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Melanocortin regulation of histaminergic
neurons via perifornical lateral hypothalamic
melanocortin 4 receptors
Natalie J. Michael 1, Alexandre Caron 1, Charlotte E. Lee 1, Carlos M. Castorena 1, Syann Lee 1,
Jeffrey M. Zigman 1, Kevin W. Williams 1,**, Joel K. Elmquist 1,2,*
ABSTRACT

Objective: Histaminergic neurons of the tuberomammillary nucleus (TMN) are wake-promoting and contribute to the regulation of energy
homeostasis. Evidence indicates that melanocortin 4 receptors (MC4R) are expressed within the TMN. However, whether the melanocortin system
influences the activity and function of TMN neurons expressing histidine decarboxylase (HDC), the enzyme required for histamine synthesis,
remains undefined.
Methods: We utilized Hdc-Cre mice in combination with whole-cell patch-clamp electrophysiology and in vivo chemogenetic techniques to
determine whether HDC neurons receive metabolically relevant information via the melanocortin system.
Results: We found that subsets of HDC-expressing neurons were excited by melanotan II (MTII), a non-selective melanocortin receptor agonist.
Use of melanocortin receptor selective agonists (THIQ, [D-Trp8]-g-MSH) and inhibitors of synaptic transmission (TTX, CNQX, AP5) indicated that
the effect was mediated specifically by MC4Rs and involved a glutamatergic dependent presynaptic mechanism. MTII enhanced evoked excitatory
post-synaptic currents (EPSCs) originating from electrical stimulation of the perifornical lateral hypothalamic area (PeFLH), supportive of mel-
anocortin effects on the glutamatergic PeFLH projection to the TMN. Finally, in vivo chemogenetic inhibition of HDC neurons strikingly enhanced
the anorexigenic effects of intracerebroventricular administration of MTII, suggesting that MC4R activation of histaminergic neurons may restrain
the anorexigenic effects of melanocortin system activation.
Conclusions: These experiments identify a functional interaction between the melanocortin and histaminergic systems and suggest that HDC
neurons act naturally to restrain the anorexigenic effect of melanocortin system activation. These findings may have implications for the control of
arousal and metabolic homeostasis, especially in the context of obesity, in which both processes are subjected to alterations.

� 2020 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

Histaminergic neurons are confined to the tuberomammillary nucleus
(TMN) in the posterior hypothalamus and provide the sole source of
neuronal histamine to the brain [1e3]. These neurons are identified
based on the expression of histidine decarboxylase (HDC), the enzyme
required to convert L-histidine into histamine [4,5]. HDC neurons form a
crucial part of the ascending arousal system and have well-established
roles in regulating sleep and wakefulness [6e10]. In addition, HDC
neurons innervate numerous hypothalamic nuclei and spinal regions
known to regulate energy homeostasis [6,11,12]. Neuronal histamine
release influences energy homeostasis through binding to histamine
receptors located in these regions [13e16]. Loss or inactivation of HDC
neurons or histamine receptors is also associated with weight gain and
obesity [17e19]. Despite the recognized role of the histaminergic
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system in the control of energy homeostasis, whether HDC neurons
detect changes in metabolic status remains underexplored.
Assessing immediate early gene expression (c-fos) has shown that
HDC neurons are activated by fasting [20] and that a small percentage
of HDC neurons are sensitive to insulin-induced hypoglycemia [21].
Previous studies also implicate the histaminergic system in the leptin-
induced suppression of food intake [18,22,23], although this effect
appears to be indirect due to the absence of leptin receptor expression
in the TMN [24]. Although these studies suggest that the histaminergic
system may be sensitive to alterations in metabolic status, they do not
provide any mechanisms by which HDC neurons detect such changes.
One potential way HDC neurons may detect changes in metabolic
status is via the melanocortin system. The melanocortin system is
comprised of anorexigenic pro-opiomelanocortin (POMC) neurons and
their functionally antagonistic counterpart, the neuropeptide Y/agouti-
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related peptide (NPY/AgRP) neurons [25,26]. Both neuronal pop-
ulations integrate multiple nutrient and hormonal factors indicative of
energy status, including glucose, leptin, insulin, and fatty acids [27].
Once activated, POMC neurons convey this information to downstream
targets through the release of the melanocortins, including a-MSH
[28]. Melanocortins then bind to the cognate melanocortin receptors
(MC3R and MC4R) located in different regions of the brain [29,30].
MC4Rs are expressed in the region of the TMN [30,31], and a-MSH
fibers have been reported to form synaptic contacts with HDC neurons
of the TMN [32]. Although the importance of MC4R in maintaining
energy homeostasis has been described for over two decades [33e
35], the role of the melanocortin system in the TMN remains sur-
prisingly unexplored.
In the current study, we utilized Hdc-Cre mice in combination with
whole-cell patch-clamp electrophysiology to examine the acute effects
of melanocortin agonists on histaminergic neurons of the TMN. We
also examined the role of these neurons in tandem with melanocortin
signaling to regulate feeding using in vivo chemogenetic techniques.
Together these data provide a novel mechanism by which HDC neu-
rons detect and integrate changes in metabolic status and demonstrate
an underappreciated role of the histaminergic system in the regulation
of energy homeostasis.

2. MATERIALS AND METHODS

2.1. Animals
Mice were maintained on a 12-h lightedark cycle in a temperature-
controlled conventional facility (ARC at UT Southwestern) with free
access to food and water. Mice were fed a standard chow diet (Envigo
Teklad Global 2016 Diet, 16% protein 4% fat). The Hdc-Cre mice were
developed by Jeffrey Zigman and previously validated [36,37]. The
Mc4r-GFP (green fluorescent protein) mice were obtained from Jeffrey
Friedman (Rockefeller University) and previously validated [38]. tdTo-
mato (Ai14, JAX stock # 007914) and R26-LSL-Gi-DREADD (JAX stock
# 026219) were obtained from The Jackson Laboratory in Maine. All
mice were maintained on a C57BL/6J background. All experiments
adhered to the guidelines established by the National Institute of Health
Guide for the Care and Use of Laboratory Animals and were approved
by the University of Texas Southwestern Medical Center Institutional
Animal Care and Use Committee (IACUC).

2.2. Electrophysiology
Whole-cell patch clamp recordings were obtained from tdTomato
fluorescently-labelled HDC neurons in posterior hypothalamic brain
slices from Hdc-cre::tdTomato mice. All animals were 8e12 weeks of
age for electrophysiology studies. Mice were anaesthetized with
chloral hydrate, decapitated, and the brain rapidly removed and cut in a
modified, sucrose-based, ice-cold artificial cerebrospinal fluid (aCSF)
containing (in mM): 213 sucrose; 2.8 KCl; 1.2 MgCl2; 2.5 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 D-glucose. Posterior hypothalamic brain
slices of 250 mm (coronal sections) containing the TMN were prepared
on a Leica VT1000S vibratome. Slices were then incubated at 32oC in
standard aCSF containing (in mM): 126 NaCl; 2.8 KCl; 2.5 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, 1.2 MgSO4; and 10 D-glucose, and remained in
this solution until slices were transferred to the recording chamber
where they were continuously perfused with a reduced D-glucose
concentration (5 mM) version of the standard heated aCSF.
Hdc-Cre::tdTomato neurons in the TMN were visually identified using
an Axioskop FS2 (Zeiss) microscope fitted with DIC optics, infrared
videomicroscopy and fluorescence. Patch pipettes were pulled from
thin-walled borosilicate glass (TW150F-4, World Precision
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Instruments) with resistances between 4 and 7 MU when filled with an
intracellular solution containing (in mM): 120 K-gluconate, 10 KCl, 1
NaCl, 1 MgCl2, 1 CaCl2, 5 EGTA, 10 HEPES, and 2 Mg2ATP), pH
adjusted with KOH. Whole-cell patch-clamp recordings were made
using a Multiclamp 700B amplifier (Molecular Devices LLC, Sunnyvale,
CA, USA). Current clamp data was digitized and filtered at 4 kHz.
Signals were stored on a personal computer for analysis with
pClamp10 software (Molecular Devices). Resting membrane potential
is reported as the read-out from the amplifier, uncorrected for the
liquid junction potential offset (approx. -8 mV). Current voltage re-
lations were performed to determine the input resistance (MU) of the
cell and the reversal potential (Erev) of any effect. This was achieved by
measuring the change in membrane potential (mV) in response to a
series of current injections (nA) at baseline and following drug appli-
cation. Voltage clamp data was filtered at 2 kHz. EPSCs were recorded
using a holding potential of �60 mV to �70 mV and IPSCs �15 mV.
PSC frequency and peak amplitude were measured using the Mini
Analysis program (Synaptosoft, Inc.).
The following drugs were used for electrophysiological experiments:
MTII (Phoenix Pharmaceuticals), TTX, CNQX, AP5, THIQ, [D-Trp8]-ƴ-
MSH, Orexin A (all from Tocris), and clozapine N-oxide (CNO, Sigma).
All drugs were made as concentrated stocks in distilled water and
stored at <4�C. Drugs were diluted to the required concentration in
aCSF immediately prior to use. All drugs (z20 mls) were bath applied
to the slice by a peristaltic pump connected to the main perfusion line.

2.3. Electrical stimulation
Electrical stimulation of perifornical/lateral hypothalamic (PeFLH) af-
ferents was performed using a concentric bipolar electrode (125 mm
outer diameter, 12.5 mm inner diameter; FHC, Bowdoinham, ME, USA)
placed in the PeFLH region directly superior to the fornix. The stimulus
intensity required for minimum response in HDC neurons was deter-
mined, and then the intensity was increased until responses to two
paired stimulation pulses 30 msec apart (33Hz) were consistently
observed. Trains of paired-pulse stimuli were recorded before, during,
and after administration of 100 nmol of MTII. The resulting evoked
excitatory post-synaptic currents (eEPSCs) elicited by electrically
stimulating the PeFLH were assessed for absolute amplitude and the
paired pulse ratio (PPR), amplitude of the second response divided by
the amplitude of the first response (R2/R1).

2.4. MC4R co-expression in HDC neurons
Mc4r-GFP mice were bred with Hdc-Cre::TdTomato mice. Cells were
examined for expression of TdTomato and MC4R-tau Sapphire GFP
using an Axioskop FS2 (Zeiss) microscope following patch-clamp
preparation (methods described above), or immunohistochemistry.
For immunohistochemistry preparation, mice were deeply anes-
thetized with an intraperitoneal injection of chloral hydrate (350 mg/kg)
and perfused transcardially with diethyl pyrocarbonate (DEPC)-treated
0.9% saline followed by 10% neutral buffered formalin. Brains were
removed, post-fixed in 10% neutral buffered formalin for 2 h on a
shaker at room temperature, cryoprotected overnight at 4 �C in 20%
sucrose made in DEPC-treated phosphate-buffered saline (PBS), pH
7.0, and cut coronally at 25 mM. Tissue was stored at 4 �C in PBS-
azide until processed.
Immunohistochemistry detection of GFP was performed using a GFP
polyclonal antibody made in rabbits (Invitrogen, Eugene, OR; Cat. no.
A-6455, lot 743620). On an orbital shaker at room temperature, free-
floating sections were rinsed 3 times for 10 min each in PBS at pH 7.4
and then incubated for 2 h in blocking solution made of 3% normal
donkey serum (Equitech-Bio, Inc., Kerrville, TX) with 0.25% Triton X-
his 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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100 in PBS (PBT) with 0.02% sodium azide. Sections were incubated
overnight at room temperature with GFP antisera diluted to 1:10,000 in
3% normal donkey serum PBT with 0.02% sodium azide. After
washing in PBS, tissue was incubated with Alexa Fluor 488 donkey
anti-rabbit antibody (Life Technologies, Eugene, OR; Ref # A21206, lot
1275888) diluted to 1:200 in 3% donkey serum in PBT for 2 h at room
temperature. The tissue was then rinsed in PBS and mounted on
Fisherbrand Superfrost slides and coverslipped with VECTASHIELD
Hardset Antifade mounting media (Vector Labs, Burlingame, CA; Cat.
No. H-1400).

2.5. Generation of HDC Gi-DREADD mice
Hdc-Cre mice were bred with the R26-LSL-Gi-DREADD (hM4Di) to
generate mice that express hM4Di in all histaminergic cells (referred to
as Hdc-Cre::hM4Di). Additional R26-LSL-Gi-DREADD were bred with
Hdc-Cre::tdTomato mice for patch-clamp electrophysiology.

2.6. Lateral ventricle cannulations
Eight-to 10-week-old male mice were stereotaxically implanted with a
guide cannula (Plastics1, Roanoake, VA) into the right lateral ventricle
(0.4 mm posterior, 1 mm lateral from bregma) under 1e3% (v/v)
isoflurane in 1 L/min oxygen. Animals were allowed 6e7 days to
recover before the ICV cannula placement was verified through
administration of angiotensin II (Tocris, 20 ng in 2 uL) and observation
of the dipsogenic response. For all in vivo and gene expression ex-
periments, MTII (Phoenix Pharmaceuticals) was reconstituted in aCSF
to a concentration of 500 mM (500 pM/mL), which allowed for delivery
of 1 nmol of MTII in 2 mL, aCSF was used as the vehicle control.

2.7. Gene expression
Hdc gene expression was assessed in 10-week-old C57BL/6J male
mice following recovery from stereotaxic surgery. Food was withdrawn
2.5 h before ICV injection (MTII 1 nmol vs aCSF) and brains were
harvested 2 h later. Hypothalamic sections were used to isolate total
mRNA using RNA STAT-60 reagent (Tel-Test, Inc.). The RNA con-
centrations were estimated from absorbance at 260 nm. cDNA syn-
thesis was performed using the iScript Advanced cDNA Synthesis Kit
(Bio-Rad, 172e5038). mRNA extraction and cDNA synthesis were
performed following the manufacturer’s instructions. cDNA was diluted
in DNase-free water before quantification by real-time PCR. Relative
quantification of Hdc gene expression was performed on diluted cDNA
in duplicate samples using a CFX384 Touch� real-time PCR (Bio-
Rad). Fold differences in targeted mRNA expression were calculated
using the DDCt method and data were normalized to beta-
microglobulin (B2m) expression. TaqMan� gene expression assays
for B2m (Mm00437762_m1) and Hdc (Mm00456104_m1) were
purchased from ThermoFisher Scientific.

2.8. Evaluation of food intake and locomotor activity
Following recovery from stereotaxic surgery, Hdc-Cre::hM4Di mice and
littermate controls were acclimatized to experimental cages for 5 days
before the beginning of data collection. After two full days of baseline
recording, mice had their food withdrawn 1 h after the beginning of the
light period, and underwent IP (CNO 1 mg/kg vs saline), and ICV in-
jections (MTII 1 nmol vs aCSF), (1 h, and 30 min, respectively) prior to
the beginning of the dark period when food was returned. Food intake
and locomotor activity were measured using a combined TSE Lab-
master monitoring system (TSE Systems GmbH, Bad Homburg, Ger-
many). Locomotion was measured using a multi-dimensional infrared
light beam system. Body weight measurements were obtained prior to
IP and ICV injections, and again the following morning 1 h after the
MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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beginning of the light period. Administration of MTII ICV and CNO IP
was performed in a randomized cross-over design so that all mice
received all drug combinations. Mice were allowed a three-day wash-
out period between experimental days.

2.9. Experimental design and statistical analysis
All electrophysiological data was analyzed using Clampfit 10 (MDS
Analytical Technologies) or mini analysis. All data are presented as
means � SEM. Two-tailed paired t-tests were generated using
GraphPad Prism 7 for comparisons between conditions. Chi-squared
statistics were used to test differences in response type between
groups. Parametric statistics were used when the data from both
conditions adopted a Gaussian distribution, and nonparametric sta-
tistics were used when this assumption was not met. All in vivo and
gene expression data were analyzed for comparisons between con-
ditions. Significant differences were determined using two-way ANOVA
and Tukey multiple comparison tests. All effects were considered
significant when p values < 0.05 and were adjusted when multiple
comparisons were performed.

3. RESULTS

3.1. Melanocortin receptor agonism activates TMN histaminergic
neurons
To determine if the melanocortin system is capable of influencing the
activity of HDC neurons, we explored the effects of the non-selective
melanocortin 3 and 4 receptor (MC3R/MC4R) agonist MTII on HDC-
expressing neurons using patch-clamp electrophysiology. Whole-cell
patch clamp recordings were obtained from tdTomato fluorescently-
labeled HDC neurons in posterior hypothalamic brain slices from
adult Hdc-cre::tdTomato mice. Bath application of MTII (100 nM)
excited 37% of HDC neurons (15/41 cells) recorded from 7 male and 5
female mice. MTII-induced excitation of HDC neurons was associated
with membrane depolarization from a resting membrane potential
of �48.0 � 1.1 mV to �44.2 � 0.9 mV in MTII (n ¼ 15, Wilcoxon
matched-pairs signed-rank test, W ¼ 120, p < 0.0001) and was
associated with a significant increase in the spontaneous firing rate
from 0.1 � 0.1 Hz to 0.8 � 0.1 Hz (n ¼ 15, Wilcoxon matched-pairs
signed-rank test, W¼ 105, p¼ 0.001) (Figure 1AeC). This effect was
associated with a significant decrease in input resistance from
659 � 88 MU to 614 � 82 MU (n ¼ 15, Wilcoxon matched-pairs
signed-rank test, W ¼ �110, p ¼ 0.0005), with a mean reversal
potential of �0.2 mV � 7.4 mV (n ¼ 12), suggesting activation of a
non-selective cation conductance (Figure 1DeE). Supporting these
observations, expression of Hdc mRNA was increased in the
mediobasal-hypothalamus (where HDC neurons reside) following
intracerebroventricular (icv) administration of MTII (1 nmol) in C57BL/
6J mice (ManneWhitney test, U ¼ 5, p ¼ 0.02) (Figure 1F).
In addition to the dominant excitatory effect of MTII on HDC neurons, a
small proportion (4/41 cells) were inhibited by MTII, displaying
membrane hyperpolarization and a decrease in firing rate (data not
shown). The remaining 54% (22/41 cells) of HDC neurons were non-
responsive to MTII, displaying no change in resting membrane po-
tential (control �63.5 � 1.4 mV vs MTII -64.3 � 1.4 mV,
t(19) ¼ 0.99, p ¼ 0.35, paired t-test) or firing rate in those cells that
were active (control 2.2 � 0.4 Hz vs MTII 2.1 � 0.4 Hz, t(9) ¼ 0.95,
p ¼ 0.37, paired t-test). Importantly, HDC neurons from male and
female mice showed a similar proportion of cells responsive to MTII
(12/25 and 7/16 cells responding respectively) (Fisher’s exact test,
p> 0.99). Male mice were utilized for all remaining in vitro and in vivo
experiments.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: MTII excites histaminergic neurons. A) Whole-cell current clamp recording showing MTII-induced depolarization and excitation of a HDC neuron. B) MTII induced a
significant depolarization of the membrane potential. C) MTII induced a significant increase in firing rate. D) Current voltage relationships of a HDC neuron that was excited by MTII.
E) Plot of data shown in D demonstrating a decrease in input resistance. Reversal potential averaged across all HDC neurons excited by MTII suggests activation of a non-selective
cation conductance. F) Intracerebroventricular (ICV) MTII significantly increased Hdc mRNA expression in the mediobasal hypothalamus. Note: // denotes discontinuity in the
recording (of 35 sec) where current voltage relations were performed. *p < 0.05, ***p < 0.001.
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3.2. Melanocortin receptors are presynaptic to TMN histaminergic
neurons and their activation requires glutamate receptor activity
To determine whether MTII has a direct effect on HDC neurons, we
administered MTII in the presence of tetrodotoxin (TTX, 500 nM). Under
these conditions, 100% of HDC neurons (18/18 cells) failed to respond
to MTII, with no change in membrane potential
(control �56.5 � 1.7 mV vs MTII -57.5 � 1.7 mV, n ¼ 18, Wilcoxon
matched-pairs signed-rank test, W ¼ �49, p ¼ 0.30) (Figure 2A) or
input resistance (control 683 � 46 MU vs MTII 676 � 48 MU,
t(17) ¼ 0.46, p ¼ 0.65, paired t-test). These results indicate an in-
direct effect of MTII on HDC neurons that requires action potential-
mediated synaptic transmission.
Voltage-clamp experiments were performed to establish if pre-
synaptic activation of melanocortin receptors by MTII modified
4 MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. T
excitatory or inhibitory inputs arriving onto histaminergic neurons.
Spontaneous excitatory post-synaptic currents (sEPSCs) were
assessed at a holding potential of �60 mV to �70 mV. MTII increased
the amplitude of sEPSCs in three of 13 recorded HDC neurons (p <
0.05; KolmogoroveSmirnov test) from 14.2� 1.6 pA to 17.5� 0.8 pA
(Figure 2B) and increased the frequency of sEPSCs in three of the 13
HDC neurons (p< 0.05; KolmogoroveSmirnov test) from 1.9 � 0.6Hz
to 2.4 � 0.7Hz. This equates to an average 25.2% increase in
amplitude and 36.7% increase in frequency in these cells compared to
control conditions (Figure 2C). Only one of the HDC neurons was
associated with a significant increase in both amplitude and frequency
of sEPSCs. In contrast, when a separate population of HDC neurons
were held at �15 mV to assess spontaneous inhibitory post-synaptic
currents (sIPSCs), only one of 14 recorded HDC neurons had a
his 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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Figure 2: Melanocortin receptors are presynaptic to, and their activation depolarizes histaminergic neurons via ionotropic glutamate receptors. A) Whole-cell current
clamp recording showing that MTII has no effect on a HDC neuron when administered in the presence of TTX. B) Whole-cell voltage clamp recording showing MTII-induced increase
in sEPSC amplitude as assessed by Kolmogorov-Smirnov test. * indicates sEPSC enlarged below. C) Normalized increase in sEPSC amplitude or frequency, based off Kolmogorov-
Smirnov test, following MTII administration. Numbers of cells are in parentheses. D) Whole-cell current clamp recording showing that MTII has no effect on a HDC neuron when
administered in the presence of the ionotropic glutamate receptor antagonists CNQX and AP5. Note: // denotes discontinuity in the recording where current voltage relations were
performed (35 sec and 45 sec, in A and D respectively).
significant decrease in the amplitude of sIPSCs. The remaining cells
displayed no change in amplitude or frequency (p > 0.05;
KolmogoroveSmirnov test). These data suggest that MTII enhances
overall excitatory synaptic input to excite HDC neurons.
The findings above suggested that glutamate may mediate the excit-
atory effects of MTII on HDC neurons. Therefore, CNQX 10 mM and AP-
5 50 mM were used to block ionotropic glutamate receptors. In the
presence of these antagonists, MTII failed to affect membrane potential
(control �47.5 � 1.4 mV vs MTII �47.5 � 1.3 mV, t(14) ¼ 0.04,
p ¼ 0.97, paired t-test) or firing rate (control 1.0 � 0.3 Hz vs MTII
0.9 � 0.3 Hz, n ¼ 15, Wilcoxon matched-pairs signed-rank test,
W ¼ �24, p ¼ 0.38) (Figure 2D). There was also no change in input
resistance (control 849 � 95 MU vs MTII 862 � 99 MU, t(13) ¼ 0.9,
p ¼ 0.38, paired t-test) in 100% (15/15) of HDC neurons. Together,
these effects suggest that melanocortin receptors on presynaptic
glutamatergic neurons mediate the excitatory effects of MTII on HDC
neurons.

3.3. MC4R, not MC3R, mediates excitation of TMN histaminergic
neurons
As MTII is a non-selective agonist for both the MC3R and MC4R, we
next sought to determine which melanocortin receptor/s mediate the
excitation of HDC neurons following MTII administration. To specifically
activate the MC4R, we bath applied the MC4R selective agonist THIQ at
100 nM. THIQ excited 38% of HDC neurons (8/21 cells), inducing
membrane depolarization from a resting membrane potential
of �46.4 � 2.4 mV in control aCSF to �43.9 � 2.0 mV in THIQ
(t(7) ¼ 4.9, p ¼ 0.0018, paired t-test) and an increase in firing fre-
quency (control 0.6 � 0.4 Hz vs THIQ 1.3 � 0.4 Hz, n ¼ 7, Wilcoxon
matched-pairs signed-rank test, W ¼ 28, p ¼ 0.0156) (Figure 3AeC).
This effect was also associated with a small but significant decrease in
input resistance (control 768 � 122 MU vs 704 � 104 MU, n ¼ 8,
Wilcoxon matched-pairs signed-rank test, W ¼ �36, p ¼ 0.0078)
with a mean reversal potential of �6.6 mV � 15.4 mV (n ¼ 8)
MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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(Figure 3DeE). The effects of THIQ on membrane potential, firing rate,
and input resistance of HDC neurons recapitulated that of MTII, sug-
gesting that the MC4R mediated the excitatory effects seen on HDC
neurons.
To investigate whether MC4R activation alone was responsible for the
excitation of histaminergic neurons, we bath applied the MC3R se-
lective agonist [D-Trp8]-g-MSH. 50 nM [D-Trp8]-g-MSH had no effect
on membrane potential (control �45.3 � 1.4 mV vs [D-Trp8]-g-MSH
�45.8 � 1.4 mV, t(12) ¼ 1.8, p ¼ 0.096, paired t-test) (Figure 3F) or
input resistance (control 642 � 53 MU vs [D-Trp8]-g-MSH
626 � 51 MU, t(12) ¼ 1.8, p ¼ 0.092, paired t-test) in 100% of
recorded HDC neurons (13/13). However, a small but statistically
significant increase in firing rate of HDC neurons was observed in those
cells that were active (control 1.8 � 0.3 Hz vs [D-Trp8]-g-MSH
2.0 � 0.3 Hz, t(7) ¼ 3.09, p ¼ 0.018, paired t-test). Taken together,
the lack of effect of [D-Trp8]-g-MSH on HDC neurons suggest that
activation of MC4R, not MC3R, mediates melanocortin receptor driven
excitation of HDC neurons.
The proportion of HDC neurons that responded to the different mela-
nocortin receptor agonists, including in the presence of antagonists,
are summarized in Figure 3G. This demonstrates that not only was the
magnitude of the response to the MC4R selective agonist similar to that
induced by MTII, but the proportion of HDC neurons responding to
MC4R selective agonism also recapitulated that of MTII.
We also examined MC4R expression in HDC neurons. We took
advantage of the Mc4r-GFP transgenic mice and bred them to Hdc-
Cre::tdTomato mice to examine GFP and TdTomato co-expression in
posterior hypothalamic brain slices containing the TMN. Slices were
prepared for patch-clamp electrophysiology and for immunocyto-
chemistry using antibodies against GFP. Regardless of the prepa-
ration method, we failed to identify co-expression of GFP and
tdTomato (Figure 3H). Together these data suggest that melano-
cortin receptors, specifically MC4R, are not expressed by HDC
neurons.
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When all HDC neurons exposed to MC3/4R or MC4R agonists (MTII and
THIQ) were mapped across the rostralecaudal axis of the brain, no
distinct anatomical distribution patterns were noted although the most
caudal section of the TMN appeared to have more MTII non-responsive
HDC neurons. Seventy-eight percent of cells for bregma �2.80 mm
were non responsive to melanocortin receptor agonism compared to
55%, 54%, and 50% of cells for bregma �1.70 mm, �2.06 mm,
and �2.46 mm, respectively (Figure 4); however, this difference was
not statistically significant (chi-squared, X2 (3, n ¼ 4)¼ 3.4, p ¼ 0.3).

3.4. Perifornical lateral hypothalamic neurons innervate and
contribute to the MTII-induced excitation of TMN histaminergic
neurons
We found that the melanocortin receptor-induced activation of HDC
neurons occurred through a presynaptic action potential mediated
6 MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. T
mechanism. This suggests that the MC4R-expressing neurons
responsible for the effect were located within the same hypothalamic
brain slices as the HDC cells. MC4R is highly expressed within the
hypothalamus [30,31,38]; however, intra-hypothalamic nuclei projec-
ting to the TMN are limited [39]. The lateral hypothalamus is one
hypothalamic area that heavily innervates HDC neurons of the TMN
[7,40] and contains cells expressing the MC4R [41,42]. Therefore, we
investigated the lateral hypothalamus as a potential source of the
MC4R-sensitive input to HDC neurons.
A concentric bipolar stimulating electrode was placed within the per-
ifornical/lateral hypothalamus (PeFLH), superior to the fornix, an area
known to contain orexin neurons [43,44]. A paired pulse protocol was
initiated upon identification of HDC neurons that received evoked
excitatory post-synaptic currents (eEPSCs) elicited by electrically
stimulating the PeFLH. A minimum of 20 trains of paired pulses
his 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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Figure 4: HDC neuron responsiveness to melanocortin receptor agonism did not
differ across the TMN*. HDC neurons that were exposed to selective and non-
selective melanocortin receptor agonists (THIQ & MTII) were mapped across the
TMN. Response to melanocortin receptor agonism did not reveal any distinct
anatomical distribution. A) Bregma -1.70mm where 45% (9/20) of HDC neurons
responded to melanocortin receptor agonism and 55% (11/20) were non responsive. B)
Bregma -2.06mm where 46% (16/35) of HDC neurons responded to melanocortin
receptor agonism and 54% (19/35) were non responsive. C) Bregma -2.46mm where
50% (14/28) of HDC neurons responded to melanocortin receptor agonism and 50%
(14/28) were non responsive. D) Bregma -2.80mm where 2/9 (22%) of HDC neurons
responded to melanocortin receptor agonism and 78% (7/9) were non-responsive.
*Image modified from: Mouse Brain: In Stereotaxic Coordinates (3rd ed.). Franklin, K.
B. J., & Paxinos, G. Copyright Elsevier (2007).
(323 � 62 mA) were delivered to the PeFLH and the resultant post-
synaptic currents (voltage clamp) measured at HDC neurons were
averaged. Sixteen HDC neurons received short- and constant latency-
eEPSCs (onset latency ¼ 6.8 � 0.4 ms) following simulation of the
PeFLH, demonstrating that HDC neurons are synaptically connected to
the PeFLH neurons. MTII (100 nM) enhanced the amplitude of
constant-latency eEPSCs in 6 of 16 HDC neurons from 23.6 � 3.3 pA
in control to 31.1� 4.2 pA in MTII (129% increase from control; n¼ 6;
MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
Wilcoxon matched-pairs signed-rank test, W ¼ 21, p ¼ 0.03) sug-
gesting that MTII had an excitatory effect on these synaptically-
connected HDC-PeFLH cells (Figure 5AeB). The remaining 10 HDC
neurons showed no change in the amplitude of constant-latency
eEPSCs following MTII (32.4 � 5.3 pA in control to 31.4 � 4.9 pA
in MTII, n ¼ 10, Wilcoxon matched-pairs signed-rank test, W ¼ �15,
p ¼ 0.492).
The paired pulse ratio (PPR) was examined to assess whether MTII
acted presynaptically in the PeFLH to enhance constant-latency
eEPSCs. Stimuli paired 30 ms apart (33Hz) revealed either a paired-
pulse depression or facilitation in eEPSC amplitude, where the
amplitude of the second eEPSC was either smaller or larger than the
first. This is consistent with previous studies demonstrating both
paired pulse depression and paired pulse facilitation in HDC neurons
following optogenetic stimulation of orexin neurons [40]. Bath appli-
cation of MTII enhanced the amplitude of the first eEPSC to a larger
degree than the second in all but one affected cell, overall revealing a
decrease in the paired-pulse ratio (R2/R1) from 1.1 � 0.1 in control to
0.8 � 0.1 in MTII (n ¼ 5; Friedman test, p ¼ 0.0085; Dunn’s multiple
comparison test p ¼ 0.0089 control vs MTII, and p ¼ 0.69 control vs
wash) (Figure 5C). In all cases, MTII enhanced the amplitude of one
evoked response more than the other, consistent with a presynaptic
mechanism of action of MTII. These data indicate that activation of
melanocortin receptors in the PeFLH area enhances the excitatory
input to HDC neurons. Moreover, these data strongly suggest that
MC4Rs located in the PeFLH mediate the MC4R agonist-induced
excitation of HDC neurons.
In the lateral hypothalamus, MC4R is expressed in neurons with different
peptidergic profiles, including the orexin/hypocretin neurons [41,45].
Orexin/hypocretin neurons are a major input to the histaminergic neu-
rons of the TMN and also co-express glutamate [40,46], the fast-
excitatory neurotransmitter shown in the present study to mediate the
MC4R-induced excitation of HDC neurons. Therefore, to determine if the
HDC neurons excited by melanocortin agonism were also potentially
innervated by orexin neurons, we bath exposed MC4R-activated HDC
neurons to orexin A (200 nM). Of 11 recorded HDC neurons that were
excited by MC4R agonism (THIQ 100 nM), 90.1% (10/11) of these
neurons were also activated by orexin A. This is in contrast to only
52.6% (10/19) of HDC neurons that were non-responsive to MC4R
agonism (Figure 5DeE). These results suggest that HDC neurons that
respond to MC4R agonism are also sensitive to orexin.

3.5. Chemogenetic inhibition of TMN histaminergic neurons
potentiates the anorexigenic effects of MTII
We next sought to determine the potential physiological relevance of
our findings. Previous studies have utilized a suicide inhibitor of HDC to
eliminate histaminergic neuron’s contribution to drug and hormone-
induced food suppression [23,47]. We inhibited HDC neurons in vivo,
using a chemogenetic approach to determine the normal contribution
of HDC neurons to MTII-induced anorexia. Briefly, Hdc-Cre mice were
bred with R26-LSL-Gi-DREADD to generate Hdc-Cre::hM4Di mice in
which HDC neurons can be inhibited by the DREADD ligand clozapine-
N-Oxide (CNO). We first validated the efficiency of this approach using
whole-cell patch-clamp recordings. As shown in Figure 6A, CNO
induced membrane hyperpolarization (from �52.2 � 2.4 mV
to �56.3 � 2.4 mV (t(8) ¼ 7.7, p < 0.0001, paired t-test) in 90% (9/
10) of recorded HDC neurons.
Having confirmed the inhibitory effects of CNO on brain slices
(Figure 6A), we ICV injected Hdc-Cre::hM4Di mice and littermate
controls with MTII (1 nmol) or aCSF 30 min prior to the dark phase
when they received food. All animals were also IP injected with CNO
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Perifornical lateral hypothalamic neurons mediate MTII-induced excitation of HDC neurons. A) Averaged voltage-clamp traces showing that MTII (100nM)
enhanced the amplitude of the first constant-latency eEPSC evoked after PeFLH paired-pulse stimulation. B) Absolute increase in the evoked EPSC amplitude of the first response
following PeFLH stimulation. C) MTII induced a significant decrease in the paired-pulse ratio (PPR) of eEPSCs recorded in HDC neurons following PeFLH stimulation. D) Whole-cell
current clamp recording demonstrating a HDC neuron that was excited by the MC4R agonist THIQ, was also excited by orexin A (200nM). E) The majority of HDC neurons that were
responsive to MC4R agonism (THIQ) were also excited by orexin A, whereas only about 50% of HDC neurons that were non-responsive (NR) to MC4R agonism where also excited by
orexin A. Numbers of cells are in parentheses. Note: // denotes discontinuity in the recording where current voltage relations were performed (83 sec for THIQ and 45 sec for orexin
A). *p < 0.05, **p < 0.01, ns ¼ non significant.

Original Article
(1 mg/kg) 60 min prior to the dark phase, thereby controlling for any
potential effects of CNO itself. Two-way analysis of variance (ANOVA)
revealed differences in cumulative food intake between groups (two-
way ANOVA, F(3, 23) ¼ 13, p < 0.0001) (Figure 6B). Consistent with
previous reports [48,49], MTII suppressed cumulative food intake
compared to aCSF in control animals, an effect that was evident 1 h
after food was returned (Tukey’s multiple comparison, p ¼ 0.0084).
However, when histaminergic neurons were inhibited, the MTII-
induced food suppression was dramatically enhanced. Hourly anal-
ysis indicated that cumulative food intake was significantly less in
MTII-treated Hdc-Cre::hM4Di mice compared to MTII-treated littermate
control animals as early as 1 h after food was returned (Tukey’s
multiple comparison, p ¼ 0.0331). CNO alone had no effect on cu-
mulative food intake between littermate control or Hdc-Cre::hM4Di
mice (Tukey’s multiple comparison, p ¼ 0.7070) (Figure 6B). The
enhanced suppression of food intake that occurred with MTII when
HDC neurons were inhibited was also associated with significant
weight loss through the night (aCSF 1.25 � 0.88 g vs MTII
-2.23 � 0.6 g) that was not seen in the control animals (aCSF
0.75 � 1.18 g vs MTII 0.50 � 1.08 g) (F(1, 10) ¼ 10.64, two-way
ANOVA interaction p ¼ 0.0085) (Sidak’s multiple comparisons test
HDC-Gi p ¼ 0.0031, control p ¼ 0.8916). These data suggest that
inhibiting HDC neurons enhances the anorexigenic effects of mela-
nocortin receptor agonism.
Histaminergic neurons play an important role in regulating sleep/wake
states. Therefore, we also assessed locomotor activity to evaluate
whether inactivity could explain the drastic reduction in food intake
observed in MTII-treated Hdc-Cre::hM4Di mice. Two-way analysis of
variance (ANOVA) revealed differences in cumulative locomotor activity
between groups (F(3, 23) ¼ 3.439, p ¼ ¼ 0.0336, two-way ANOVA).
Multiple comparison analysis over the 6-h period following food being
returned showed that inhibition of histaminergic neurons alone had no
effect on locomotor activity (Tukey’s multiple comparison, p > 0.05 at
8 MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. T
all time points); however, the combination of MTII and inhibition of HDC
neurons led to a reduction in cumulative locomotor activity (Figure 6C).
When assessed hourly, it was evident that cumulative locomotor ac-
tivity was significantly reduced 5 h after food was returned in MTII-
treated Hdc-Cre::hM4Di mice, when compared to both MTII-treated
control and aCSF-treated Hdc-Cre::hM4Di mice (Tukey’s multiple
comparison, p ¼ 0.0088 and p ¼ 0.0055, respectively) (Figure 6C).
The food intake effects were observed in the first hour after food was
returned, and the decrease in locomotor activity did not occur until the
fifth hour. These data suggest that inhibiting histaminergic neurons
enhances the anorexigenic effects of MTII via mechanisms other than
induction of sleep or decreased arousal. The reduction in locomotor
activity may, however, explain some of the potentiation of anorexigenic
effects later in the night.
We proposed a model to summarize the mechanism by which MC4R
agonism excites histaminergic neurons of the TMN to regulate food
intake (Figure 7).

4. DISCUSSION

The histaminergic system is involved in the regulation of energy ho-
meostasis. However, little is known about the ability of HDC neurons to
detect changes in metabolic status. Using complementary electro-
physiological, molecular genetics, and behavioral/physiological ap-
proaches, we explored the prediction that HDC neurons in the TMN
receive metabolically relevant information via the melanocortin system.
We found that subpopulations of HDC neurons are excited by MC4R
activation via a glutamatergic-dependent presynaptic mechanism.
Importantly, we revealed that this input originates from the perifornical
lateral hypothalamus. In vivo chemogenetic silencing of HDC neurons
enhanced the anorexigenic effects of the melanocortin receptor agonist
MTII, suggesting that physiologic melanocortin-induced activation of
HDC neurons may constrain the metabolic effects of the melanocortin
his 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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Figure 6: Histaminergic neurons modulate the anorexigenic effects of MTII. A) Whole-cell current clamp recording showing CNO-induced hyperpolarization and inhibition of a
HDC expressing cell from a Hdc-Cre::hM4Di mice mouse. B) Left: Cumulative food intake across the night was significantly different between the groups studied. Right: Hourly
analysis of cumulate food intake (up to 6hrs post food return) showed MTII significantly reduced food intake in control animals and this effect was significantly enhanced when HDC
neurons were inhibited. C) Left: Cumulative locomotor activity across the night was significantly different between the groups studied. Right: Hourly analysis of cumulative lo-
comotor activity (up to 6hrs post food return) showed MTII had no effect on locomotor activity in control animals but was significantly reduced with MTII by 5hrs when HDC neurons
were inhibited. Note: // denotes discontinuity (of 40sec) in the recording where current voltage relations were performed. *p < 0.05, **p < 0.01, ***p < 0.001 for comparisons
between aCSF and MTII treated animals of the same genotype and #p < 0.05, ##p < 0.01 for comparisons between MTII treated hM4Di and Hdc-Cre::hM4Di animals.
system. Our findings provide the first evidence that activation of MC4R
has excitatory effects within the TMN and demonstrate a functional
interaction between the melanocortin and histaminergic systems.
Collectively, our results support a model predicting that MC4R agonists
excite histaminergic neurons of the TMN to regulate food intake
(Figure 7). Our results further suggest that MC4R activation of hista-
minergic neurons may restrain the anorexigenic effects of melano-
cortin system activation.

4.1. Presynaptic MC4Rs mediate excitatory inputs to TMN
histaminergic neurons
Using inhibitors of synaptic transmission and dual-labeling studies, we
demonstrated that the MC4R mediates excitatory effects on HDC
neurons via increased glutamatergic signaling. These findings estab-
lish that the MC4Rs expressed within the region of the TMN [30,31] are
not expressed on HDC neurons themselves. While the increased
excitability of HDC neurons following MTII treatment were presynaptic
in nature, it is currently unclear how MTII enhanced sEPSC amplitude
independent of frequency in some HDC neurons. These findings may
indicate a more complex mechanism of regulation of neuronal activity.
MOLECULAR METABOLISM 35 (2020) 100956 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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In particular, activation of the MC4R is associated with an increase in
intracellular calcium concentrations [50e52] and may therefore have
the potential to alter the readily releasable pool or probability of release
of neurotransmitters in the presynaptic neurons [53]. We also cannot
rule out the possibility of astrocyte-mediated glutamate release [54],
possibly triggered by synaptically-released glutamate [55] or by other
neurotransmitters, including histamine [56,57]. These multiple
possible mechanisms warrant further investigation.

4.2. Perifornical/lateral hypothalamic (PeFLH) neurons expressing
MC4Rs innervate TMN histaminergic neurons
HDC neurons receive heavy innervation from the LH, particularly from
the orexin/hypocretin expressing neuronal population [7,40,58]. The
perifornical region of the lateral hypothalamus (PeFLH) is heavily
enriched in orexin/hypocretin neurons [43]. A proportion of the orexin
neurons express the MC4R [41], and orexin neurons mediate TTX- and
CNQX-sensitive glutamatergic currents arriving at HDC neurons [58].
Accordingly, we observed eEPSCs in HDC neurons following electrical
stimulation of the PeFLH. Importantly, we found that MTII enhanced
this excitatory input. These data suggest that MC4Rs located in the
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 7: Proposed model by which the melanocortin system excites HDC neurons to regulate food intake. 1) Endogenous melanocortin ligand (a-MSH) binds to and
activates 2) MC4Rs on glutamatergic neurons in the PeFLH. 3) Binding of glutamate on postsynaptic receptors located on HDC neurons contributes to 4) increased electrical
excitability of HDC neurons. 5) Melanocortin-induced activation of HDC neurons restrains the anorexigenic effects of melanocortin system activation.

Original Article
PeFLH are a source of the presynaptic MC4R-expressing neurons
mediating the MC4R agonist-induced excitation of HDC neurons, as
summarized in our model (Figure 7). In addition, TMN neurons express
orexin receptor 2 [59]. Notably, the majority of HDC neurons activated
by MC4R agonism were also excited by orexin. Together, this raises
the possibility that the MC4R-expressing PeFLH neurons mediating the
melanocortin-induced excitation of HDC neurons may also express
orexin. One technical limitation to consider is that electrical stimulation
protocols may lead to stimulation of fibers of passage. However, it
should be noted that the identified inputs to the TMN are relatively
limited [39].

4.3. Mechanisms by which TMN histaminergic neurons may
regulate food intake
Given the potential role of the histaminergic system in regulating food
intake [14,60], we predicted that the melanocortin-induced excitation
of HDC neurons would reduce food intake. We used a chemogenetic
approach to inhibit HDC neurons and minimize any potential contri-
bution of these neurons to the physiological effects of MTII. We found
that chemogenetic inhibition of HDC neurons significantly enhanced
the anorexigenic actions of MTII, effects opposite to our expectations.
Decreased histamine levels and prevention of histamine binding at
histamine H1 receptors (H1Rs) have been shown to increase food
intake [47,61,62]. Our results, however, suggest that a potential
physiological role of activation of HDC neurons by MTII is to restrain
the food intake suppression, and therefore implicates the involvement
of a neurotransmitter and/or mechanism other than histamine binding
at H1Rs.
Activation of HDC neurons by MTII also has the potential to influence
multiple other neurotransmitter systems via the histamine 3 receptor
(H3R). Although the H3R was originally described as an auto-receptor
that could suppress the release of histamine itself [63], recent studies
suggest that the H3R also functions as a heteroreceptor [14]. H3R
agonism suppresses serotonin, dopamine, noradrenaline, and acetyl-
choline release [64,65], neurotransmitters all capable of altering food
intake. The H3R also has the ability to modify GABA-mediated synaptic
transmission [66,67]. In addition, HDC neurons co-express GABA and
project to multiple hypothalamic nuclei involved in the regulation of
energy homeostasis [14,68]. Removing a GABAergic inhibitory tone in
these areas may allow melanocortin receptor agonism an unrestrained
opportunity to suppress food intake. While these theories are
intriguing, further investigation is required to determine any potential
for these mechanisms in contributing to the enhanced anorexigenic
effects of MTII following chemogenetic inhibition of HDC neurons.
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4.4. The role of TMN histaminergic neurons in regulating
homeostatic processes
Recent studies have questioned the role of HDC neurons in the
regulation of arousal. Acute activation or inhibition of HDC neurons was
shown to have minimal effect on sleep or wakefulness under basal
conditions [69]. However, HDC neuron activity is thought to be phys-
iologically relevant in the context of arousal when facing additional
behavioral challenge [8,68,69]. Similarly, in the present study, che-
mogenetic inhibition of HDC neurons had no effect on food intake or
activity alone. It was only following additional (metabolic) stimulation
(with MTII) that dramatically enhanced reductions in food intake were
observed. Together, these studies suggest that HDC neurons may be
important for integrating or regulating responses to homeostatic
challenges. This points to a role for HDC neurons in fine tuning ‘normal’
responses to metabolic and behavioral challenges, rather than basal
control of these processes.
The melanocortin system is widely recognized as a key regulator of
energy homeostasis, with the MC4R itself being crucial for the
maintenance of normal body weight [25,33,70]. Notably, pharmaco-
logical therapeutics targeting the melanocortin system for the treat-
ment of obesity are uncommon, except in the case of rare monogenic
forms of obesity [71]. The present results demonstrate that the HDC
neurons act to restrain MC4R-mediated effects on food intake and may
limit the effectiveness of MC4R agonists in reducing food intake and
body weight. Therefore, pharmacological approaches aimed at inhib-
iting HDC neurons in combination with activating MC4R may represent
a novel strategy to effectively reduce appetite. Further studies are
required to assess the long-term effectiveness of such an approach
and any potential for undesirable outcomes associated with decreased
activity levels.
In conclusion, subpopulations of HDC neurons are activated by MC4R
agonism via an indirect glutamatergic mechanism. Electrical stimu-
lation showed that melanocortin receptors located in the PeFLH
contribute to these excitatory effects. In vivo studies using chemo-
genetic inhibition of HDC neuron activity revealed that the normal
activation of HDC neurons by MTII could represent an important
metabolic response to melanocortin system activation. These findings
demonstrate, for the first time, a striking interaction between the
melanocortin and histaminergic systems, and suggest that the hista-
minergic system may act to restrain the anorexigenic effects of mel-
anocortin (MC4R) activation. Together, the ability of this circuitry to
integrate both arousal and metabolic information may provide an
important facet for understanding links between sleep and metabolic
dysfunction.
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