
INTRODUCTION

As stress affects the hypothalamic-pituitary-adrenal (HPA) 
axis, which regulates the release of the stress hormones, cortisol 
in humans and corticosterone in rodents, which regulates many 
body processes, including digestion, the immune system, mood, 
and energy balance. The paraventricular nucleus (PVN) of the 
hypothalamus, a key element of the HPA axis, has neuroendocrine 
neurons responsible for synthesizing and secreting corticotropin-
releasing hormone (CRH). The release of CRH to the anterior lobe 
of the pituitary gland stimulates the secretion of adrenocortico-
tropic hormone, which in turn activates the adrenal cortex, thereby 
producing and releasing stress hormones. The increase in stress 
hormones acts on the negative feedback to the hypothalamus 
and pituitary gland to inhibit the production of CRH and ACTH, 

which in turn acts on the wide brain regions [1]. 
Stress hormones bind to the glucocorticoid receptors (GRs) and 

mineralocorticoid receptors (MRs), which are expressed in various 
brain regions, such as the septum, hippocampus, amygdala, and 
hypothalamus [2-4]. The hypothalamus plays an essential role in 
maintaining the homeostasis involving body temperature, hunger, 
thirst, sleep, and circadian rhythms. Glucocorticoids presumably 
affect feeding behavior via acting on the GRs that are abundantly 
expressed in the hypothalamus, particularly in the PVN and the 
arcuate nucleus (ARC) [2]. In human studies, an excess of gluco-
corticoids induces obesity, whereas its depletion causes anorexia 
[5, 6]. Intracerebroventricular injection of glucocorticoids in rats 
induced an increase in food intake and a decrease in energy ex-
penditure [7]. Indeed, stress has also been suggested to affect food 
intake. In human studies, exposure to laboratory stressors or self-
reported stress causes either an increase or decrease in food intake 
[8-11]. In addition, some patients with major and atypical depres-
sive disorder have symptoms such as overeating (hyperphagia) and 
food addiction [12-14]. Contrary to human studies, many animal 
studies reported that rodents exposed to acute or chronic stressors 
exhibited decreased food intake [15-17]. Therefore, the effects of 
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stress on eating behaviors along with its molecular and circuitry 
mechanism is not fully understood. 

The ARC within the hypothalamus is critical for the regulation 
of feeding and energy expenditure [18]. There are two types of 
neurons in the ARC: The orexigenic agouti-related peptide (AgRP) 
and neuropeptide Y (NPY)-expressing AgRP/NPY neurons and 
the anorexigenic pro-opiomelanocortin (POMC)-expressing 
POMC neurons [19, 20]. They are thought of as “first-order neu-
rons” that respond to the circulating peptides of hunger (ghrelin) 
and satiety (insulin, leptin, and so on) [21]. The activation of 
AgRP/NPY neurons markedly induces feeding and reduces en-
ergy expenditure [22]. POMC neurons inhibit feeding behavior 
by releasing melanocyte-stimulating hormones (MSH) that act on 
“second-order neurons” in the PVN, the dorsomedial hypothala-
mus (DMH), the lateral hypothalamus (LH), and the ventromedial 
hypothalamus (VMH), followed by projection to other brain 
regions related to energy intake and expenditure [23]. AgRP/NPY 
neurons also project to the “second-order neurons” in the PVN 
and LH, and POMC neurons to inhibit neuronal activity by the 
release of GABA, AgRP, and NPY [24]. 

Here, we found that mice exposed to chronic restraint stress 
showed an increase in food intake independent of anhedonia. 
Using this rodent model, we examined the effect of chronic stress 
on the anorexigenic and orexigenic neurons, POMC and NPY 
neurons, respectively. Our study suggests that chronic restraint 
stress increased food intake and decreased excitability of POMC 
neurons.

MATERIALS AND METHODS

Animals

Wild-type C57BL/6J mice, POMC-eGFP mice (stock no. 
009593), and AgRP/NPY-hrGFP mice (stock no. 006417) were 
housed in groups of 4~5 per cage under a 12-hour light/dark cycle 
(lights on at 7 am) with a temperature (22±2℃) and humidity-
controlled environment. The mice had ad libitum access to water 
and standard food pellets. All experiments were conducted ac-
cording to the guidelines of the Institutional Animal Care and Use 
Committee at Yonsei University (Seoul, Korea). 

Chronic stressed models

The experiments were performed after the animals had habitu-
ated to the experimental environment for more than 1 week. To in-
vestigate the effects of chronic stress, the experimental protocol for 
the animal model was designed based on well-established stress 
models from previous studies [25]. The timeline for the stressed 
models is presented in Fig. 1A. Male mice (8~9 weeks old) were di-

vided into two groups: control (CON) and chronic restraint stress 
(CRS). The CRS mice were exposed daily to 6 h of restraint stress 
with a triangle-shaped plastic bag (custom-made) for 21 consecu-
tive days (day 8~28). Restraint stress was conducted between 9 am 
and 3 pm.

Behavioral procedures

After the stressed procedure, C57BL/6J male mice were used 
for behavioral tests. Behavioral procedures were conducted in the 
light cycle except for the sucrose preference test, which was carried 
out for 21 h (3 pm to 9 am). Body weight was measured weekly 
before restraint stress in the CRS group. For the sucrose preference 
test, mice were habituated to single housing and drinking from 
two bottles containing water 1 day before the test (day 27). Mice 
had free access to food, water, and 1% sucrose solution during the 
sucrose preference test from 3 pm on day 28 to 9 am on day 29. 
Food, water, and sucrose intake was measured, and the preference 
for sucrose was calculated by dividing the weight of sucrose intake 
consumed by the total weight of both water and sucrose intake. 
CON mice were deprived for 6 h before the sucrose preference 
test to provide the same conditions as the stressed mice. For the 
open field test, mice were placed in open-field arenas (40×40×40 
cm; length×width×height) for 60 min at 30 lux of light intensity 
to assess general locomotor activity and anxiety. The movement 
of mice was recorded and analyzed using a video tracking soft-
ware EthoVision (Noldus Information Technology, Leesburg, VA, 
USA). The total distance travelled and the time spent in the center 
were recorded. The distance traveled was also analyzed at 5 min 
time intervals. For the light dark test, the light-dark box consisted 
of two chambers, one box (20×20×20 cm) being exposed to the 
light without a ceiling while the other (20×13×20 cm) covered 
with black ceiling and walls. The light intensities of the chambers 
were 250 lux (light) and 0 lux (black). In the beginning, the subject 
mouse was placed in the dark chamber and allowed to move freely 
for 5 min. The apparatus was thoroughly cleaned with 70% etha-
nol for each test.

Whole-cell patch-clamp recordings

Male POMC-eGFP and AgRP/NPY-hrGFP mice (12~13 weeks 
old) after CON and CRS paradigm were anesthetized with isoflu-
rane and decapitated to remove the brains. The brains were quick-
ly transferred and sectioned in an ice-cold slicing solution (234 
mM sucrose, 2.5 mM KCl, 10 mM MgSO4, 0.5 mM CaCl2, 1.25 
mM NaH2PO4, 24 mM NaHCO3, 11 mM D-glucose). Coronal 
slices (~300 μm) were prepared using a vibrating-knife microtome 
VT1000s (Leica Microsystems, Germany). Slices were stabilized 
for at least 1 h in an oxygenated (95% O2/5% CO2) incubation 
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solution (124 mM NaCl, 3 mM KCl, 6.5 mM MgSO4, 1.25 mM 
NaH2PO4, 26 mM NaHCO3, 1 mM CaCl2, 10 mM glucose). Slices 
were transferred to the recording chamber and perfused in an oxy-
genated (95% O2/5% CO2) artificial cerebrospinal fluid solution 
(aCSF: 124 mM NaCl, 3 mM KCl, 1.3 mM MgSO4, 2.4 mM CaCl2, 
1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM D-glucose). Indi-
vidual cells were visualized using an upright Olympus EX51WI 

(Olympus, Japan) microscope equipped with an ORCA-R2 cam-
era (Hamamatsu, Japan). POMC and NPY neurons were identified 
by their green fluorescence and anatomical location in the hypo-
thalamus. Patch electrodes (2~5 MΩ) were prepared with capillary 
glass (external diameter 1.5 mm and internal diameter 0.86 mm, 
Warner Instruments, USA) using a micropipette puller (P-97, 
Sutter Instrument, CA). Two types of intra-pipette solutions were 
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Fig. 1. Chronic restraint stressed mice increased feeding behavior. (A) Timeline of the experimental procedure for control (CON) and chronic restraint 
stress (CRS). (B) In the open field test, no difference in locomotor behavior was observed at any of the 5 min intervals except in the first 5-min (5-min, 
*p=0.0301). (C) There was no difference in the total distance moved for 1 h between groups. (D) CRS mice spent less time in the center zone in the 
open field, indicating increase in anxiety behavior than CON mice (**p=0.0066). (E) In the light dark test, the time spent in light zone was not different 
between groups. (F) Sucrose preference test was not different between CON and CRS mice. (G) The amount of food intake was increased in CRS mice 
compared to CON mice (**p=0.0047). (H) CRS groups were divided into two groups, resilient (RES) and susceptible (SUS) mice based on anhedonia 
behavior. CRS_SUS groups showed significantly decreased sucrose preference than the CON group (F (2, 25) =31.29; ***p<0.0001). (I) There is no differ-
ence of food intake between CRS_SUS and CRS_RES mice (F (2, 25)=5.22; *p=0.0128; CRS_RES vs CRS_SUS, p=0.4466; CON vs CRS_RES, *p=0.0119; 
CON vs CRS_SUS, *p=0.0121). (J) Sucrose preference was not correlated with the amount of food intake (r=-0.263, p=0.1763). All of the data were from 
CON (n=14) and CRS (n=14). 
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used: a potassium gluconate-based internal solution (120 mM 
potassium gluconate, 10 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 
mM HEPES, 5 mM Mg-ATP, 5 mM EGTA, adjusted to pH 7.3 and 
osmolarity of 289 mOsm) for the measurement of neuronal activ-
ity and spontaneous excitatory postsynaptic currents (sEPSCs) 
and cesium-based internal solution (130 mM CsCl, 2 mM MgCl2, 
10 mM HEPES, 5 mM Mg-ATP, 0.5 mM Na2-GFP, 0.1 mM EGTA, 
5 mM QX-314, adjusted to pH 7.3 and osmolarity of 282 mOsm) 
for the measurement of spontaneous inhibitory postsynaptic cur-
rents (sIPSCs). Signals were amplified using MultiClamp 700B 
(Molecular Devices, USA), and data acquisition was performed 
using a Digitizer 1440A and Clampex (Molecular Devices, USA). 
All data analyses were performed using the Clampfit 10.6 (Mo-
lecular Devices, USA) and Mini Analysis software (Synaptosoft 
Inc., USA). Membrane potential and action potential (AP) firing 
were measured using a whole-cell current-clamp. NPY and POMC 
neurons after whole-cell clamping were held at -70 mV by the 
injection of negative currents and were applied 20 pA ramp pulses 
at 5 pA/s to induce AP firing. For AP properties, the threshold was 
defined as the voltage at which the first derivative of the voltage 
(dV/dt) exceeded 20 mV/ms recording by using Clampfit 10.6 
software [26]. sEPSCs and sIPSCs were in the voltage-clamp mode 
with membrane potentials held at -70 mV. In case of sEPSCs to use 
the potassium gluconate-based internal solution, we calculated the 
equilibrium potential for chloride using Goldman-Hodgkin-Katz 
equation, set to -70 mV, and confirmed that sEPSCs were blocked 
by AMPA and NMDA receptor antagonists (10 μM CNQX and 50 
μM D-AP5). Specifically, spontaneous IPSCs were recorded in the 
presence of 10 μM CNQX and 50 μM D-AP5 to block glutamater-
gic responses and the blockage was confirmed in the presence of 
20 μM bicuculline (Bic).

Data analysis

All results are presented as mean±standard error of the mean 
(SEM). Statistical analyses were performed using GraphPad Prism 
(GraphPad Software, Inc., CA). The difference between the two 
groups was analyzed using unpaired t-tests. One-way analyses of 
variance (ANOVA) followed by Tukey’s multiple comparison tests 
were used for the analysis of the three groups. For the analysis of 
patch clamp recording files, neurons with series resistance <30 
MΩ were used for statistical analysis. Statistical significance was 
set at p<0.05.

RESULTS

Chronic restraint stress induced the increase of food intake

To investigate the effect of stress on food intake, we monitored 

the amount of food consumption and conducted the behavioral 
tests, an open field test (OFT) and light dark box test (LDT), on 
male mice subjected to restraint stress for 21 days (Fig. 1A). The 
5 min bin of locomotor activity in the OFT was similar between 
CON and CRS mice, except for during the first 5 min (Fig. 1B). 
The total distance in the OFT was not altered by chronic stress 
(Fig. 1C; CON, 22,975±816.9, n=14; CRS, 24,621±869.5, n=14; 
p=0.1794). Additionally, CRS groups showed a decrease in the du-
ration of time spent in the center zone, indicating increased anxi-
ety levels (Fig. 1D; CON, 178.1±22.18, n=14; CRS, 106.6±18.13, 
n=14; *p=0.0204). However, in the LDT to measure anxiety level, 
the duration of the light zone was not different between the 
CON and CRS groups (Fig. 1E; CON, 65.81±8.351, n=14; CRS, 
75.56±6.59, n=14; p=0.3682). 

We conducted a sucrose preference test for anhedonia to define 
depressive-like behavior and observed no significant difference 
between the groups, other than a trend of increased variance 
level in the CRS group (Fig. 1F; CON, 85.39±1.342, n=14; CRS, 
79.83±3.026, n=14; p=0.1050). The amount of food intake after 
chronic stress was significantly increased in CRS mice (Fig. 1G; 
CON, 4.28±0.1044, n=14; CRS, 4.876±0.162, n=14; **p=0.0047). 
As some studies have shown that mice exposed to chronic stress 
had anhedonia and anorexic behavior at the same time [15, 16], 
we analyzed the relationship between anhedonia and feeding 
behavior. Some studies used the anhedonia criteria to divide 
them into two groups: stress-susceptible (SUS) group, to represent 
anhedonia, and stress-resilient (RES) group, to represent non-
anhedonia [27]. CRS mice were divided into anhedonia groups 
(CRS_SUS), representing sucrose preference below 75% which 
corresponds to two standard deviations from the CON mean [28], 
and non-anhedonia groups (CRS_RES). CRS_SUS groups which 
showed significantly decreased sucrose preferences (Fig. 1H; 
CON, 85.39±1.342, n=14; CRS_RES, 87.19±1.635, n=9; CRS_SUS, 
66.59±2.351, n=5; F(2, 25)=31.29, ***p<0.0001). However, feed-
ing behavior was not different between the RES and SUS groups 
(Fig. 1I; CON, 4.28±0.1044, n=14; CRS_RES, 4.78±0.1585, n=9; 
CRS_SUS, 5.05±0.3696, n=5; CRS_RES vs CRS_SUS, p=0.4466), 
and did not correlate with sucrose preference (Fig. 1J). Therefore, 
we suggest that chronic restraint stress induced weak anxiety and 
increased feeding behavior independent of anhedonia. This orexi-
genic behavior in stressed model could be caused by the activation 
of NPY neurons, one type of first-order neurons to appetite, in the 
ARC of the hypothalamus. Therefore, we further assessed the ac-
tivity of NPY neuron in the ARC region.
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The intrinsic excitabilities of NPY neurons were unchanged 

by chronic stress

To examine whether stress change the intrinsic excitability of 
NPY neurons in ARC, we performed the whole-cell patch clamp 
on GFP-positive neurons at the ARC region in the bottom of the 
hypothalamus from AgRP/NPY-hrGFP mice (Fig. 2A, 2B) after 
the stress paradigm (Fig. 1A). The membrane capacitance (Cm) 
of NPY neurons between groups was not significantly different 
(Fig. 2C; CON, 13.78±1.186, n=20; CRS, 15.84±0.9553, n=30; 
p=0.1812). Additionally, the membrane resistance (Rm) and the 
resting membrane potential (RMP) were not changed by chronic 
stress (Fig. 2D; CON, 2.045±0.22, n=20; CRS, 2.197±0.1529, n=30; 
p=0.5616; Fig. 2E; CON, -48.54±1.782, n=20; CRS, -49.45±1.379, 
n=30; p=0.6821). To determine the membrane potential that 
initiated an AP, NPY neurons were injected 20pA-ramp stimuli 
(Fig. 2F). The AP threshold of the NPY neurons was not altered 
by stress. (Fig. 2G; CON, -29.36±1.073, n=20; CRS, -29.1±0.9469, 
n=30; p=0.8546). Therefore, chronic stress did not alter the intrin-
sic excitabilities of the NPY neurons.

Neither sEPSC nor sIPSC in NPY neurons was altered by 

chronic stress

Then to investigate synaptic inputs to NPY neurons, we mea-
sured spontaneous excitatory and inhibitory postsynaptic cur-
rents (sEPSCs and sIPSCs) in NPY neurons (Fig. 3A, 3B, 3H, 
3I). The application of NMDA and AMPA receptor blockers 
(CNQX; 6-cyano-7-nitroquinoxaline-2,3-dione, D-AP5; (2R)-
amino-5-phosphonovaleric acid) were used to confirm excitatory 
signals (Fig. 3B, top). No significant difference was observed in 
the frequency of sEPSCs (Fig. 3C; CON, 0.9397±0.2143, n=12; 
CRS, 1.484±0.2287, n=19, p=0.1153). Also, the amplitude and 
area of sEPSCs was unchanged by chronic stress (Fig. 3D; CON, 
23.39±1.746, n=12; CRS, 22.33±0.8224, n=19; p=0.5437; Fig. 3E; 
CON, 64.71±6.251, n=12; CRS, 57.32±2.911, n=19; p=0.2389). The 
rise and decay time of sEPSCs were not different between groups 
(Fig. 3F; CON, 1.244±0.1081, n=12; CRS, 1.216±0.0820, n=19; 
p=0.8375; Fig. 3G; CON, 3.244±0.3036, n=12; CRS, 2.945±0.1665, 
n=19; p=0.3563).

Next, we measured sIPSCs in NPY neurons (Fig. 3H, 3I) and 
confirmed that those currents were GABAergic currents, apply-
ing a GABAA receptor blocker, bicuculline (Bic) to block IPSCs 
(Fig. 3I, top). Chronic restraint stress did not induce changes to the 
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from 12 mice). The data for sIPSCs were from CON (8 neurons from 3 mice) and CRS (13 neurons from 4 mice).
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properties of sIPSCs; the frequency (Fig. 3J; CON, 0.6007±0.2257, 
n=8; CRS, 0.6178±0.143, n=13; p=0.9468), the amplitude (Fig. 3K; 
CON, 31.38±4.083, n=8; CRS, 31.66±4.099, n=13; p=0.9638), the 
area (Fig. 3L; CON, 513.4±80.97, n=8; CRS, 504.3±76.18, n=13; 
p=0.9386), the rise time (Fig. 3M; CON, 3.061±0.1774, n=8; CRS, 
3.47±0.2908, n=13; p=0.3179), and the decay time (Fig. 3N; CON, 
18.03±0.9382, n=8; CRS, 15.9±1.574, n=13; p=0.3347). Therefore, 
we suggest that NPY neurons are not significantly affected by 
chronic stress in terms of intrinsic properties and synaptic inputs. 
Then, we examined POMC neurons in the ARC region, another 
cell type reported to modulate feeding behavior.

Chronic stress altered the intrinsic excitabilities of POMC 

neurons

We examined the intrinsic excitabilities of POMC neurons (Fig. 
4A) in POMC-eGFP mice exposed to chronic stress (Fig. 1A). 
GFP-positive POMC neurons were selected for whole-cell patch 
clamp (Fig. 4B). The Cm of POMC neurons was not significantly 
different (Fig. 4C; CON, 20.92±1.301, n=23; CRS, 22.11±2.006, 
n=22). The Rm and the RMP had also no difference between 
groups (Fig. 4D; CON, 1.796±0.1541; CRS, 1.616±0.167; p=0.4328; 
Fig. 4E; CON, -52.5±1.637, n=23; CRS, -52.77±2.433, n=22; 
p=0.9246). POMC neurons after the injection of 20 pA-ramp stim-
uli (Fig. 4F) showed that the AP threshold of POMC neurons was 
increased by chronic stress (Fig. 4G; CON, -34.07±0.7218, n=23; 
CRS, -31.67±0.8462, n=22; *p=0.0363). Neurons with increased 
AP threshold could be less reactive to the same stimuli, and then 
CRS would induce the reduced activity of POMC neurons.

Excitatory inputs, but not inhibitory inputs, to POMC  

neurons were decreased after chronic stress

We also investigated the amount of excitatory synaptic inputs 
to POMC neurons (Fig. 5A, 5B). The frequency of sEPSCs was 
decreased by chronic stress (Fig. 5C; CON, 1.732±0.3455, n=22; 
CRS, 0.7599±0.1248, n=19; *p=0.0170). However, there was no 
difference in the amplitude of sEPSCs between the CON and CRS 
groups (Fig. 5D; CON, 18.55±0.8883, n=22; CRS, 17.59±0.8604, 
n=19; p=0.4411). Also, the area, rise time, and decay time of 
sEPSCs remained unchanged by chronic stress (Fig. 5E; CON, 
85.04±7.937, n=22; CRS, 73.17±4.938, n=19; p=0.2284; Fig. 5F; 
CON, 2.171±0.1427, n=22; CRS, 2.077±0.1573, n=19; p=0.6581; 
Fig. 5G; CON, 4.555±0.3359, n=22; CRS, 4.522±0.3253, n=19; 
p=0.9458). We examined sIPSCs in POMC neurons (Fig. 5H, 
5I). The frequency and amplitude of sIPSCs was not changed 
by chronic stress (Fig. 5J; CON, 1.191±0.2568, n=10; CRS, 
1.096±0.2511, n=9; p=0.7943, Fig. 5K; CON, 71.96±5.278, n=10; 
CRS, 73.81±10.89, n=9; p=0.8759). Also, the area, rise time, and de-

cay time of IPSCs were similar between two groups (Fig. 5L; CON, 
1127±86.97, n=10; CRS, 1277±153.3, n=9; p=0.3921; Fig. 5M; 
CON, 3.057±0.2147, n=10; CRS, 3.381±0.3825, n=9; p=0.4591; Fig. 
5N; CON, 20.06±1.062; CRS, 21.82±1.327, n=9; p=0.3107). Taken 
together, chronic stress-induced orexigenic effect might be corre-
lated to the decreased excitatory synaptic inputs and increased AP 
threshold in POMC neurons.

DISCUSSION

In the present study, we demonstrated that POMC neurons, but 
not NPY neurons, in the ARC of the hypothalamus played an im-
portant role in the modulation of feeding behavior after exposure 
to chronic stress. Chronic restraint stress would decrease overall 
activity of the POMC neurons resulting from an increase in action 
potential threshold and a decrease in excitatory inputs. This weak-
ens anorexigenic signals, which would disturb the balance between 
anorexinergic and orexigenic signals. Additionally, these changes 
in feeding behavior were independent of anhedonia, which is re-
lated to the dopaminergic reward system.

In human case studies, patients with major depressive disorders 
had appetite disturbance in both directions, increase and decrease 
[29-35]. In the case of depressed adolescents, 58% of them had a 
decrease and 28% had an increase in appetite [29]. Prevalence rates 
in adults with depression showed that 48% had decreased and 35% 
had increased appetite [29]. In the stress administration experi-
ments, the people increased food intake when exposed to labora-
tory stressors or self-reported stress [8, 9]. In contrast to these hu-
man studies, most rodent stressed models reported a decrease in 
food intake, which partially represented the observation in human 
cases [15-17]. Our chronic restraint models which have increased 
food intake could be useful to investigate the molecular and cir-
cuitry study on the orexigenic effect of stress observed in human 
patients.

The rodent studies reported that the changes in feeding behav-
ior were related to the hypothalamic POMC neuronal activity 
or mRNA level [36, 37]. One study reported that mice exposed 
to 14-day chronic restraint stress displayed the decrease in food 
intake for 14 days, caused by the hyperactivity of POMC neurons 
[37]. They suggested that the projection of POMC to dopamine 
neurons in the ventral tegmental area (VTA) is important for the 
regulation of food intake and anhedonia. However, another study 
showed that a chronic restraint stress model for 15 days decreased 
food intake for only 7 days after the start of the experiment and 
recovered [36]. They showed that the decrease in feeding behavior 
during the first week of chronic stress was caused by an increase 
in POMC mRNA expression in the hypothalamus, and that the 
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recovery in feeding behavior in the next week of chronic stress was 
induced by the long-lasting decrease in blood leptin levels. In con-
trast to these previous studies, this study showed that the 21-day 
chronic restraint stress model increased the amount of food intake 
independent of anhedonia. The increased food intake occurred 
parallel with the decreased activity of POMC neurons. It is not yet 
clear what causes this discrepancy, but the types and duration of 
stressors might be the factors that differently affect feeding behav-
ioral changes and related neural circuits.

Stress hormones (glucocorticoids) induce stress responses by 
binding to GR and MR, which mediates the majority of the effects 
of glucocorticoids and acts as ligand-dependent transcription 
factors [38, 39]. The receptors bind directly to DNA via its central 
DNA binding domain to inverted-repeat GC responsive ele-
ments (GREs), which mainly leads to upregulation of diverse gene 
transcription [39]. Studies showed that chronic stress induced the 
hyperactivity of HPA axis and increased basal levels of glucocorti-
coid in serum [40, 41]. Therefore, there are possibilities that the ex-
cess of glucocorticoids after chronic stress could cause the changes 
in gene expression, leading to several behavioral changes. Indeed, 
the alteration of basal glucocorticoid levels could change feed-
ing behavior in human and rodents. The patients with Cushing’s 
disease or normal volunteers with glucocorticoid administration 

showed increased appetites associated with glucocorticoid excess 
[6]. The chronic administration of corticosterone induced hy-
perphagia in male mice [42], and decreased expression of serum- 
and glucocorticoid-regulated kinase 1 in POMC neurons [43], 
which played modulating roles in stress responses and emotional 
dysfunctions [44-46]. In contrast, adrenalectomy in mice reduced 
both basal corticosterone levels in serum and food intake [47]. In 
addition, they showed that synaptic inputs to POMC and NPY 
neurons were altered by adrenalectomy and recovered by corticos-
terone administrations [47]. Therefore, it might be expected that 
changes in synaptic inputs to POMC neurons occurred due to ex-
cessive glucocorticoid levels by chronic stress, resulting an increase 
in food intake. In this study, we focused on the intrinsic and extrin-
sic properties of POMC and NPY neurons, however, the source of 
presynaptic glutamatergic projections changed by chronic stress 
will also be needed. Some researchers have proposed that POMC 
neurons in the ARC receive projections from microcircuits within 
the hypothalamus (VMH, PVN, LH, etc.) and other nuclei else-
where in the brain (septum, hippocampus, pons, etc.) [48-51]. 
However, it is not fully understood how the electrophysiological 
functions of these projections to the POMC neurons are related to 
the regulation of feeding behavior. Therefore, studies on the effects 
of chronic stress on presynaptic neurons remain to be investigated 
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to fully understand how the stress modulates feeding behavior.
Additionally, POMC neurons in the ARC with functional hetero-

geneity, are divided into two types according to their expression of 

the leptin receptor and serotonin receptors [52]. POMC neurons 
expressing the leptin receptor have been shown to increase energy 
expenditure independent of changes in food intake, however, 
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those expressing the serotonin 2C receptors decrease food intake 
independent of changes in energy expenditure. Consistently, 
single-cell RNA sequencing data showed that there are three dis-
tinct subtypes of POMC neurons, one subtype is enriched leptin 
receptor and two subtypes are enriched serotonin 2C receptors 
[53]. Further study would be needed to understand the function of 
these heterogenous POMC neurons.

We investigated the intrinsic excitability and synaptic inputs 
of POMC and NPY neurons, “first-order neurons” to sense the 
circulating stimuli of hunger and satiety. However, in addition to 
POMC and NPY neurons in the ARC region, feeding regulation 
involves various cell types in the hypothalamus and other brain 
regions. A recent study showed that new GABAergic population 
in the ARC region, which express prepronociceptin (PNOC) but 
not POMC and AgRP, also modulates feeding [54]. Optogenetic 
activation of these PNOC neurons promotes hyperphagia, simi-
lar to NPY neurons. In addition, the balance between orexigenic 
and anorexigenic outputs from “first-order neurons” to “second-
order neurons” in the hypothalamus is important for regulating 
feeding behavior. Many studies have shown the effects of stress 
on the PVN of the hypothalamus, second-order neurons [55-57]. 
Repeated and chronic stress upregulated parvocellular PVN CRH 
mRNA expression [58] and altered the expression of ionotropic 
glutamate and GABAA subunits [59]. Therefore, it is necessary to 
determine the intrinsic and synaptic properties of second-order 
neurons, such as PVN, LH, DMH, and VMH, especially when re-
ceiving signals from POMC neurons of the stressed model.

In summary, we have described that the chronically stressed mice 
model increased food intake and decreased excitability of POMC 
neurons, without change in NPY neurons. As our stressed model 
represented overeating induced by stress in humans, it could be 
used to identify the mechanisms of stress-induced orexigenic be-
havior. Future studies on the source of glutamatergic projections to 
POMC neurons and the effects of stress on these neurocircuits are 
needed to fully understand the stress-induced orexigenic circuit.
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