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CHAPTER 1 

 

P2Y12 receptor in the microglia affects the hypothalamic 

neuronal activation through regulation of the microglia 

morphology 
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Abstract 

Morphology change of the microglia by P2Y12 receptor performs surveillance and 

phagocytosis functions in the various brain conditions, and these roles are involved in 

maintaining brain homeostasis. The P2Y12 receptor activation is affected by the 

generated adenosine 5’-triphosphate (ATP) in the mitochondria of the neurons, and 

this activation is involved in the regulation of the microglia process. In particular, 

change in hypothalamic microglial morphology through the P2Y12 receptor plays a 

crucial role in the energy homeostasis mechanism of the microglia that is important in 

regulation of neuronal functions by releasing cytokines and chemokines. However, it 

is unclear whether the morphological change of microglia through the P2Y12 receptor 

is affected by energy starvation. Therefore, in this study, I investigated the 

morphological change of hypothalamic microglia by overnight fasting. In the 

hypothalamic arcuate nucleus (ARC), process length and P2Y12 receptor activation 

in microglia were decreased by overnight fasting. Administration of P2Y12 agonist and 

antagonist affected the morphological parameters such as process length and 

branching of the hypothalamic microglia. Interestingly, the P2Y12 agonist and 

antagonist also affected neuronal activation in the hypothalamic ARC. These 

observations suggest that the P2Y12 receptor of hypothalamic microglia is a crucial 

mediator of microglial morphology and neuronal activation. 
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Introduction 

Microglia are brain-resident macrophages and play important functions such as 

neuronal development and phagocytosis in the central nervous system (CNS) (1-3). 

During the past decade, a great deal of attention has been paid to investigating the 

microglial morphology associated with various brain environments, such as 

inflammation and development (4-6). Microglia morphology plays an important role in 

surveying the surrounding environment, sensing energy sources, and controlling 

physiological or pathological conditions in the brain (7-9). Previous reports showed 

that microglia morphology was affected by pathological environments such as brain 

injury and diet-induced obesity (DIO) (10, 11). However, recent reports have shown 

increasing evidence that microglia morphology is modulated by the P2Y12 receptor 

and ATP in the physiological environment (12, 13). Thus, the importance of 

understanding the morphological changes in microglia caused by the P2Y12 receptor 

is emphasized in a physiological environment. 

The P2Y12 receptor is one of the ADP-dependent purinergic receptors that mediate 

the important intracellular signaling pathways of actin cytoskeleton reorganization in 

microglia (14-16). The activation of P2Y12 receptors in the CNS is regulated by ADP 

that is generated by the hydrolysis of ATP produced in the brain, and it has been 

shown that this regulation changes the morphology of microglia (15). ATP is a 

neurotransmitter that is generated in the mitochondria of neurons and contributes to 

the functional regulation of neurons and glial cells as well as the regulation of brain 

energy balance (17, 18). From the point of view of ATP generation, hypothalamic 
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neurons show decreased ATP generation during energy starvation, and hypothalamic 

neurons and glial cells show increased ATP generation during over-nutrient states 

such as high-fat diet (HFD) (19, 20). In addition, recent reports show that the microglia 

processes were decreased through P2Y12 receptor knockout and inhibition of P2Y12 

receptor activation in mice, which affected the inhibition of microglia surveillance and 

contact with neurons. Microglia surveillance and contacts with neurons are important 

for the regulation of inflammatory responses, neuronal functions, and energy 

homeostasis (13). However, it is unclear whether microglia morphology and regulation 

of neuronal functions by microglia are affected by energy starvation. Thus, in this study, 

I investigated whether energy starvation changes the morphology of microglia in the 

hypothalamus. 
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Materials and Methods 
 
Animals and experiment design 

In this study, all animal experiments were conducted as required by the Regulations 

of the University of Ulsan for the Care and Use of Laboratory Animals. Eight-week-old 

male C57BL/6 mice (bodyweight 23–27 g, Korea) were used. Mice were maintained 

in temperature- and humidity-controlled rooms with a 12 h light - 12 h dark cycle, with 

the lights on from 7:00 a.m. to 7:00 p.m. and ad libitum and given free access to tap 

water. For the food deprivation experiments, food was removed for 18 hours (from 

4:00 p.m. to 10:00 a.m.). 

 

Cannulation and administration of P2Y12 receptor agonist and antagonist 

For intracerebroventricular (i.c.v) cannula implantation, mice were anesthetized by i.p 

injection of tribromoethanol (250 mg/kg, Sigma-Aldrich) and placed in a stereotaxic 

apparatus (Stoelting, Wood Dale, IL, USA). The cannula (26 gauge) was implanted 

into the right lateral ventricle (1.0 mm lateral, 0.3 mm posterior, and 2.4 mm ventral to 

the bregma) according to the Stereotaxic Mouse Brain Atlas (Paxinos G and Franklin 

KBJ, 2001, Academic Press, San Diego, CA, USA) and secured to the skull with dental 

cement. After 7 days of recovery, mice were injected with vehicle (saline) or with 2ME-

sADP (100 μmol/2 μl, Tocris, Minneapolis, NE, USA) after overnight fasting. In addition, 

the normal fed mice were injected with PSB 0739 (3ug/ul, Tocris, Minneapolis, NE, 

USA). For immunohistochemistry analysis, mice were sacrificed 1 h after the injection 

of the 2ME-sADP, and the mice were sacrificed 3h after the injection of the PSB 0739. 
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Micropunch dissection and ATP analysis 

After overnight fasting, at 10 am the next day, mice were sacrificed by decapitation. 

The mice brains were quickly removed and obtained the around 1mm3 tissue 

surrounding the ARC with a 1mm-diameter micro punch by using anatomical 

landmarks from the mouse brain atlas with the micro-punching set (Stoelting, Wood 

Dale, IL). Micro-punched ARC was stored in microcentrifuge tubes at -80 ℃. 

The ATP measurement was using the Enlitenk ATP assay system with a 

bioluminescence detection kit (FF2200, Promega). Briefly, micro-punched ARC 

samples were neutralized to pH7.4 with a 10ul 4M Tris and this 10ul is transferred new 

tube with 90ul ATP-free water. Before the measured ATP concentration by the 

luminometer added the luciferase reagent. ATP concentration was calculated 

compared with the ATP standard curve. 

 

Immunohistochemistry (IHC) 

Animals were deeply anesthetized with tribromoethanol and transcardially perfused 

with phosphate buffer (PB, 0.1 M, pH 7.4), followed by a fresh fixative of 4% 

paraformaldehyde in PB. Brains were post-fixed overnight at 4°C, sliced to a thickness 

of 50 μm using a vibratome (VT1000P; Leica Microsystems, Wetzlar, Germany), and 

then washed several times in PB. Coronal brain sections containing the hypothalamic 

arcuate nucleus (ARC) were preincubated with 0.3% Triton X-100 (T8787, Sigma-

Aldrich) in PB for 30 min to permeabilize the tissues and cells. After further washing 

with PB, the sections were treated with primary antibodies overnight at 4°C; as follows 

rabbit anti-Iba1 antibody (1:500; 019-19741, Wako, Osaka, Japan), rabbit anti-P2Y12 
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(1:1,000; 848002, Biolegend, CA, USA) and mouse anti-c-fos antibody (1:1,000; sc-

166940, Santa Cruz, Dallas, TX, USA). On the next day, sections were washed in PB. 

For immunofluorescence staining, sections were incubated with the following 

secondary antibodies for 3 h at room temperature: goat anti-rabbit Alexa Fluor 488 

(1:500; A11008, Invitrogen, Carlsbad, CA, USA), goat anti-rabbit Alexa Fluor 594 

(1:500; A11012, Invitrogen) and goat anti-mouse Alexa Fluor 488 (1:500; A11001, 

Invitrogen). Stained brain sections were imaged using an FV-1200 confocal laser-

scanning microscope (Olympus America, Inc., Center Valley, PA, USA). 

 

IHC image analyses  

The microglia morphology analysis, the length of processes, processes branching, and 

terminal points were measured by using the semi-automatic filament plug-in in the 

Imaris 3D software (Bitplane, Zurich, Switzerland). The IMARIS automatic filament 

tracer reconstructs the quantified morphological parameters such as process length, 

branch point and terminal points in the confocal image stack of microglia. Algorithms 

of filament tracer use the no-loops approach based on local intensity contrast and use 

large and small seed points, which were extracted from soma and process. 

Automatically extracted unnecessary morphological features were deleted by manual 

editing by unbiased observers. 

The intensity of P2Y12 and soma size were measured using ImageJ V 1.50 software 

(National Institutes of Health, Bethesda, MD) in the ARC. Region of interest (ROI) 

within an image was manually selected with the Mouse Brain Atlas for ARC (ARC: 

between -1.46 and -1.82 mm from bregma). The images were converted to 8-bit 

images and a threshold was applied. The images were binarized to separate the 
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immuno-positive cells from the background. The number of immune-positive cells in 

the hypothalamus was counted by unbiased observers. 

 

Statistical analyses 

Statistical analyses were performed in GraphPad Prism 5 software (GraphPad 

Software, San Diego, CA, USA). All data are expressed as the mean  SEM. The 

statistical significance between two groups was analyzed by unpaired Student’s t-test.   
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Results 
 
Food deprivation affects the microglial process in the hypothalamic arcuate 

nucleus. 

It has been well established that microglia are crucial for the maintenance of energy 

homeostasis through sensing the energy sources in the brain. To determine whether 

energy deprivation affects hypothalamic microglia morphology, I investigated changes 

in microglia morphology in the hypothalamic arcuate nucleus (ARC) of fed and fasted 

mice, using an antibody for iba-1 as a marker for microglia (Fig 1A). Interestingly, 

fasted mice had decreased total dendrite length, branch points, and terminal points 

than fed mice, but soma size did not differ between the two groups of mice (Fig 1B-E). 

In addition, I measured the number of microglia in the hypothalamic ARC to see 

whether the change in microglia morphology is affected by the number of microglia in 

the hypothalamic ARC. The number of hypothalamic ARC microglia had not been 

changed in mice fasted overnight compared to normally fed mice (Fig 1F). These 

findings suggest that fasting affects the morphology of hypothalamic ARC microglia. 

 

Food deprivation has no effect on the microglial process in any other region of 

the brain than the hypothalamus. 

Feeding behavior is closely associated with various hypothalamic nuclei such as the 

paraventricular nucleus (PVN), dorsomedial (DMH) and ventromedial (VMH) 

hypothalamus. Therefore, I next investigated whether microglia morphology of the 

PVN, VMH and DMH is affected by food deprivation. The iba-1 was observed in the 

PVN, VMH and DMH (Fig 2A, E, I). The fasted mice did not show a difference in 
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morphological parameters (process length, branch points and terminal points) in PVN 

(Fig 2B-D), VMH (Fig 2F-H) and DMH (Fig 2J-L) microglia compared to fed mice. Since 

the hippocampus and cortex, also reveal food deprivation-induced energy metabolism 

and neurogenesis, in addition to the hypothalamus, I next investigated whether 

microglia morphology in the hippocampus and cortex is affected by food deprivation 

(Fig 2M, Q). I analyzed changes in microglia morphology parameters in the 

hippocampus and cortex of fasted mice compared to fed mice. Fasting did not cause 

any difference in morphological parameters in the hippocampus (Fig 2N-Q) and cortex 

(Fig 2R-V) compared to fed mice. Thus, the food deprivation induced morphological 

changes of the microglia only in the hypothalamic ARC. 

 

The hypothalamic ATP levels by energy state affect the activity of microglia 

P2Y12 receptors. 

The P2Y12 receptor is involved in the change of the microglia process. In particular, 

the P2Y12 receptor activation is affected by generated ADP through hydrolysis of 

extracellular ATP. To further identify whether the change in microglia morphology is 

affected by the P2Y12 receptor, I investigated the change of ATP level in the 

hypothalamic ARC by energy state. The fasted mice showed decreased ATP levels in 

the hypothalamic ARC compared to fed mice (Fig 3A). Accordingly, I observed the 

P2Y12 receptor expression in the hypothalamic ARC by energy state. The fasted mice 

showed significantly decreased P2Y12 receptor intensity in hypothalamic ARC (Fig 

3B-C). Collectively, these observations suggest that the decreased microglia process 

in fasting status is closely related to P2Y12 receptor activation by ATP. 
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The P2Y12 receptor agonist has an effect on microglia process recovery. 

It has been well established that the P2Y12 receptor activation is involved in the 

morphological changes of microglia in the central nervous system. Thus, to determine 

whether the decreased P2Y12 receptor activation influences the microglia process, 

mice were administered with 2MEsADP, a P2Y12 receptor agonist, during overnight 

fasting. 2MEsADP induced an increase in P2Y12 receptor intensity in the 

hypothalamic ARC during overnight fasting (Fig 4A, B). In addition, 2MEsADP 

increased microglia process length, branch points and terminal points in the 

hypothalamus (Fig 4C-F). Thus, these results suggest that the regulated microglia 

process in the fasting state is affected by the P2Y12 receptor activation. 

 
Effects of P2Y12 antagonist administration on the microglia process in the 

normal condition. 

In the fasted condition, I observed a decrease in the microglia process and P2Y12 

receptors (Fig 1A, 3C).  Thus, I investigated whether the inhibition of the P2Y12 

receptor activation in the normally fed mice affects the change in microglia morphology. 

Mice were administered with PSB 0739, a P2Y12 receptor antagonist, to normally fed 

mice and P2Y12 receptor activation was observed in the hypothalamic ARC (Fig 5A). 

PSB 0739 significantly decreased P2Y12 receptor activation in the hypothalamic ARC. 

In addition, morphological parameters of hypothalamic microglia such as total process 

length, branch points and terminal points were also decreased (Fig 5C-F). Thus, these 

results indicate that the energy state regulates microglia morphology and that these 

morphological changes are associated with P2Y12 receptor activation by the energy 

state. 
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Effect of P2Y12 receptor activation on the regulation of hypothalamic neuronal 

activation. 

It has been well established that the P2Y12 receptor is involved in the morphological 

changes of microglia as well as contact with neurons. In addition, in the normal 

condition, microglia contact with neurons is associated with inhibition of neuronal 

activation. Therefore, I examined whether change in P2Y12 receptor activation by 

2MEsADP and PSB0739 is involved in the regulation of hypothalamic neuronal 

activation (Fig 6A, C). First, the increased neuronal activation by overnight fasting is 

decreased by the 2MEsADP (Fig 6B). Second, in the normally fed mice, hypothalamic 

neuronal activation is increased by the PSB 0739 (Fig 6D). Collectively, the 

hypothalamic microglia P2Y12 receptor activation affects regulation of the microglia 

process and decreased P2Y12 receptor activation results in decreased microglia 

contact with neurons, which induces to increase in neuronal activation in the 

hypothalamus. 
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Figures 

 
 
Figure. 1 Morphological change of the hypothalamic microglia in the fasting 

status 

Analysis of morphological changes in hypothalamic microglia using 3D reconstruction. 

Representative immunohistochemical images (A) and calculated graphs show that the 

total process length (B), branch points (C) and terminal points (D) were decreased in 

18 h fasted mice compared to normal fed mice. Hypothalamic microglia soma size (E) 
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and number (F) were not different in each group of mice. Data are presented as mean 

± SEM. (n=3 sections of 4 mice/group). **p<0.01and ***p<0.001. ns, not significant. 

Scale bar = 100 μm. 
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Figure. 2 Morphological changes of the microglia in the various brain regions 

in fasting status. 

Morphology of the microglia does not change in various hypothalamic nuclei and other 

brain regions. To analyze the hypothalamic nuclei and other brain regions, morphology 

of iba-1 positive microglia was measured in hypothalamic nuclei (DMH, VMH and 

PVN), hippocampus and cortex of fasted and fed mice. (A-L) Iba-1 positive 

morphology did not change in DMH (A-D), VMH (E-H) and PVN (I-L) of fasted mice 

compared to control mice. In addition, microglia morphology in the hippocampus and 

cortex were not changed in fasted mice compared to control mice (M-T). Data are 

presented as mean ± SEM (n=3 sections of 4 mice/group). ns, not significant. 
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Figure. 3 P2Y12 receptor activation of microglia is affected by ATP level of the 

hypothalamus. 

Overnight fasting-induced P2Y12 receptor intensity, ATP and ADP level were 

measured in the hypothalamic ARC. ATP and ADP contents are measured by 

luminescence assay in the hypothalamic ARC. (A) ATP content was significantly 

decreased in the 18 h fasted mice compared to control mice. (n=4 mice/group). (B-D) 

Representative immunohistochemical images (B, C) and calculated graph (D) show 

decreased P2Y12 intensity in the fasted mice compared to control mice in the 

hypothalamic ARC (n=3 sections of 4 mice/group). Data are presented as mean ± 

SEM. *p<0.05 and **p<0.01. Scale bar = 100 μm. 
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Figure. 4 The P2Y12 receptor activity is affected the hypothalamic microglia 

morphology in the fasting status. 

P2Y12 receptor agonist-induced increase of P2Y12 receptor intensity increased 

microglia process after 18 h fasting in the hypothalamic ARC. To identify effect of the 

P2Y12 receptor agonist, overnight fasted mice were icv injection of P2Y12 receptor 
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agonist 2ME-SADP (100 μmol/2 μl), and then microglia (Iba-1) and P2Y12 (P2Y12) 

were analyzed in hypothalamic ARC using immunohistochemistry. (A-B) 

Representative images (A) and calculated graph (B) show an increase in the P2Y12 

receptor intensity after 18 h fasting by the 2MEsADP compared to control mice. (C-F) 

Representative images (C) and calculated graphs (D-F) show an increase in microglia 

morphological parameters such as total process length (D), branch points (E) and 

terminal points (F) by the 2MEsADP after 18 h fasting compared to control mice. Data 

are presented as mean ± SEM (n=3 sections of 4 mice/group). *p<0.05 and ***p<0.001. 

Scale bar = 100 μm. 
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Figure. 5 Effect of the P2Y12 receptor antagonist on the microglia morphology 

in fed mice 

P2Y12 receptor antagonist-induced decrease of the P2Y12 receptor intensity resulted 

in a decrease in microglia process in the hypothalamic ARC. To identify effect of the 

P2Y12 antagonist, normally fed mice were icv injected with of PSB0739 (3ug/ul), and 

then microglia morphology (iba-1) and P2Y12 (P2Y12) were analyzed in the 

hypothalamic ARC using immunohistochemistry. (A, B) Representative images (A) and 

calculated graph (B) show a decrease in the P2Y12 receptor intensity by the PSB0739 
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in normally fed mice compared to control mice. (C-F) Representative images (C) and 

calculated graphs (D-F) show a decrease in microglia morphological parameters such 

as total process length (D), branch points (E) and terminal points (F) by the PSB0739 

in normally fed mice compared to control mice. Data are presented as mean ± SEM 

(n=3 sections of 4 mice/group). **p<0.01 and ***p<0.001. Scale bar = 100 μm. 
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Figure. 6 Effect of the P2Y12 receptor activity on the neuronal activation in the 

hypothalamus. 

Hypothalamic neuronal activation was decreased in the hypothalamic ARC by the 

P2Y12 receptor agonist after overnight 18h fasting, also in normal fed mice 

hypothalamic neuronal activation is increased by the P2Y12 receptor antagonist. To 

identify the effect of the P2Y12 receptor agonist and antagonist, overnight fasted mice 

were icv injection of 2MEsADP and normal fed mice were icv injection of PSB0739, 
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and then c-fos, a neuronal activation marker, were analyzed in the hypothalamic ARC 

using immunohistochemistry. (A-B) Representative images (A) and calculated graph 

(B) show a decrease in the neuronal activation by the 2MEsADP in the overnight fasted 

mice. (C, D) Representative images (C) and calculated graphs (D) show an increase 

in the neuronal activation by the PSB 0739 in normally fed mice. Data are presented 

as mean ± SEM (n=3 sections of 4 mice/group). **p<0.01. Scale bar = 100 μm. 
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Discussion 

In this study, I found that the decreased process in the microglia of the hypothalamus 

was caused by the decreased expression of the P2Y12 receptors in the fasted state. 

In addition, changes in P2Y12 receptor activation are closely related to hypothalamic 

neuronal activation by energy state. These results show that the morphology of the 

microglia by P2Y12 receptor in the normal environments is an important regulator of 

the hypothalamic neuronal activity by energy state. 

Microglia are present overall in the brain and perform surveillance on surrounding 

neurons through continuous morphological changes such as process extension and 

retraction (21). The ramified and amoeboid microglia are representative morphologies 

that are affected by physiological and pathological conditions such as inflammation 

and brain injury (3, 4). The P2Y12 receptor, which is a homeostatic microglia marker, 

is an important indicator in the morphological changes in microglia (23). Microglia 

P2Y12 receptors are activated by extracellular ADP in the brain, which affects the 

microglia process extension or retraction (14-16). Mice with controlled P2Y12 receptor 

activation had decreased microglial processes as well as decreased direct interaction 

with neurons (13). These previous results suggest that physiological conditions 

exerting change in ATP levels in the brain may induce a morphological change of the 

microglia through P2Y12 receptor signaling, which affects the microglial interaction 

with neurons. In this study, I observed that microglia process length and P2Y12 

receptor expression are decreased in the hypothalamic ARC during overnight fasting. 
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This change suggests that the change of microglia morphology in the hypothalamic 

ARC is caused by decreasing the P2Y12 receptor expression.  

Previous reports showed that the mitochondria of the hypothalamic AgRP and POMC 

neurons undergo fission during overnight fasting, which results in a decrease in ATP 

generation (19, 20). Thus, I examined whether overnight fasting affects ATP, ADP and 

P2Y12 receptor levels in hypothalamic ARC. The content of ATP and ADP decreased 

dramatically in the hypothalamic ARC. Moreover, this food deprivation also caused a 

decreased expression of P2Y12 in the ARC. Thus, I administered 2MEsADP, a P2Y12 

receptor agonist, to mice that had fasted overnight and analyzed P2Y12 receptor 

expression and morphological parameters of microglia. After administration of the 

2MEsADP, the P2Y12 receptor and microglia process length were increased 

compared to fasted mice. In association with these, administration of PSB 0739, a 

P2Y12 receptor antagonist, causes the P2Y12 receptor and microglia process length 

to decrease in normal fed mice.  

The present results show that microglia morphology is regulated in hypothalamic ARC 

by the P2Y12 receptor during overnight fasting. These microglia morphologies and 

P2Y12 expression changes are closely associated with contact with neurons. From 

this point of view, I examined whether hypothalamic neuronal activation is regulated 

by the 2MEsADP and PSB 0739 in fed and fasted mice. Hypothalamic neuronal 

activation is decreased by 2MEsADP in fasted mice. However, the neuronal activation 

of normally fed mice is increased by PSB 0739. Microglia contact with neurons is 

correlated with a decrease in neuronal activation. It is well known that hunger signals 

induce AgRP neuronal activity and AgRP is responsible for compensating for the 
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energy deficiency in the body (ref). Therefore, it is an interesting further question 

whether fasting-induced changes in microglia morphology are closely related to AgRP 

neuronal activity. 

Overall, the present data show that the microglia morphology was affected by 

overnight fasting, which shows that changes in microglia are associated with P2Y12 

receptors and hypothalamic ATP levels. In addition, the change of hypothalamic 

neuronal activation is affected by microglia morphology, which is regulated by P2Y12 

receptor activation. 
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CHAPTER 2 

 

Activation of the hypothalamic AgRP neurons is regulated 

through contact with hypothalamic microglia 
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Abstracts 
 
Microglia perform an essential role in maintaining brain homeostasis. In addition, 

microglia metabolic flexibility recognizes changes in the brain environment and 

performs functions that are suitable for the changing environment through contact with 

neurons. Microglia contact with neurons, which is mediated by various soluble factors 

containing ATP as well as contact-dependent mechanisms, is critical for neuronal 

activation and synaptic development in a healthy brain. In particular, the contact of the 

ATP of neurons and the P2Y12 receptor of microglia is involved in neuronal inhibition 

caused by generated adenosine through activated purinergic signaling. However, it is 

unclear whether the decreased ATP in the hypothalamic arcuate nucleus (ARC) 

according to energy starvation affects the contact of microglia with AgRP neurons. 

Moreover, it is unclear whether the activation of AgRP neurons is regulated by 

adenosine generated by contact with microglia. Interestingly, I observed that microglia 

contact with AgRP neurons was decreased during overnight fasting and that the 

contact with AgRP neurons increased when microglia P2Y12 receptor activation was 

increased. In addition, the increased contact of microglia with AgRP neurons during 

overnight fasting induces an increase of purinergic signaling mediators such as CD39, 

vesicular nucleotide transporter (vNUT) and adenosine 1 receptor (A1R) in the 

hypothalamic ARC. Thus, hypothalamic AgRP neuronal activation is affected by the 

microglia contact through P2Y12 receptor activation according to the energy state as 

well as the purinergic signaling in the microglia and AgRP neurons through microglia 

contact with AgRP neurons.  



33 

 

 

Introduction 
 
Microglia are representative of immune cells in the central nervous system and are 

involved in maintaining brain homeostasis by performing phagocytosis and direct 

contact with neurons in pathological and physiological conditions (1-3). In a healthy 

brain, microglia are in a state referred to as "ramified microglia" that indicates a longer 

process length and many branching processes. Ramified microglia contact with 

surrounding neurons can remove the neurons' nonfunctional synapses and monitor 

the entire brain environment (4, 5). Thus, recent studies are focused on identifying 

functions of the microglia in a healthy brain. Recent studies show that the interaction 

between the generated ATP from mitochondria of neurons and the P2Y12 receptor in 

microglia is critical for the regulation of contact between microglia and neurons and 

neuronal activation (6, 7). My previous study showed that the microglia process was 

decreased in the hypothalamic ARC during energy starvation. In addition, this 

decrease in the microglia process was affected by the P2Y12 receptor activation 

according to the ATP level in the brain. However, it is unknown whether hypothalamic 

neurons cause changes in microglia contact by regulating ATP generation. 

From the point of view of mitochondria, many studies have shown that mitochondrial 

morphology of hypothalamic neurons and glia change according to the energy state 

(8). ATP generation from the mitochondria of neurons is regulated by mitochondrial 

fusion and fission (9, 10). In particular, the mitochondria morphology of the 

hypothalamic AgRP and POMC neurons are changed to fission morphology during 

energy starvation. However, mitochondria morphology is relatively constant during 

starvation in glial cells (8). It is suggested that these morphological changes of 
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mitochondria in AgRP and POMC neurons reflect the decrease of ATP generation 

during energy starvation. Therefore, it is possible that the decrease of ATP in AgRP 

and POMC neurons affects the contact of these neurons with microglia through the 

regulation of the P2Y12 receptor activation. 

In the neurons, the generated ATP regulates intracellular homeostasis or is released 

to extracellular through vesicular nucleotide transporter and various ion channels (11-

13). Microglia make contact with neurons by increasing the P2Y12 receptor cluster in 

response to released ATP. At this time, microglia contact with neurons activates 

purinergic signaling of microglia that induces degradation of ATP into adenosine by 

microglia ectonucleotidase CD39 and CD73 (6). Previous studies showed that 

expression of A1R, which is involved in the inhibition of neurons, was decreased in the 

hypothalamic AgRP neurons during energy starvation (14). This evidence suggests 

that the morphology of microglia, which changes depending on energy state, may be 

involved in AgRP neuron activation by regulating adenosine generation through 

change of contact with AgRP neurons. Therefore, I investigated whether the microglia 

contact with AgRP neurons changes by energy state and whether AgRP neuronal 

activation is regulated by microglia contact with AgRP neurons through interaction 

between ATP generated by AgRP neurons with microglia P2Y12 receptors. 
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Materials and Methods 

 

Animals and experiment design 

Mice were maintained in temperature- and humidity-controlled rooms with a 12 h light 

- 12 h dark cycle, with the lights on from 7:00 a.m. to 7:00 p.m. and ad libitum and 

given free access to tap water. AgRP-Cre mice (Stock No. 012899, Jackson 

Laboratory, Bar Harbor, ME, USA) were crossbred with Rosa26-lox-stop-lox-tdTomato 

mice (Ai14 reporter mice) to indicate all AgRP-expressing cells with tomato signals 

(AgRP-Cre;Ai14 mice). For the food deprivation experiments, food was removed for 

18 hours (from 4:00 p.m. to 10:00 a.m.). 

 

Cannulation and administration of P2Y12 receptor agonist and antagonist 

For intracerebroventricular (i.c.v) cannula implantation, mice were anesthetized by i.p 

injection of tribromoethanol (250 mg/kg, Sigma-Aldrich) and placed in a stereotaxic 

apparatus (Stoelting, Wood Dale, IL, USA). The cannula (26 gauge) was implanted 

into the right lateral ventricle (1.0 mm lateral, 0.3 mm posterior, and 2.4 mm ventral to 

the bregma) according to the Stereotaxic Mouse Brain Atlas (Paxinos G and Franklin 

KBJ, 2001, Academic Press, San Diego, CA, USA) and secured to the skull with dental 

cement. After 7 days of recovery, mice were injected with vehicle (saline) or with 2ME-

sADP (100 μmol/2 μl, Tocris, Minneapolis, NE, USA) after overnight fasting. In addition, 

the normal fed mice were injected with PSB 0739 (3ug/ul, Tocris, Minneapolis, NE, 

USA). For immunohistochemistry analysis, mice were sacrificed 1 h after the injection 

of the 2ME-sADP, and the mice were sacrificed 3h after the injection of the PSB 0739. 
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Immunohistochemistry (IHC) 

Animals were deeply anesthetized with tribromoethanol and transcardially perfused 

with phosphate buffer (PB, 0.1 M, pH 7.4), followed by a fresh fixative of 4% 

paraformaldehyde in PB. Brains were post-fixed overnight at 4°C, sliced to a thickness 

of 50 μm using a vibratome (VT1000P; Leica Microsystems, Wetzlar, Germany), and 

then washed several times in PB. Coronal brain sections containing the hypothalamic 

arcuate nucleus (ARC) were preincubated with 0.3% Triton X-100 (T8787, Sigma-

Aldrich) in PB for 30 min to permeabilize the tissues and cells. After further washing 

with PB, the sections were treated with primary antibodies overnight at 4°C; as follows 

rabbit anti-P2Y12 (1:1,000; 848002, Biolegend, CA, USA), mouse anti-c-fos antibody 

(1:1,000; sc-166940, Santa Cruz, Dallas, TX, USA) rabbit anti-AgRP (1:1000, H-003-

57, Phoenix, Burlingame, CA, USA) and sheep anti-α-melanocyte stimulating 

hormone (MSH) antibody (1:10000; AB5087, Millipore, Billerica, MA, USA). On the 

next day, sections were washed in PB. For immunofluorescence staining, sections 

were incubated with the following secondary antibodies for 3 h at room temperature: 

goat anti-mouse Alexa Fluor 488 (1:500; A11001, Invitrogen, Carlsbad, CA, USA), goat 

anti-rabbit Alexa Fluor 488 (1:500; A11018, Invitrogen), goat anti-mouse Alexa Fluor 

647 (1:500; A21235, Invitrogen) and donkey anti-sheep Alexa Fluor 594 (1:500; 

A11016, Invitrogen). Stained brain sections were imaged using an FV-1200 confocal 

laser-scanning microscope (Olympus America, Inc., Center Valley, PA, USA). 

 

IHC image analyses  

The microglia contact with AgRP neurons was measured by using the ColocSurfasce 

Render plug-in in the Imaris 3D software (Bitplane, Zurich, Switzerland). The intensity 
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of AgRP and α-MSH fiber intensity and particle number, and CD39 and A1R intensity 

were measured using ImageJ V 1.50 software (National Institutes of Health, Bethesda, 

MD) in the PVN and ARC. Region of interest (ROI) within an image was manually 

selected with the Mouse Brain Atlas for ARC (ARC: between -1.46 and -1.82 mm from 

bregma). The images were converted to 8-bit images and a threshold was applied. 

The images were binarized to separate the immuno-positive cells from the background. 

The number of immune-positive cells in the hypothalamus was counted by unbiased 

observers. 

 

Statistical analyses 

Statistical analyses were performed in GraphPad Prism 5 software (GraphPad 

Software, San Diego, CA, USA). All data are expressed as the mean  SEM. The 

statistical significance between two groups was analyzed by unpaired Student’s t-test.   
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Result 
 
Fasted state affects the contact of microglia with AgRP neurons in the 

hypothalamic ARC 

My previous studies showed that the expression of the P2Y12 receptor in the 

hypothalamic ARC was closely related to the energy state. In addition, the P2Y12 

receptor of microglia was reported that direct contact with neurons. Thus, to determine 

whether energy deprivation affects hypothalamic microglia contact with AgRP neurons, 

I investigated changes in microglia contact in the hypothalamic ARC of fed and fasted 

mice, using an antibody for P2Y12 (Fig 1A, C). The fasted mice had decreased 

microglia contact with AgRP neurons compared to normally fed mice (Fig 1B) and 

decreased microglia contact coverage with AgRP neurons (Fig 1D). These findings 

suggest that decreased P2Y12 receptor activation in fasted mice affects contact with 

AgRP neurons. 

 

P2Y12 receptor of microglia affects the contact with the AgRP neurons. 

To determine whether the P2Y12 receptor activation affects microglia contact with 

AgRP neurons, I administered 2MEsADP with fasted mice (Fig 2C) and PSB 0739 with 

normally fed mice (Fig 2G) and analyzed microglia contact with AgRP neurons 

compared to each control mice (Fig 2A, E). In the fasted mice, after administration of 

2MEsADP, microglia contact with AgRP neurons and microglia coverage on AgRP 

neurons is increased compared to the fasted mice (Fig 2B, D). However, after 

administration of PSB 0739 to normally fed mice, microglia contact with AgRP neurons 

was decreased (Fig 2F), as was microglia coverage on AgRP neurons (Fig 2H). These 
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results showed that microglia contact with AgRP neurons is closely related to P2Y12 

receptor activation of microglia by energy state. 

 

AgRP neuronal activation changes contact with microglia during the fasted 

state in the hypothalamic ARC. 

I found decreased contact in microglia with the AgRP neurons in the hypothalamic 

ARC during the fasted state (Fig 1). It is well known the hypothalamic AgRP neurons 

activate in the fasted state. Thus, I aimed to test whether the change of microglia 

contact with AgRP neurons by neuronal activation. I used the c-fos, a representative 

neuronal activation marker, and investigate the microglia contact with c-fos positive 

AgRP and c-fos negative AgRP during the fasted state (Fig 3A). Interestingly, the 

contact of microglia with AgRP neurons during the fasted state is dramatically 

decreased in c-fos positive AgRP neurons compared to c-fos negative AgRP neurons 

(Fig 3B), and also decrease in microglia coverage to c-fos positive AgRP neurons (Fig 

3C). These results suggest that microglia contact with AgRP neurons was associated 

with inhibition of neuronal activity. 

 

P2Y12 receptor activation of microglia is important for AgRP neuronal activation 

in the fasted state. 

Next, I aimed to investigate whether the change in microglia contact with AgRP 

neurons through 2MEsADP during the fasted state affects the AgRP neuronal 

activation in the hypothalamic ARC. Thus, I examined the number of contacted AgRP 

neurons in the microglia after administration of 2MEsADP in the fasted state. The 
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number of contacted AgRP neurons was increased by increasing the P2Y12 receptor 

activation of microglia during the fasted state (Fig 4A-C). Interestingly, at this time, c-

fos positive AgRP neurons were decreased and c-fos negative AgRP neurons were 

increased in the hypothalamic ARC (Fig 4D-G) but did not differ in the total number of 

the AgRP neurons compared to fasted mice (Fig 4H). Next, I investigated whether 

increased P2Y12 receptor activation during the fasted state really affects the 

melanocortin system of the paraventricular nucleus (PVN) and feeding behavior. After 

administration of the 2MEsADP in the 18 h fasted mice, showed a decreased feeding 

response compared to fasted mice during the 1 to 2 hours (Fig 4I). In addition, 

2MEsADP induced a decrease in the number and intensity of AgRP fibers in the PVN 

(Fig 4J-M), and alpha-MSH fibers number and intensity (Fig 4N-Q), as well as neuronal 

activation in the PVN (Fig R-T), were increased. These observations suggest that 

P2Y12 receptor activation of microglia is associated with AgRP neuronal activation 

during the fasted state. 

 

P2Y12 receptor did not affect AgRP neuronal activation in the fed state. 

To examine the effect of the P2Y12 receptor on AgRP neuronal activation, I 

administered PSB 0739 to normally fed mice and analyzed the number of contacted 

AgRP neurons in the microglia (Fig 5A-C). The number of contacted AgRP neurons to 

the microglia was decreased in the normally fed mice by PSB 0739 (Fig 5C). However, 

the number of c-fos negative (Fig 5F), c-fos positive AgRP (Fig 5G), and total AgRP 

neurons (Fig 5H) were not different compared to control mice. Thus, the P2Y12 

receptor activation of microglia affects contact with AgRP neurons but not AgRP 

neuronal activation. 
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The AgRP neuronal activation through the P2Y12 receptor of microglia is 

associated with purinergic signaling. 

Previous studies showed that purinergic signaling in the microglia was important for 

various cell functions in the CNS. In addition, microglia's response to extracellular ATP 

was related to contact with neurons. Next, I investigated whether the AgRP neuronal 

activation through microglial contact with AgRP neurons was regulated by purinergic 

signaling. Thus, the purinergic signaling mediators such as vNUT (vesicular nucleotide 

transporter) and adenosine 1 receptor in AgRP neurons and CD39 in microglia were 

observed according to energy state. First, I observed the CD39 of microglia that is 

involved in hydrolysis of ADP and AMP through extracellular ATP. The CD39 intensity 

of microglia was decreased by the fasted state in the hypothalamic ARC. Next, I 

measured the number of vNUT positive AgRP neurons that are involved in ATP release 

to extracellular. The fasted state also reduced the number of vNUT positive AgRP 

neurons in the hypothalamic ARC. Additionally, I measured the A1R intensity in the 

AgRP neurons with normally fed and fasted mice. The A1R intensity of AgRP neurons 

was decreased by the fasted state in the hypothalamic ARC. These observations 

suggest that purinergic signaling is associated with an energy state such as the fasted 

state. 

 

P2Y12 receptor activation of microglia is related to purinergic signaling 

I found increased contact in microglia with the AgRP neurons after administration of 

2MEsADP in fasted mice (Fig 2C, D), and decreased AgRP neuronal activation (Fig 

4D-G). In addition, the purinergic signaling of microglia and AgRP neurons is affected 

by the energy state (Fig 6). Thus, I administered 2MEsADP with fasted mice and 
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analyzed purinergic signaling mediators (CD39, vNUT and A1R). After administration 

of 2MEsADP, CD39 intensity of microglia (Fig 7A-C), the number of the vNUT positive 

AgRP neurons (Fig 7D-F) and A1R intensity of AgRP neurons (Fig 7G-I) was 

decreased compared to fasted mice in the hypothalamic ARC. Collectively, these 

observations suggest that AgRP neuronal activation is regulated by microglia contact 

through the P2Y12 receptor activation and purinergic signaling. 
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Figures 

 

Figure 1. Change of microglia contact with AgRP neuron by the fasted state 

IHC uses antibodies against P2Y12, a marker of homeostatic microglia, was 

performed the analysis of microglia contact with AgRP neurons (tomato signals) in the 

hypothalamic ARC using 3D reconstruction. Representative immunohistochemical 

images (A, C) and calculated graphs show that the ratio of contacted microglia to the 

AgRP neurons (B) and microglia coverage on AgRP neurons (C) was decreased in 18 

h fasted mice compared to normally fed mice. Data are presented as mean ± SEM. 

(n=3 sections of 4 mice/group). *p<0.05 and ***p<0.001. Scale bar = 100 μm. 
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Figure 2. Effects of the P2Y12 receptor activation on the contact with AgRP 

neurons 

P2Y12 receptor agonist induces the increase of microglia contact with AgRP neurons 

after 18 h fasting in the hypothalamic ARC. In addition, the P2Y12 receptor antagonist 

induces the decrease of microglia contact with AgRP neurons in normally fed mice. To 

identify the contact effect of the P2Y12 receptor agonist and antagonist, overnight 
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fasted mice were icv injection of P2Y12 receptor agonist 2MEsADP (100 μmol/2 μl) 

and normally fed mice were icv injection of P2Y12 receptor antagonist PSB 0739 

(3ug/ul). Representative images (A, C) showing P2Y12 of microglia and AgRP-specific 

tomato signals in the hypothalamic ARC of AgRPcre; Ai14 mice and calculated graphs 

(B, D) show an increase of microglia contact with AgRP neurons after 18 h fasting by 

the 2MEsADP compared to control mice. Representative images (E, G) showing 

P2Y12 of microglia and AgRP-specific tomato signals in the hypothalamic ARC of 

AgRPcre; Ai14 mice and calculated graphs (B, D) show a decrease of microglia 

contact with AgRP neurons normally fed mice by the PSB 0739 compared to control 

mice. Data are presented as mean ± SEM (n=3 sections of 4 mice/group). *p<0.05 

and **p<0.01. Scale bar = 100 μm. 
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Figure 3. Change of contact with AgRP neuron of microglia by neuronal 

activation in fasted state 

P2Y12 receptor of contact with c-fos positive AgRP neurons was decreased during the 

18 h fasting state compared to c-fos negative AgRP neurons. To analyse the difference 

in microglia contact of activated AgRP neurons compared to non-activated AgRP 

neurons using 3D reconstruction. Representative images (A) and calculated graphs 
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(B, C) show a decrease in the number of microglia contact (B) and coverage (C) with 

c-fos positive AgRP neurons in the fasting state compared to c-fos negative AgRP 

neurons. Data are presented as mean ± SEM (n=3 sections of 4 mice/group).  

***p<0.001. Scale bar = 100 μm. 
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Figure 4. The regulation of P2Y12 receptor activation affects hypothalamic AgRP 

neuronal activation in the fasted state. 

Hypothalamic AgRP neuronal activation was decreased in the hypothalamic ARC by 

the 2MEsADP after 18 h fasting. To determine whether increased microglia contact 

with AgRP neurons by the 2MEsADP affects AgRP neuronal activation, fasted mice 

were icv injected with 2MEsADP and analyzed the number of activated AgRP neurons, 

melanocortin system of the PVN and feeding behavior. (A-C) Representative images 

(A, B) and calculated graphs show an increase in the number of contacted AgRP 

neurons to microglia compared to fasted mice. (D-H) Representative images (D, E) 

and calculated graphs show did not differ the number of total AgRP neurons (F). c-fos 

negative AgRP neurons were increased (F) and c-fos positive AgRP neurons were 

decreased (G) in the fasted state by the 2MEsADP. (n=3 sections of 5 mice/group). 

The administered mice with 2MEsADP were decreased food intake compared to 

fasted mice (I).  (J-M) Representative images (J, K) and calculated graphs show a 

decrease AgRP immuno-positive signals such as intensity (L) and particle number of 

AgRP (M) in the PVN by the 2MEsADP. (N-Q) Representative images (N, O) and 

calculated graphs (P, Q) show an increase of α-MSH immuno-positive signals such as 

intensity (P) and particle number of α-MSH (Q) in the PVN by the 2MEsADP. (R-T) 

Representative images (R, S) and the calculated graph show an increase in the 

number of c-fos (T) in the PVN by the 2MEsADP. Data are presented as mean ± SEM 

(n=3 sections of 4 mice/group).  *p<0.05, **p<0.01 and ***p<0.001. ns, not significant. 

Scale bar = 100 μm. 
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Figure 5. The regulation of P2Y12 receptor activation did not affect AgRP 

neuronal activation in the normally fed mice. 

Hypothalamic AgRP neuronal activation was not changed in the normally fed mice by 

the PSB 0739. To determine whether decreased P2Y12 receptor activation in the 

normally fed mice affects AgRP neruonal activation, normally fed mice were icv 

injected with PSB 0739 and analyzed the number of activated AgRP neurons. (A-C) 

Representative images (A, B) and calculated graph show a decreased contacted 

AgRP neuron (C) to microglia by the PSB 0739. (D-H) Representative images (D, E) 
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and calculated graphs show not differences was observed the number of total AgRP 

neurons (F), c-fos negative AgRP neurons (G) and c-fos positive AgRP neurons (H) 

after administration of PSB0739 in the normally fed mice. Data are presented as mean 

± SEM (n=3 sections of 5 mice/group).  **p<0.01. ns, not significant. Scale bar = 100 

μm. 
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Figure 6. Purinergic signaling in the hypothalamic ARC is affected by the energy 

state 

To identify the effects of change in activation of AgRP neurons by the energy state, 

immunohistochemical analyses were performed to normally fed mice and fasted mice. 

(A-C) Representative images (A, B) and calculated graph show a decrease of CD39 

intensity in the microglia during 18 h fasting state compared to normally fed mice. (D-

F) Representative images (D, E) and calculated graph show a decrease of vNUT 

positive AgRP neurons (F) in the hypothalamic ARC during 18 h fasting state 

compared to normally fed mice. (G-I) Representative images (G, H) and calculated 

graph show a decrease of A1R intensity in the AgRP neurons during 18 h fasting state 

compared to normally fed mice. Data are presented as mean ± SEM (n=3 sections of 

4~5 mice/group).  *p<0.05 and **p<0.01. Scale bar = 100 μm. 
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Figure 7. Purinergic signaling of microglia is affected by P2Y12 receptor 

activation 

To investigated whether the after administration of 2MEsADP to the fasted mice the 
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increase of microglia contact with AgRP neurons and inhibition of AgRP neuronal 

activity were affected by the purinergic signaling, after administered 2MEsADP with 

the fasted mice were performed to immunohistochemistry analyses. (A-C) 

Representative images (A, B) and calculated graphs show an increase of CD39 

intensity in microglia (C) by the 2MEsADP. (D-F) Representative images (D, E) and 

calculated graphs show an increase of vNUT positive AgRP neurons (F) in the 

hypothalamic ARC by the 2MEsADP. (G-I) Representative images (G, H) and the 

calculated graph show an increase of A1R intensity in the AgRP neurons (I) by the 

2MEsADP.  Data are presented as mean ± SEM (n=3 sections of 4~5 mice/group).  

*p<0.05 and **p<0.01. Scale bar = 100 μm. 
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Discussion  

In this study, I found that microglia P2Y12 receptor activity is regulated by energy state 

and, is closely related to microglia contact with AgRP neurons. The contact is important 

in regulation of hypothalamic AgRP neuronal activation. These results show that 

hypothalamic microglia is a crucial mediator of AgRP neuronal activation according to 

the energy state. 

The contact of microglia is induced by various soluble factors and synaptic plasticity-

related genes in the neurons in the central nervous system (15). It has recently been 

reported that the P2Y12 receptor of microglia is important for contact with neuronal 

secreted ATP (6). In addition, the microglia contact affects neuronal activities such as 

neural survival and circuitry formation, which is essential for neuronal activation, in a 

healthy brain (1-3). Previous studies showed that the P2Y12 receptor of microglia is a 

homeostatic marker of microglia, which is involved in the microglia process extension 

or retraction (3, 16). Thus, the P2Y12 receptor of microglia is a crucial regulator of 

hypothalamic neuronal activation. My previous research found that microglia 

morphological alterations are related to P2Y12 receptor activation and that regulation 

of P2Y12 receptor activation affects hypothalamic neuronal activation. These findings 

suggested that the microglia P2Y12 receptor is an important regulator of microglia 

morphology and neuronal activation in the hypothalamic ARC. Therefore, I observed 

whether contact of the P2Y12 receptor in microglia on the AgRP neurons was changed 

during energy starvation. The contact of microglia was decreased for the AgRP 

neurons during overnight fasting in the hypothalamic ARC. In particular, when P2Y12 

receptor activation was regulated through a P2Y12 agonist and an antagonist, 
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microglia contact was changed for the AgRP neurons by energy state. This change 

suggests that the P2Y12 receptor of microglia is an important regulator for the 

hypothalamic microglia process as well as contact with AgRP neurons 

It is well known that activated hypothalamic AgRP neurons induce increased food 

intake and decreased energy expenditure during overnight fasting and then regulate 

energy homeostasis (17-19). At this time, c-fos that is a neuronal activity marker is 

increased in the AgRP neurons of the hypothalamic ARC. Thus, I examined whether 

the contact of microglia in activated AgRP and non-activated AgRP neurons is 

changed during overnight fasting. Interestingly, the contact of microglia with the c-fos 

positive AgRP neurons was dramatically decreased during overnight fasting compared 

to the c-fos negative AgRP neurons. Previous studies reported that microglia contact 

with the neurons is involved in the decrease in neuronal activation (6). On the basis of 

the aforementioned study, this observation suggests that contact of microglia with the 

AgRP neurons is associated with neuronal inactivation. Therefore, I focused on the 

number of non-activated AgRP neurons induced by the administration of 2MEsADP 

after overnight fasting. Interestingly, the number of c-fos negative AgRP neurons 

contacted with microglia is increased after the administration of 2MEsADP after 

overnight fasting, but the number of c-fos positive AgRP neurons contacted with 

microglia was decreased. In association with this, after administration of PSB 0739 to 

normally fed mice, I investigated the number of AgRP neurons contacting with the 

microglia. In normally fed mice, the number of AgRP neurons in contact with microglia 

decreased after administration of PSB 0739, but the number of c-fos negative and 

positive AgRP neurons did not change when compared to control mice. Thus, these 

observations suggest that the contact of microglia for the AgRP neurons in the fasting 
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status affects the hypothalamic AgRP neuronal activation. 

Recent studies show that regulation of neuronal activation through microglia is related 

to purinergic signaling by the contact of microglia (6). In a healthy brain, microglia are 

involved in the synaptic pruning and synaptic functions, which are partly regulated 

through purinergic signaling of microglia with neurons. In particular, crucial mediators 

in the purinergic signaling are extracellular ATP and CD39, adenosine and adenosine 

receptors (20, 21). The various evidences from the previous studies suggested that 

contact of microglia with AgRP neurons in the hypothalamic ARC is associated with 

purinergic signaling. First, the ATP generation of hypothalamic AgRP neurons is 

decreased by the fasting status. Second, the A1R of hypothalamic AgRP neurons, 

which is involved in inhibition of the neuronal activation, is decreased by the fasting 

status. Thus, I examined whether the purinergic signaling is involved in the 

hypothalamic AgRP neuronal activation through contact between microglia and AgRP 

neurons in the fasting status. In the hypothalamic ARC, vesicular nucleotide 

transporter (vNUT), which is involved in the ATP release to extracellular, and A1R of 

the AgRP neurons and CD39 of microglia were decreased during the fasting state. 

Interestingly, the contact of microglia with AgRP neurons was increased by 2MEsADP. 

2MEsADP also increased purinergic signaling mediators CD39, vNUT and A1R in the 

fasting state. These results show that changes in contact of microglia with AgRP 

neurons caused by energy state affect the regulation of AgRP neuronal activation 

through purinergic signaling of CD39, ATP, and A1R in microglia and AgRP neurons. 

 

Overall, the current data show that overnight fasting affects P2Y12 receptor activation 

in microglia, which affects not only the process length of microglia but also changes in 
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contact with neurons. In addition, this change in microglia contact is important in the 

regulation of AgRP neuronal activation in the hypothalamic ARC through purinergic 

signaling. 
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