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Abstract
Background: Melanin-concentrating hormone (MCH)-ex-
pressing neurons have been implicated in regulation of en-
ergy homeostasis and reward, yet the role of their electrical 
activity in short-term appetite and reward modulation has 
not been fully understood. Objectives: We investigated 
short-term behavioral and physiological effects of MCH neu-
ron activity manipulations. Methods: We used optogenetic 
and chemogenetic approaches in Pmch-cre transgenic mice 
to acutely stimulate/inhibit MCH neuronal activity while 
probing feeding, locomotor activity, anxiety-like behaviors, 
glucose homeostasis, and reward. Results: MCH neuron ac-
tivity is neither required nor sufficient for short-term appe-
tite unless stimulation is temporally paired with consump-
tion. MCH neuronal activation does not affect short-term lo-
comotor activity, but inhibition improves glucose tolerance 
and is mildly anxiolytic. Finally, using two different operant 

tasks, we showed that activation of MCH neurons alone is 
sufficient to induce reward. Conclusions: Our results confirm 
diverse behavioral/physiological functions of MCH neurons 
and suggest a direct role in reward function.

© 2019 S. Karger AG, Basel

Introduction

Lateral hypothalamic (LH) melanin-concentrating 
hormone (MCH)-expressing neurons have long been im-
plicated in energy homeostasis, reward, and sleep-wake 
regulation. Intracerebroventricular (i.c.v.) administra-
tion of MCH causes an acute increase in food intake and 
its long-term infusion promotes weight gain, while MCH 
receptor antagonists have an anti-obesity effect [1–3]. 
Overexpression of the Pmch gene causes mild weight 
gain, whereas ablation of the MCH peptide or its receptor 
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causes leanness and resistance to high-fat-diet-induced 
obesity [4–7]. Similarly, mice with ablation of MCH neu-
rons display an improved glucose tolerance and late onset 
leanness [8, 9]. 

Although the mechanism through which MCH neu-
rons may influence appetite is not clear, a role in connect-
ing homeostatic needs with reward function has been 
suggested [10–14]. Consistently, ex vivo MCH neuronal 
activity is increased by glucose [15, 16], and this activa-
tion is suggested to be involved in reward function as well 
as peripheral glucose homeostasis [10, 16, 17]. Despite 
this, it is not clear whether MCH neuronal activity can 
acutely change short-term appetite since much of the ma-
nipulations involve congenital ablations of MCH neu-
rons, their expressed genes, or pharmacological adminis-
tration of MCH receptor agonists and antagonists. Few 
studies have addressed the role of electrical activity 
changes of MCH neurons, yielding variable results de-
pending on the organism and time of stimulation [10, 17, 
18], and no acute effect of inhibition has been reported. 
Using both optogenetics and chemogenetics, we investi-
gated behavioral and physiological effects of acute MCH 
neuronal activity manipulations. We showed that chang-
es of MCH neuronal activity are neither required nor suf-
ficient to alter short-term appetite (measured here by 
food intake) unless the stimulation is time locked with 
consumption. Furthermore, we discovered that MCH 
neuronal activation alone is rewarding independently of 
any oral or post-ingestive cues.

Materials and Methods

Mice
Mice were housed at 22–24  ° C on a 12-h light (06: 00) and dark 

(18: 00) cycle with ad libitum access to water and standard mouse 
chow unless otherwise noted. Cre recombinase-expressing line 
Tg(Pmch-cre)1Lowl/J (Jackson Labs Stock 014099) [16] were back-
crossed with C57BL/6 (Jackson Labs Stock 000664) for mainte-
nance. Behavioral experiments were conducted with 8- to 10-week-
old male and female mice. 

Recombinant Adeno-Associated Viral Vectors and Virus 
Production
Recombinant adeno-associated virus production was performed 

as previously described [19]. The Cre-dependent recombinant ade-
no-associated viral vectors (rAAV) plasmids used in this study were 
purchased from Addgene (http://www.addgene.org/) and are as fol-
lows: rAAV2/1-CAG-FLEX-tdTomato (1013 genomic copies/mL), 
rAAV2/1-EF1a-DIO-hM3D(Gq)-mCherry (6 × 1012 genomic cop-
ies/mL), rAAV2/8-EF1a-DIO-hM4D(Gi)-mCherry (1011 genomic 
copies/mL), and rAAV2/1-EF1a-FLEX-hChR2(H134R)-eYFP-
WPRE-HGHpA (1.87 × 1014 genomic copies/mL).

Stereotaxic Viral Injections and Optical Fiber Implantation
Intracranial injections were performed as described previously 

[20]. Briefly, mice (P30 to P40) were anaesthetized with isoflurane 
in the stereotaxic instrument (David Kopf Instruments, Tujunga, 
CA, USA). Before drilling the skull for injection, the scalp was in-
cised carefully and a total of 600 nL of intracranial injection per 
side was performed with a pulled glass pipette with a tip diameter 
of 20–40 μm (Wiretrol; Drummond Scientific, Broomall, PA, 
USA). rAAV was injected at coordinates around the LH (bregma: 
–1.30 mm, midline: ±1.00 mm, and dorsal surface [relative to the 
brain surface]: –4.90 and 4.70 mm, 300 nL at each Z-position/side, 
total 1.2 µL/mouse). For chemogenetic stimulation assays, the 
scalp was stitched together and the mice were allowed at least 2 
weeks for recovery and transgene expression. 

For in vivo photostimulation assays, ferrule capped optical fi-
ber (200-µm core diameter, NA = 0.50, ThorLabs) was implanted 
over the LH and fixed with dental cement over the skull. The fiber 
tip coordinates are: x: ±1.00, y: –1.300, and z: –4.500 (online suppl. 
Fig.  1E; for all online suppl. material, see www.karger.com/
doi/10.1159/000501234). The mice were allowed 3 weeks for post-
operative recovery. For post hoc histological evaluation of optoge-
netic activation, the animals were photostimulated for 30 min im-
mediately after which they were sacrificed and transcardially per-
fused with 4% PFA.

Electrophysiology
P50-P60 mice were deeply anaesthetized with isoflurane and 

decapitated. The brains were obtained and placed in an ice-cold 
cutting solution including: 234 mM sucrose, 28 mM NaHCO3, 7 
mM dextrose, 2.5 mM KCl, 7 mM MgCl2, 0.5 mM CaCl2, 1 mM so-
dium ascorbate, 3 mM sodium pyruvate, and 1.25 mM NaH2PO4, 
aerated with 95% O2/5% CO2. Coronal slices (300 μm thick) con-
taining the LH area were sectioned using a vibratome (Leica 
VT1000S) and placed in artificial cerebrospinal fluid containing: 
119 mM NaCl, 25 mM NaHCO3, 11 mM D-glucose, 2.5 mM KCl, 
1.25 mM MgCl2, 2 mM CaCl2, and 1.25 mM NaH2PO4, aerated with 
95% O2/5% CO2 for 30 min at room temperature. MCH neurons 
were identified with an mCherry fluorescent tag and loose seal 
patched using electrodes with 4- to 5-MΩ tip resistances using ar-
tificial cerebrospinal fluid as the intracellular solution and 5 μM 
clozapine added during recording. 

Food Intake Studies
The animals were single housed following postoperative recov-

ery and handled for 3 days. The mice were fed ad libitum. By the 
beginning of the light cycle, food consumption was monitored for 
2 h for baseline. For DREADD activation experiments 0.01 mg/kg 
clozapine or saline was administered i.p., and the food intake was 
measured by weighing for 2 more hours. For a subset of experi-
ments (Fig. 2; online suppl. Fig. 1) 3 mg/kg CNO was used. For 
light cycle manipulations, the premanipulation 2-h food con-
sumption was taken as baseline. For dark onset experiments, acute 
chemogenetic activation and inhibition were performed at the be-
ginning of the dark cycle with ad libitum-fed Pmch-cre mice. Con-
sumption during the same circadian period of the previous day was 
used for baseline comparison, also with saline injections. Similar 
timelines were used for optogenetic experiments except that the 
CLZ/CNO injection was replaced by photostimulation at 20 Hz 
applied over the LH through a 473-nm diode laser (Doric Lenses 
Inc., QC, Canada). The pulse protocol used throughout this study 
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was 20-Hz, 10-ms pulses for 1 s, repeated every 4 s; photostimula-
tion took 2 h. For all studies, the food intake was measured manu-
ally and the spilled amount, which accumulated below the mesh-
wired floor of the cage floor, was subtracted. 

Glucose and Insulin Tolerance Tests
The blood glucose concentrations of 16-h food-deprived 

MCHhM3Dq and MCHhM4Di mice were recorded by an automatic 
glucose monitor (t = 0 min; Accu-Check Performa Nano; Roche 
Diagnostics, Germany). The blood was obtained from the tail vein. 
Thirty minutes after the first measurement, CNO (3 mg/kg) or sa-
line was administered i.p.. At the 60-min time point, 20% glucose 
(10 mL/kg) [21] was injected i.p. and blood glucose concentrations 
were measured at 90, 120, 150 min.

For the insulin tolerance test, blood glucose levels of ad libitum-
fed MCHhM3Dq and MCHhM4Di mice were measured and, 30 min 
later, i.p. injection of CNO (3 mg/kg) or saline was performed. In-
sulin (0.75 IU/kg; Humulin R; Eli Lilly, Indianapolis, IN, USA) was 
administrated i.p. at the 60-min time point. Blood glucose concen-
trations were measured at 90, 120, and 150 min. The first blood 
glucose recordings were obtained at 09: 00 for both ITT and GTT.

Self-Stimulation, Open Field, and Elevated Plus Maze
Nose Poke Self-Stimulation Assay
Two nose poke ports were located on opposite sides of Coul-

bourn Habitest test cages (Coulbourn Instruments, Allentown, 
PA, USA). By the beginning of the dark cycle, MCHChR2 and 
MCHtdTom mice had been acclimatized in test cages for 3 consecu-
tive days, 1 h each. The number of times the mice poked each port 
was recorded. The less preferred operandum was paired with a 20-
Hz photostimulation of 10 s per entrance (10-ms pulses of 15 mW, 
473 nm) on the test day. During the test period, the animals were 
allowed 1 h for 2 days with active and inactive nose poke ports. 
Nose poke counts were monitored by Graphic State software and 
recorded by a CCD camera. 

Lever Press Self-Stimulation Assay
Habitest test cages were supplied with 2 levers placed on opposite 

sides. MCHChR2 and MCHtdTom mice were acclimatized in test cages 
for 1 h for 3 consecutive days. During the acclimatization period, the 
mice were monitored to count the number of times they pressed 
each lever. The less preferred operandum was paired with a 20-Hz 
photostimulation of 10 s per entrance (10-ms pulses of 15 mW, 473 
nm) on the test day. The mice were allowed 1 h on test days for 2 
days with active and inactive levers. Lever press counts were dis-
played by Graphic State software and recorded by a CCD camera. 

Food Consumption-Paired MCH Stimulation Assay
MCHChR2 and MCHtdTom mice were placed in Coulbourn 

Habitest cages (Coulbourn Instruments) with one automated 
feeder installed. The mice were acclimatized for automated pellet 
delivery for 3 days and consumption of 20-mg pellets (Bio-Serv, 
Flemington, NJ, USA) was recorded. The testing session took 1 day 
(24 h), in which 20-Hz photostimulation was applied for 15 s each 
time the mouse removed a pellet from the feeder for consumption. 

Open Field Analysis
For open field (OF) analysis, MCHChR2 and MCHtdTom mice 

were acclimatized to the testing room before testing. For acclima-
tization, following the postoperative recovery period, the mice 

were transferred to the testing room; each mouse had an individ-
ual cage. For 3 days, the mice were acclimatized to the testing room 
and to the cages without handling. The operator handled the mice 
for another 3 days in order to reduce any stress. The animals were 
placed in an OF test chamber (40 × 40 × 40 cm) and stimulated 
with the pulse protocol or CLZ/CNO during the test, which lasted 
30 min [22, 23]. The assay was traced with a CCD camera and 
ANY-maze software. 

Elevated Plus Maze
An elevated plus maze (EPM) with 2 open arms (5 × 35 cm) and 

2 closed arms (5 × 35 × 20 cm) was elevated for 35 cm. MCHChR2 
and MCHtdTom mice were habituated in the test room for an hour. 
The mice were placed in the center of the maze, facing forward to-
ward the open arm, and were photostimulated (or chemogeneti-
cally activated by CLZ/CNO just prior to the test) and monitored 
for 5 min [24–26]. The tests were recorded with a CCD camera and 
analyzed with ANY-maze software. 

Immunohistochemistry and Imaging
The animals were photostimulated for 30 min and transcardi-

ally perfused with 4% paraformaldehyde in 0.1 M phosphate buffer 
fixative (pH 7.4). The brains were removed and post-fixed with the 
same solution for 4 h. Brain sections (75 μm) were sliced with a 
vibratome and washed in 0.1 M phosphate-buffered saline with 
Triton X-100 (0.1% PBST). Brain sections were blocked in 5% nor-
mal goat serum/PBST for 1 h at room temperature and incubated 
overnight at +4   ° C in blocking solution containing the primary 
antibody (anti-cFos, 1: 5,000; Cell Signaling). The slices were then 
rinsed with PBST 3 times, incubated with the secondary antibody 
(Alexa Flour 488, 1: 500; Invitrogen) for 1 h in room temperature, 
and washed with PBST 3 more times. The brain sections were 
transferred to microscope slides and mounted with Fluoromount 
(Sigma F4680) for imaging. Brain images were collected by confo-
cal microscopy (Carl Zeiss, Thornwood, NY, USA).

Results

MCH Neurons Are neither Sufficient nor Required for 
Acute Appetite for Chow Food
Given the extensive literature on MCH neurons and 

long-term body weight regulation, we evaluated whether 
acute manipulation of MCH neuronal activity has any in-
fluence on short-term appetite regulation. To achieve this, 
we used DREADDs chemogenetic activity manipulation 
tools. We transduced MCH neurons in pmch-cre reporter 
mice with bilateral LH injections of cre-dependent che-
mogenetic activator rAAV2-DIO-hM3Dq-mCherry or 
inhibitor rAAV2-DIO-hM4Di-mCherry viruses. We then 
i.p. delivered the clozapine ligand to acutely activate or 
inhibit MCH neurons (Fig. 1a–f). Neither activation nor 
inhibition of MCH neurons had any significant impact on 
the short-term food intake in the day time and at dark on-
set (Fig. 1g, h; online suppl. Fig. 1a–d). 
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Fig. 1. MCH neuron activity is neither necessary nor sufficient  
for chow food appetite. a Schematic diagram of hM3Dq- 
mCherry expression in MCH neurons in Pmch-cre mice. b Rep-
resentative image of transduced MCH neurons in the LH. Scale 
bar, 500 µm. c Left: representative loose seal recordings from an  
MCHhM3Dq-mCherry neuron showing increased spontaneous action 
currents upon bath perfusion of clozapine (CLZ, 5 µM). Right: 
Quantification of change in the action current firing rate before 
and after clozapine perfusion (n = 4 neurons, mean ± SEM: base = 
1.05 ± 0.35 Hz, CLZ = 1.97 ± 0.40 Hz; p = 0.0462, one-tailed t test). 
d Schematic diagram of hM4Di-mCherry expression in MCH 
neurons in Pmch-cre mice. e Representative image of transduced 
MCH neurons in the LH. Scale bar, 500 µm. f Left: representative 
loose seal recordings from an MCHhM4Di-mCherry neuron showing 
suppression of spontaneous action currents upon bath perfusion 
of CLZ (5 µM). Right: quantification of change in the action current 
firing rate before and after CLZ perfusion (n = 6 neurons, mean ± 
SEM: base = 2.45 ± 0.97 Hz, CLZ = 0.03 ± 0.03 Hz; p = 0.024, one-
tailed t test; GABAA blocker picrotoxin, 50 µM, was added to the 
bath to increase the baseline spontaneous firing rate). Summary 
graph of daytime (g, n = 11 tdTom mice, n = 11 hM3Dq-mCherry 

mice, n = 8 hM4Di-mCherry mice; mean ± SEM for each bar in g: 
tdTom saline = 0.28 ± 0.04, tdTom CLZ = 0.29 ± 0.06, hM3Dq sa-
line = 0.11 ± 0.02, hM3Dq CLZ = 0.16 ± 0.05, hM4Di saline =  
0.20 ± 0.07, and hM4Di CLZ = 0.26 ± 0.06; two-way ANOVA, in-
teraction F[2, 27] = 0.2597, p = 0.7731; effect of treatment  
F[1, 27] = 1.051, p = 0.3143; effect of virus injection F[2, 27] = 
4.496, p = 0.0206; saline vs. CLZ Sidak’s adjusted p values: p > 
0.9999 [tdTom], p = 0.7883 [hM3Dq], and p = 0.7785 [hM4Di]) 
and dark onset (h, n = 11 tdTom mice, n = 9 hM3Dq-mCherry 
mice, n = 5 hM4Di-mCherry mice; mean ± SEM for each bar in g: 
tdTom saline = 1.28 ± 0.09, tdTom CLZ = 1.10 ± 0.09, hM3Dq sa-
line = 0.84 ± 0.18, hM3Dq CLZ = 1.04 ± 0.12, hM4Di saline = 1.17 ±  
0.12, hM4Di CLZ = 0.98 ± 0.23; two-way ANOVA, interaction  
F[2, 22] = 1.877, p = 0.1768; effect of treatment F[1, 22] = 0.3212, 
p = 0.5767; effect of virus injection F[2, 22] = 1.809, p = 0.1874; 
saline versus CLZ Sidak’s adjusted p values: p = 0.5124 [tdTom],  
p = 0.5291 [hM3Dq], and p = 0.7739 [hM4D]) food intake in re-
sponse to saline or CLZ (0.01 mg/kg) administration in ad libitum-
fed Pmch-cre mice expressing tdTomato, hM3Dq-mCherry, or 
hM4Di-mCherry in MCH neurons. Each bar represents 2 h of food 
intake. * p < 0.05. 
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It is estimated that activated MCH neurons may fire 
at rates of up to 10–40 Hz in vivo [27, 28]. To ensure that 
chemogenetic activation did not underestimate a pos-
sible role of MCH neuron activity on feeding, we also 
used optogenetic stimulation as an alternative approach. 
For this, we transduced MCH neurons with rAAV2-
DIO-ChR2-eYFP virus for cre-dependent Channelrho-
dopsin-2 expression and placed an optical fiber over the 
LH (Fig. 2a–c; online suppl. Fig. 1e). Similar to the che-

mogenetic activation, optogenetic stimulation of MCH 
neurons at 20 Hz did not cause any significant increase 
in food intake (Fig. 2d, e; online suppl. Fig. 1f). On the 
contrary, the dark onset food consumption was slightly 
decreased in MCH neuron-stimulated mice. These re-
sults suggest that, under these conditions, MCH neuro-
nal activity is not sufficient to drive the consumption of 
chow food and is dispensable for acute regulation of ap-
petite. 
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Fig. 2. Optogenetic stimulation of MCH neurons does not increase 
acute food intake. a Schematic representation of ChR2-eYFP ex-
pression in MCH neurons in Pmch-cre mice and their photostim-
ulation. b Representative photomicrographs showing ChR2-eY-
FP-expressing MCH neurons in the LH. Scale bar, 250 µm. FT, 
fiber track. c Top: representative image of ChR2-eYFP-transduced 
MCH neurons with cFos expression (red) in response to 20 Hz 
photostimulation. Scale bar, 100 µm. Bottom: quantification of the 
percentage of cFos-expressing MCHChR2-eYFP neurons in stimu-
lated (Stim) vs. unstimulatied (No stim) mice. p = 0.0222 (one-
tailed t test), mean ± SEM in %: No stim = 1.03 ± 1.03, Stim =  
37.5 ± 11,53. Summary graph of daytime (d, n = 14 tdTom mice,  
n = 17 ChR2-eYFP mice, mean ± SEM in g: tdTom pre-Stim = 
0.034 ± 0.01, Stim = 0.12 ± 0.05, post-Stim = 0.15 ± 0.03; ChR2 
pre-Stim = 0.07 ± 0.02, Stim = 0.12 ± 0.04, post-Stim = 0.17 ± 0.07; 

Sidak’s adjusted p values for pre-Stim vs. Stim: p = 0.5390 [tdTom], 
p = 0,8408 [ChR2], two-way ANOVA: interaction, F[2, 58] = 
0.08368, p = 0.9198; effect of stimulation, F[2, 58] = 4.204, p = 
0.0197; and effect of viral injections F[1, 29] = 0.1525, p = 0.6990) 
food intake before, during, and after photostimulation, and dark 
cycle (e, n = 14 tdTomato mice, n = 17 ChR2-eYFP mice, mean ± 
SEM in g: tdTom No stim = 0.39 ± 0.05, Stim = 0.30 ± 0.03; ChR2 
No stim = 0.46 ± 0.07, Stim = 0.28 ± 0.03; Sidak’s adjusted p values 
for No stim vs. Stim: p = 0.2485 [tdTom], p = 0,0040 [ChR2]; 2-way 
ANOVA: interaction, F[1, 29] = 1.299, p = 0.2637; effect of stimu-
lation, F[1, 29] = 11.76, p = 0.0018; and effect of viral injections  
F[1, 29] = 0.1864, p = 0.6692) food intake with or without photo-
stimulation of MCH neurons in ad libitum-fed Pmch-cre mice. 
Each bar represents 2 h of food intake. * p < 0.05, ** p < 0.01.
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Effect of Acute MCH Neuronal Activity 
Manipulations on Glucose Homeostasis, Short-Term 
Locomotor Activity, and Anxiety
Ex vivo recordings suggest that the activity of MCH 

neurons is sensitive to the extracellular glucose concen-
tration, and genetic manipulations of MCH neurons can 

profoundly influence glucose homeostasis [15–17]. To 
investigate whether acute changes in MCH neuron activ-
ity have a role in glucose regulation, we stimulated and 
inhibited MCH neurons chemogenetically as described 
above while monitoring glucose tolerance and insulin 
sensitivity. In agreement with a recent report, acute che-
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Fig. 3. Effect of MCH neuron activity manipulations on glucose 
homeostasis. a Insulin tolerance plot for MCH-specific hM3Dq-
mCherry-expressing mice (n = 9 hM3Dq mice, two-way ANOVA, 
interaction F[5, 80] = 0.2218, p = 0.9522; effect of time, F[5, 80] = 
61.89, p < 0.0001; effect of CNO treatment F[1, 16] = 0.04625, p = 
0.8324). b glucose tolerance plot for hM3Dq-mCherry mice (n = 6 
hM3Dq mice, two-way ANOVA, interaction F[5, 50] = 0.3099,  
p = 0.9047; effect of time, F[5, 50] = 53.34, p < 0.0001; effect of CNO 
treatment F[1, 10] = 0.217, p = 0.6513). c insulin tolerance plot for 
MCH-specific hM4Di-mCherry-expressing mice (n = 6 hM4Di 

mice, two-way ANOVA, interaction F[5, 50] = 2.113, p = 0.0792; 
effect of time, F[5, 50] = 65.98, p < 0.0001; effect of CNO treatment 
F[1, 10] = 0.5847, p = 0.4621). d Glucose tolerance test in MCH-
specific hM4Di-mCherry-expressing mice (n = 6 hM4Di mice, 
two-way ANOVA, interaction F[5, 50] = 4.052, p = 0.0036; effect 
of time, F[5, 50] = 40.75, p < 0.0001; effect of CNO treatment F[1, 
10] = 0.5603, p = 0.4714; Sidak’s adjusted p = 0.0014 at 90 min, sa-
line vs. CNO) in response to i.p. saline or CNO administration. S, 
saline; C, CNO; I, insulin; G, glucose.** p < 0.01. 
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mogenetic stimulation of MCH neurons did not cause 
significant changes in glucose tolerance or insulin sensi-
tivity (Fig. 3; online suppl. Fig. 2a–d) [17]. Conversely, 
acute chemogenetic inhibition of MCH neurons im-
proved both glucose tolerance and insulin sensitivity 
(Fig. 3; online suppl. Fig. 2e–h). Consistent with previous 
reports that used genetic manipulations [16, 17], these 
results suggest that inhibition of MCH neuronal activity 
improves whole-body glucose metabolism. 

Alterations in energy expenditure, in the form of loco-
motor activity, have been suggested to contribute to body 
weight changes seen in genetic MCH pathway manipula-
tions. While MCH receptor-1 knockout mice or MCH 
neuron-ablated mice are hyperactive [8, 29], infusion of 
MCH or MCHR1 agonists had no effect on locomotion [2, 
30], suggesting a discrepancy between genetic and phar-
macologic approaches. Therefore, we evaluated the effect 
of short-term manipulations of MCH neuronal activity on 
locomotor activity. Neither chemogenetic silencing nor 
optogenetic activation had any significant effect on loco-
motion (Fig. 4c–e, h–j), which is different from the results 
of a recent study examining acute chemogenetic activa-
tion of MCH neurons [17]. However, it must be noted that 
we focused on the short-term effects of unilateral activa-
tion, whereas the former study analyzed a period of 8 h in 
which the entire MCH neuron population was activated. 

Finally, given the contradictory reports about the effects 
of pharmacologic and genetic MCH pathway manipula-
tions on anxiety-like behavior [31–34], we probed the influ-
ence of acute MCH neuron activity changes on this behav-
ioral domain. We evaluated the effect of bilateral chemo
genetic activation/inhibition and unilateral optogenetic 
activation of MCH neurons in OF and EPM tasks. We did 
not observe any significant difference in the OF test (Fig. 4a–
j; online suppl. Fig. 3a, b) for either MCH inhibition or ac-
tivation. On the other hand, optogenetic activation reduced 
the average speed in the open arm of the EPM (Fig. 4k–n; 
online suppl. Fig. 3c, d), whereas chemogenetic inhibition 
significantly increased the number of entries into the open 
arm, suggesting that suppression of the MCH neuron out-
put may have an anxiolytic effect (Fig. 4o–r). Collectively, 
these experiments reveal that MCH neuron electrical activ-
ity manipulations can rapidly modulate glucose homeosta-
sis and anxiety-like behavior without a significant effect on 
the short-term locomotor activity.

MCH Neuron Activation during Feeding Increases 
Chow Food Consumption
Our results suggest that acute stimulation of MCH 

neurons is not sufficient to drive food intake. This is in 
striking contrast to the behavior observed upon activa-
tion of other orexigenic populations such as arcuate nu-

(For figure see next page.)

Fig. 4. Effect of MCH neuron activity manipulations on anxiety-
like behaviors and short-term locomotor activity. a–d OF test for 
mice with ChR2-eYFP-expressing MCH neurons. a Schematic di-
agram describing the OF assay during 20 Hz photostimulation of 
LH. The time spent (b, mean ± SEM in s: tdTom = 78.29 ± 24.8, 
ChR2 = 75.2 ± 20.6, tdTom vs. ChR2 unpaired two-tailed t test,  
p = 0.9265), the total distance (c, mean ± SEM in m: tdTom =  
58.92 ± 6.89, ChR2 = 55.89 ± 7.45, tdTom vs. ChR2 unpaired two-
tailed t test, p = 0.7698), and the average speed (d, mean ± SEM in 
m/s: tdTom = 0.033 ± 0.004, ChR2 = 0.031 ± 0.004, tdTom vs. 
ChR2 unpaired two-tailed t test, p = 0.7771) were similar between 
tdTomato and ChR2 mice (n = 8 tdTomato, n = 7 ChR2-eYFP 
mice). e Mean heat maps and representative traces for each group 
are shown. Blue dots mark the beginning and red dots mark the 
end points of the mice’s positions. f–i OF test for mice with hM-
4Di-mCherry-expressing MCH neurons. f Schematic diagram de-
scribing the OF assay followed by i.p. CNO administration. The 
time spent (g, mean ± SEM in s: tdTom = 75.05 ± 16.80, hM4Di = 
122.86 ± 22.42, tdTom vs. hM4Di unpaired two-tailed t test, p = 
0.1385), the total distance (h, mean ± SEM in m: tdTom = 56.03 ± 
4.83, hM4Di = 57.50 ± 4.06, tdTom vs. hM4Di unpaired two-tailed 
t test, p = 0.8193), and the average speed (i, mean ± SEM in m/s: 
tdTom = 0.031 ± 0.0027, hM4Di = 0.032 ± 0.0023, tdTom vs. hM-
4Di unpaired two-tailed t test, p = 0.7829) were similar between 
tdTomato and hM4Di-mCherry mice (n = 8 tdTomato, n = hM4Di 

12 mice). j Mean heat maps and representative traces for each 
group are shown. Blue dots mark the beginning and red dots mark 
the end points of the mice’s positions. k–m EPM test during MCH 
neuron stimulation. The number of entries to the open arms (k, 
mean ± SEM: tdTom = 9.29 ± 2.40, ChR2 = 7.00 ± 1.67, tdTom vs. 
ChR2 unpaired two-tailed t test, p = 0.4388) and the time spent in 
the open arms (l, mean ± SEM in s: tdTom = 29.00 ± 8.22, ChR2 = 
66.86 ± 19.06, tdTom vs. ChR2 unpaired two-tailed t test, p = 
0.1068) were comparable between the ChR2 and tdTomato groups, 
whereas the average speed in the open arms (m, mean ± SEM in 
m/s: tdTom = 0.020 ± 0.0035, ChR2 = 0.011 ± 0.0026, tdTom vs. 
ChR2 unpaired two-tailed t test, p = 0.04557) was significantly de-
creased in the ChR2 group (n = 7 tdTomato, n = 8 ChR2-eYFP 
mice). n Mean heat maps for each group. o–q EPM test in MCH-
specific hM4Di- or tdTomato-expressing mice. The number of en-
tries to the open arms was significantly increased in the hM4Di 
group (o, mean ± SEM: tdTom = 5.75 ± 1.06, hM4Di = 10.00 ± 
1.41, tdTom vs. hM4Di unpaired two-tailed t test, p = 0.04252), 
while the time spent in the open arms (p, mean ± SEM in s:  
tdTom = 65.00 ± 32.93, hM4Di = 79.54 ± 21.15, tdTom vs. hM4Di  
unpaired two tailed t test, p = 0.7007) and the average speed in the 
open arms (q, mean ± SEM in m/s: tdTom = 0.017 ± 0.0030, hM-
4Di = 0.019 ± 0.0032, tdTom vs. hM4Di unpaired two-tailed t test, 
p = 0.6246) were similar in the 2 groups (n = 8 tdTomato, n = 12 
hM4D mice). r Mean heat maps for each group.
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cleus AgRP neurons and LHvGAT neurons [20, 35]. How-
ever, if MCH neurons have a reinforcing role during 
feeding rather than simply increasing the level of hunger, 
they would be expected to become active during or short-
ly after consumption. Given their implication in food re-

ward, we reasoned that pairing the activation of MCH 
neurons with chow food consumption might increase 
the reward value of the consumed pellet, leading to over-
eating. To test this possibility, we paired the optogenetic 
stimulation of MCH neurons with chow pellet removal 
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from the feeder to ensure that MCH activation occurs 
during consumption. It takes approximately 15 s to con-
sume a 20-mg chow pellet; therefore, we adjusted the 
MCH stimulation to the 15-s time period following the 
pellet removal (Fig. 5a). Unlike continuous stimulation, 
pellet consumption-paired stimulation of MCH neurons 
significantly increased the total number of chow pellets 
consumed over a 24-h period (Fig.  5b; online suppl. 
Fig. 4). Taken together, these results suggest that MCH 
neuron activation alone may not be involved in food 
seeking or elevation of the hunger state but, when paired 
with consummatory activity, they may have role in rein-
forcing feeding.

MCH Neuronal Activation Is Sufficient for Reward 
without Food 
Our results showed that, when simultaneously paired 

with a consummatory event, MCH neuron activation 
could increase chow consumption. It has been suggested 
that MCH neuronal activation can add reward value only 
when oral sweet cues are present [10]. However, our re-
sults suggest that, even with nonsweet chow, consump-

tion can also be increased by MCH activation. To test 
whether oral/postoral cues are required at all, we further 
investigated the reward value of direct MCH stimulation 
using non-food-related tasks of nose poke and lever press 
self-stimulation. For this, we coupled brief optogenetic 
activation of ChR2-expressing MCH neurons (10 s) with 
nose poke or lever press operant tasks. We also placed an 
inactive nose poke port/lever to test the specificity of ac-
tivation of the laser-coupled port/lever, respectively 
(Fig. 6a, d). For both nose poke and lever press operant 
tasks, MCH activation significantly increased port entries 
and lever press events over the inactive instrument, sug-
gesting that MCH activation alone is sufficient to gener-
ate a reward effect even in the absence of oral or posting-
estive cues (Fig. 6).

Discussion

Here we evaluated the short-term behavioral and 
physiological effects of MCH neuronal electrical activity 
manipulations. We report that acute changes in MCH 
neuronal activity are not sufficient to alter feeding behav-
ior, unless the stimulation is delivered during the feeding 
event. In addition, inhibition of MCH neurons improves 
glucose tolerance and reduces anxiety-like behavior, but 
neither activation nor inhibition affects the short-term 
locomotor activity. Furthermore, using 2 different instru-
mental tasks, we showed that activation of MCH neurons 
alone is rewarding. 

Diverse Physiological and Behavioral Functions of 
MCH Neurons
Our results on MCH neuronal activity-dependent 

changes in glucose tolerance and anxiety are consistent 
with earlier genetic and cell type-specific ablation studies 
[8, 16]. Rapid improvement of glucose tolerance upon 
MCH inhibition suggests that developmental compensa-
tion or other circuit reorganizations upon genetic manip-
ulation do not account for the observed effect. Similarly, 
a weak anxiolytic effect of MCH neuronal inhibition, 
which was predicted from genetic ablation studies but not 
observed with pharmacologic administration of MCHR1 
antagonists, supports a role of MCH in the stress axis. 

MCH Neurons and Reward
The mechanisms that underlie MCH neuronal regula-

tion of metabolism and reward are not completely under-
stood. For short-term appetite regulation, our results in-
dicate that MCH neuronal activity is neither sufficient to 

a

125

100

75

50

Pe
lle

t c
on

su
m

pt
io

n,
%

 h
ab

itu
at

io
n

tdTom ChR2b

*

Fig.  5. MCH neuron photoactivation during feeding increases 
chow food consumption. a Schematic representation of the food-
coupled MCH-photostimulation assay performed with Pmch-cre 
mice expressing tdTomato or ChR2-eYFP in MCH neurons. b 
Summary graph of the change in pellet consumption relative to a 
nonstimulated habituation day upon 20 Hz self-stimulation (15 s/
pellet) of LH (n = 7 tdTomato mice, n = 7 ChR2-eYFP mice,  
mean ± SEM: % of habituation: tdTom = 86.87 ± 4.30, ChR2 + 
110.67 ± 3.72, tdTomato vs. ChR2-eYFP: unpaired two-tailed t 
test, * p = 0.0013). 
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Fig. 6. Activation of MCH neurons is sufficient for a reward even 
in the absence of food consumption. a–c Schematic diagram de-
scribing the nose poke assay. a Mice were initially observed for 
nose-poke port preference. Photostimulation (20 Hz; 10 s photo-
stimulation/port entry) was paired with the less preferred one. The 
preference for the laser-coupled operandum was significantly in-
creased on stimulation days compared both to the tdTomato 
group and the habituation days (b), and the change in preference 
was significantly higher in the ChR2 group compared to the tdTo-
mato animals (mean ± SEM: control habituation = 52.66 ± 8.70, 
control stimulation = 50.34 ± 10.44, ChR2 habituation = 50.68 ± 
6.02, ChR2 stimulation = 75.56 ± 5.74, n = 5 tdTomato mice, n = 
9 ChR2-eYFP mice; two-way ANOVA, interaction F[1,12] = 13.46, 
p = 0.0032; effect of trial F[1,12] = 9.258, p = 0.0102; effect of viral 
injections F[1,12] = 1.366, p = 0.2652; Sidak’s adjusted p values:  
p = 0.9784 [tdTomato vs. ChR2-eYFP, habituation], p = 0.0508 
[tdTomato vs. ChR2-eYFP, stimulation], p = 0.0002 [habituation 
vs. stimulation, ChR2-eYFP], and p = 0.9118 [habituation vs. stim-
ulation, tdTomato, ** p < 0.01 *** p < 0.001]). c The change in 
preference was significantly greater in the ChR2-eYFP group com-
pared to the tdTomato group (mean ± SEM: control = –2.32 ± 5.34, 

ChR2 = 24.88 ± 4.64, n = 5 tdTomato mice, n = 9 ChR2-eYFP mice; 
tdTomato vs. ChR2-YFP p = 0.003213, unpaired two-tailed t test, 
** p < 0.01). d–f Lever press assay. Mice were initially observed for 
normal lever press frequencies, and then the less preferred lever 
was coupled with a laser for the stimulation day (d). Summary 
graph showing the increase in preference for the laser coupled le-
ver on the stimulation day in ChR2-eYFP-transduced Pmch-cre 
mice only (e); mean ± SEM: control habituation = 35.81 ± 2.98, 
control stimulation = 41.41 ± 5.52, ChR2 habituation = 30.68 ± 
4.19, ChR2 stimulation = 54.37 ± 5.36, n = 14 tdTomato mice, n = 
16 ChR2-eYFP mice, 2-way ANOVA, interaction F(1,28) = 9.864, 
p = 0.0040; effect of trial F(1,28) = 25.89, p < 0.00001; effect of viral 
injections F(1,28) = 0.4332, p = 0.5158; Sidak’s adjusted p values:  
p = 0.6878 (tdTomato vs. ChR2-eYFP, habituation), p = 0.1068 
(tdTomato vs. ChR2-eYFP, stimulation), p = 0.3490 (habituation 
vs. stimulation, tdTomato, p < 0.00001; habituation vs. stimula-
tion, ChR2-eYFP, **** p < 0.0001). The change in preference was 
significantly greater compared to that in the tdTomato group. f  
Mean ± SEM: control = –5.60 ± 4.80, ChR2 = 23.69 ± 3.38, (n = 14 
tdTomato mice, n = 16 ChR2-eYFP mice, tdTomato vs. ChR2-YFP 
p = 0.003950, unpaired two-tailed t test, ** p < 0.01). 
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initiate nor necessary to sustain food intake, suggested by 
the inability to effect overall consumption by chemoge-
netic activation or inhibition during both day time and 
dark onset. Indeed, contrary to our expectations, the dark 
cycle food consumption was slightly reduced in mice 
which were subjected to continuous MCH neuron pho-
tostimulation (20 Hz). However, if activation is time 
locked during consumption, MCH neurons appear to in-
crease the food intake, suggesting a reinforcing role for 
ongoing consumption (Fig. 5). It is unlikely that this in-
crease is driven by a delay in satiety signals since contin-
ued stimulation does not result in an overall increase in 
feeding (Fig. 2; online suppl. Fig. 1f). 

Earlier results using 2 bottle preference assays in which 
MCH activation was paired with noncaloric sugar drink-
ing resulted in an inability to display a natural preference 
toward caloric sugar [10]. Use of a 2-bottle assay with wa-
ter, however, did not result in a preference for the MCH-
activated one, leading to the suggestion that, when paired 
with sweet oral cues, MCH neuron activation can ensue 
a reward function that is normally derived from calories. 
Our results from operant task self-stimulation, however, 
suggest that in the absence of a sweet taste or even in the 
absence of any oral/post oral cues MCH activation can 
still ensue reward. It is unlikely that the discrepancy be-
tween our results and the previous report could stem 
from the use of distinct transgenic Pmch-cre drivers, since 
both lines appear to label > 80% of all MCH neurons. 
However, the longer stimulation durations used in this 
study (1 s per 5 licks vs. 15 s per 20-mg pellet or 10 s per 
operant activation) likely uncovered the sufficiency of 
MCH neuron activity for reward even in the absence of 
any other food- or taste-related stimuli. 

The reward effects of LH stimulations have been previ-
ously noted in the GABAergic subpopulation, whereas 
glutamate-expressing neurons have been shown to be 
aversive [35, 36]. Our results extend these findings and 
show that, despite being mostly glutamatergic [11], MCH 
neurons can also induce self-stimulation. In agreement 
with the reward function, MCH axons have been local-
ized to the VTA and the striatum, where MCHR1 is high-
ly expressed [10, 37]. Rather than directly stimulating the 
motivation to eat, as seen with ARCAgRP and LHvGAT neu-
rons, our results support a reinforcing role for MCH neu-
rons. This is consistent with earlier reports showing that 
rats given an MCHR1 antagonist displayed reduced lever 
press for sucrose solution, MCH knockout rats displayed 
a reduced operant response to fat, and MCH neuron-ab-
lated mice were unable distinguish caloric versus nonca-
loric sweets [10, 38, 39]. 

Surprisingly, it was the feeding-paired stimulation, but 
not continuous activation, that increased pellet consump-
tion. Continuous activation even in dark onset, during 
which mice consume abundantly, did not yield an addi-
tional increase in the feeding response but indeed de-
creased it. One interpretation could be that under the 
continuous stimulation regime animals might be unable 
to discern which of their actions, i.e., feeding, nesting, or 
grooming, is causing the reward effect and therefore can-
not reinforce that specific action. On the other hand, if 
MCH neuronal stimulation is time restricted to a specific 
action, e.g., pellet consumption, nose poke, or lever press, 
only then does a significant increase in preference for that 
action occur. This is consistent with a reinforcing role of 
MCH neurons rather than simply an increase in appetite. 

Limitations of This Study
Our approach was based on addressing the short-term 

effects of acute MCH neuron activity manipulations, spe-
cifically focusing on energy homeostasis, stress, and re-
ward. Overall, our results support a role for MCH neurons 
in amplification of consumption by reinforcing feeding 
only when activated in a specific temporal pattern. How-
ever, our study does not address whether such activation 
occurs during feeding, and it remains to be seen how in 
vivo MCH neuron activity dynamics respond to feeding 
of different types of diets. The reduced response to he-
donically active food in MCH-compromised animal mod-
els suggests that MCH activation might take place during 
palatable food consumption [10, 38, 39]. However, endog-
enous activity dynamics of MCH neurons have only been 
studied during sleep-wake regulation and novelty expo-
sure but not in the context of feeding [27, 28]. 

Our negative results on locomotor activity changes 
should be interpreted cautiously since we only evaluated 
the effect of daytime manipulations and we only focused 
on the first 30 min. It is likely that prolonged observation 
upon bilateral activation, as reported recently [17], may 
unveil a likely contribution. In addition, MCH neuron-ab-
lated mice showed locomotor activity differences only in 
the dark period [8], consistent with a time-sensitive effect. 
Similarly, although we only used bilaterally infected  
MCHhM4Di mice, our loss-of-function approach is limited 
by the penetrance of viral transduction, and therefore pos-
sible effects of inhibition on behaviors for which a small 
fraction of uninfected MCH neurons is sufficient, might 
have been underestimated. Nevertheless, our transduction 
rate was sufficient to observe significant impact of inhibi-
tion on glucose regulation and anxiety-like behaviors 
(Fig. 2, 3). 
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Finally, our study does not address which MCH-neu-
ron derived signaling molecule governs reward function. 
Recent studies using MCH neuron-selective ablation of 
MCH peptide or vGlut2 expression (2 major signaling 
molecules secreted by MCH neurons) have arrived at dif-
ferent conclusions with respect to sugar reward function, 
likely reflecting partial overlap between these signaling 
pathways [11, 12]. 

Collectively, consistent with genetic approaches, our 
results support diverse behavioral and physiological func-
tions of MCH neurons. We revealed that involvement in 
short-term appetite regulation might have strict temporal 
requirements and, while their acute inhibition promotes 
glucose tolerance and reduces anxiety-like behaviors, ac-
tivation is sufficient to induce reward. 
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