef] [PubMed]

10. Konner, A.C.; Janoschek, R.; Plum, L.; Jordan, S.D.; Rother, E.; Ma, X.; Xu, C.; Enriori, P; Hampel, B.; Barsh, G.S.; et al. Insulin
Action in AgRP-Expressing Neurons Is Required for Suppression of Hepatic Glucose Production. Cell Metab. 2007, 5, 438—449.
[CrossRef] [PubMed]

11. He, Z.Y,; Gao, Y.; Alhadeff, A.L.; Castorena, C.M.; Huang, Y.R,; Lieu, L.; Afrin, S.; Sun, J.; Betley, ].N.; Guo, H.B.; et al. Cellular and
synaptic reorganization of arcuate NPY/AgRP and POMC neurons after exercise. Mol. Metab. 2018, 18, 107-119. [CrossRef]

12. Kim, ].D.; Leyva, S.; Diano, S. Hormonal regulation of the hypothalamic melanocortin system. Front. Physiol. 2014, 5. [CrossRef]

13.  Deem, ].D.; Faber, C.L.; Morton, G.]. AgRP neurons: Regulators of feeding, energy expenditure, and behavior. FEBS J. 2021. online
ahead of print. [CrossRef]

14. Isokawa, M. Membrane time constant as a tool to assess cell degeneration. Brain Res. Protoc. 1997, 1, 114-116. [CrossRef]

15. Tschuluun, N.; Hall, W.M.; Mulloney, B. State-changes in the swimmeret system: A neural circuit that drives locomotion. J. Exp.
Biol. 2009, 212, 3605-3611. [CrossRef] [PubMed]

16. Torres-Torrelo, ].; Torres, B.; Carrascal, L. Modulation of the input-output function by GABAA receptor-mediated currents in rat
oculomotor nucleus motoneurons. J. Physiol. 2014, 592, 5047-5064. [CrossRef] [PubMed]

17.  Rau, A.R.; Hentges, S.T. GABAergic Inputs to POMC Neurons Originating from the Dorsomedial Hypothalamus Are Regulated
by Energy State. ]. Neurosci. 2019, 39, 6449-6459. [CrossRef] [PubMed]

18. Rau, A.R.; Hentges, S.T. The Relevance of AgRP Neuron-Derived GABA Inputs to POMC Neurons Differs for Spontaneous and
Evoked Release. |. Neurosci. 2017, 37, 7362-7372. [CrossRef] [PubMed]

19. Takeuchi, A.; Takeuchi, N. A study of the action of picrotoxin on the inhibitory neuromuscular junction of the crayfish. J. Physiol.
1969, 205, 377-391. [CrossRef] [PubMed]

20. Cope, D.W. GABAA Receptor-Mediated Tonic Inhibition in Thalamic Neurons. J. Neurosci. 2005, 25, 11553-11563. [CrossRef]
[PubMed]

21. Chen, W,; Zhang, ].].; Hu, G.Y.; Wu, C.P. Different mechanisms underlying the repolarization of narrow and wide action potentials
in pyramidal cells and interneurons of cat motor cortex. Neuroscience 1996, 73, 57-68. [CrossRef]

22. Kasten, M.R.; Rudy, B.; Anderson, M.P. Differential regulation of action potential firing in adult murine thalamocortical neurons
by Kv3.2, Kv1, and SK potassium and N-type calcium channels. . Physiol. 2007, 584, 565-582. [CrossRef]

23. Payeur, A.; Guerguiev, ].; Zenke, F,; Richards, B.A.; Naud, R. Burst-dependent synaptic plasticity can coordinate learning in
hierarchical circuits. Nat. Neurosci. 2021, 24, 1010-1019. [CrossRef] [PubMed]

24. Izhikevich, E.M. Neural Excitability, Spiking and Bursting. Int. ]. Bifurc. Chaos 2000, 10, 1171-1266. [CrossRef]

25. Belykh, I; de Lange, E.; Hasler, M. Synchronization of Bursting Neurons: What Matters in the Network Topology. Phys. Rev. Lett.
2005, 94, 188101. [CrossRef] [PubMed]

26. Bright, D.P; Aller, M.I; Brickley, S.G. Synaptic Release Generates a Tonic GABAA Receptor-Mediated Conductance That
Modulates Burst Precision in Thalamic Relay Neurons. |. Neurosci. 2007, 27, 2560-2569. [CrossRef]

27. Edelmann, E.; Cepeda-Prado, E.; Franck, M.; Lichtenecker, P.; Brigadski, T.; LeSmann, V. Theta Burst Firing Recruits BDNF
Release and Signaling in Postsynaptic CA1 Neurons in Spike-Timing-Dependent LTP. Neuron 2015, 86, 1041-1054. [CrossRef]
[PubMed]

28. Huguenard, J.; Prince, D. A novel T-type current underlies prolonged Ca(2+)-dependent burst firing in GABAergic neurons of rat
thalamic reticular nucleus. J. Neurosci. 1992, 12, 3804-3817. [CrossRef] [PubMed]

29. Chergui, K.; Akaoka, H.; Charléty, P].; Saunier, C.E; Buda, M.; Chouvet, G. Subthalamic nucleus modulates burst firing of nigral

dopamine neurones via NMDA receptors. Neuroreport 1994, 5, 1185-1188. [CrossRef]


http://doi.org/10.1016/j.cub.2014.10.023
http://www.ncbi.nlm.nih.gov/pubmed/25465326
http://doi.org/10.1038/nn1226
http://www.ncbi.nlm.nih.gov/pubmed/15097991
http://doi.org/10.1186/1743-7075-4-18
http://www.ncbi.nlm.nih.gov/pubmed/17764572
http://doi.org/10.1073/pnas.0904747106
http://www.ncbi.nlm.nih.gov/pubmed/19805233
http://doi.org/10.1016/j.molmet.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27689001
http://doi.org/10.1016/S0896-6273(03)00063-1
http://doi.org/10.1523/JNEUROSCI.4861-12.2014
http://www.ncbi.nlm.nih.gov/pubmed/24741039
http://doi.org/10.1002/cne.902650208
http://doi.org/10.1038/nn.4372
http://www.ncbi.nlm.nih.gov/pubmed/27548245
http://doi.org/10.1016/j.cmet.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17550779
http://doi.org/10.1016/j.molmet.2018.08.011
http://doi.org/10.3389/fphys.2014.00480
http://doi.org/10.1111/febs.16176
http://doi.org/10.1016/S1385-299X(96)00016-5
http://doi.org/10.1242/jeb.033621
http://www.ncbi.nlm.nih.gov/pubmed/19880720
http://doi.org/10.1113/jphysiol.2014.276576
http://www.ncbi.nlm.nih.gov/pubmed/25194049
http://doi.org/10.1523/JNEUROSCI.3193-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31235650
http://doi.org/10.1523/JNEUROSCI.0647-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28667175
http://doi.org/10.1113/jphysiol.1969.sp008972
http://www.ncbi.nlm.nih.gov/pubmed/5357245
http://doi.org/10.1523/JNEUROSCI.3362-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16354913
http://doi.org/10.1016/0306-4522(96)00010-3
http://doi.org/10.1113/jphysiol.2007.141135
http://doi.org/10.1038/s41593-021-00857-x
http://www.ncbi.nlm.nih.gov/pubmed/33986551
http://doi.org/10.1142/S0218127400000840
http://doi.org/10.1103/PhysRevLett.94.188101
http://www.ncbi.nlm.nih.gov/pubmed/15904412
http://doi.org/10.1523/JNEUROSCI.5100-06.2007
http://doi.org/10.1016/j.neuron.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25959732
http://doi.org/10.1523/JNEUROSCI.12-10-03804.1992
http://www.ncbi.nlm.nih.gov/pubmed/1403085
http://doi.org/10.1097/00001756-199406020-00006

Int. J. Mol. Sci. 2022, 23, 2609 13 0f 13

30. Liu,J.; McDaid, L.; Araque, A.; Wade, J.; Harkin, J.; Karim, S.; Henshall, D.C.; Connolly, N.M.C.; Johnson, A.P,; Tyrrell, A.M.; et al.
GABA Regulation of Burst Firing in Hippocampal Astrocyte Neural Circuit: A Biophysical Model. Front. Cell. Neurosci. 2019, 13.
[CrossRef] [PubMed]

31. Hommel, ].D.; Trinko, R.; Sears, R.M.; Georgescu, D.; Liu, Z.W.; Gao, X.B.; Thurmon, J.J.; Marinelli, M.; DiLeone, R.J. Leptin
receptor signaling in midbrain dopamine neurons regulates feeding. Neuron 2006, 51, 801-810. [CrossRef] [PubMed]


http://doi.org/10.3389/fncel.2019.00335
http://www.ncbi.nlm.nih.gov/pubmed/31396055
http://doi.org/10.1016/j.neuron.2006.08.023
http://www.ncbi.nlm.nih.gov/pubmed/16982424

	Distinct firing activities of the hypothalamic arcuate nucleus neurons to appetite hormones
	Junewoo Na, Byong Seo Park, Doohyeong Jang, Donggue Kim, Thai Hien Tu, Youngjae Ryu, Chang Man Ha, Marco Koch, Sungchil Yang, Jae Geun Kim, Sunggu Yang
	Nutzungsbedingungen / Terms of use:
	CC BY 4.0  

	Introduction 
	Results 
	Three-Dimensional Distribution of AgRP, POMC, and TH-Positive Neurons in the Hypothalamic Arc 
	Distinct Electrophysiological Properties of Each Arc Neuron 
	Heterogeneous Firing Patterns of Arc Neurons Depending on the RMP 
	Ghrelin and Leptin Reactivity of the Arc Neurons 

	Discussion 
	Materials and Methods 
	Animal Models 
	Sample Preparation of Hypothalamic Region for Deep Tissue Immunostaining 
	Slice Preparation 
	Patch-Clamp Recording 
	Pharmacology Application 
	Data Analysis 

	References

