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김경환 교수님께 정말 감사를 드립니다. 그리고 약리학 교실을 위

해 항상 열정을 보여주시며 격려해주신 안영수 교수님, 월요세미

나가 끝나고 항상 마지막에 과학자로서 갖춰야 할 자세를 가르쳐 

주시며, 약리학 교실원으로 강한 자부심을 느끼게 해주신 김동구 

교수님, 항상 일에 대한 열정을 보여주시며 그 열정이 곧 일에 대

한 깊은 호기심임을 보여주신 박경수 교수님과 정재용 교수님, 다

방면에서 유능한 과학자로서 항상 본이 되어주시는 김철훈 교수

님께 감사를 드립니다. 그리고 바쁘신 시간에 학위 논문을 꼼꼼히 

검토해 주시고 조언을 아낌없이 해 주신 김종선 교수님께도 감사

를 드립니다. 또한 약리학 교실에서 함께한 교실원 분들, 그리고 

보이지 않는 곳에서 많은 도움 주시고 응원해 주시는 임종수 선

생님, 김건태 선생님, 민선자 선생님께도 감사드립니다. 
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시간에도 하나하나 정확히 꼼꼼하게 가르쳐 주셔서 너무 감사해

요. 형 덕분에 느끼고 깨달은 바가 많습니다. 고마워요, 헌영이 형. 

엄마같이(?) 따뜻한 정남 누나, 누나 때문에 정말 실험 편히 할 수 

있었어요. 누나, 웃음소리가 그리울 거예요. 예쁜 정수 누나, 누나



 
 

랑 좀 더 많은 얘기를 나눴어야 했는데, 아쉬워요. 아프지 마시고 

얼른 나으셔서 맛있는 거 사주세요. 나랑 닮은 것에 은근 싫은 내

색 안 하시는 현우 형, 형의 일에 대한 열정뿐만 아니라 술에 대

한 애착은 잊지 못 할거예요. 졸업하고 시간 날 때, 찾아 올 께요. 

회에 술 한잔 사주세요. 나를 좋아라 하시는 진세 형, 그 마음 다 

압니다. 저를 아는 사람들은 다 그래요. 형 통해서 정말 많은 것도 

알 게 되었고 진심으로 걱정해주시면서 말씀해 주셨던 것 한마디 

한마디도 잊지 못할 거예요. 내년 30, 소년 같은 소원이형, 형 내

년에 23살로 돌아가시면 제 동생 되는 거예요? 서로 일은 달랐지

만 묵묵히 일하시는 모습 보면서 정말 많은 부분을 배 울 수 있

었어요. 지금 앞에서 열심히 실험하고 있는 우리 우영 누나, 진심

으로 걱정해주고 마음 써 주고 잘 되길 바래 줘서 너무 고마웠어

요. 누나의 그 항상 쾌활하고 명랑한 모습에 저도 절로 기분이 좋

아 지는 2년 이었어요. 절대 동안 신혜 누나, 꼼꼼히 조물조물 실

험하시는 모습 볼 때면 정말 예쁘신 것 같아요. 남자 친구 분이랑 

예쁜　사랑하세요. 친구 같은 준희 누나, 사실 같은 85년 생이면 

친군데 내가 누나라고 불러서 기분 좋았지? 그래도 친구 같으면서

도 누나로 변해서 조언 해 줬을 때, 너무 고마웠어. 그리고, 내가 

본 남자 중에서 최고 동안 남주현 선생님, 선생님께서 하나하나 

신경 써 주시면서 해주신 이야기 정말 잊지 못 할 거예요. 선생님

의 “ 속도 모르고, 맘도 모르고”도 잊지 못할 거구요. 장래 애기 아

빠 재석이형, 2세 가지신 것 정말 축하 드려요. 형이랑 마라톤 한

번 더 뛰어야 되는데, 조만간 날 잡아서 이번에 Full course로 한 

번 뛰어요. 다음 날 못 걸어 다녀도. 그래도 형이랑 같이 뛰면서 

얘기 했던 시간은 잊지 못할 거예요. 미국에서 열심히 실험 하시

고 계실 예쁜 지현 누나, 같이 있었던 시간은 많지 않았지만 누나

의 실험에 대한 열정과 저에게 해주신 진심 어린 걱정과 조언은 

잊지 못 할 거예요. 역시 미국에서 장래 아빠 되실 준오 형, 형이

랑 많은 얘기는 못했지만, 마치 2년 동안 같은 실험실에서 실험 

했던 것처럼 너무 반가웠어요. 애기 축하 드려요. 대전에 계시는 

곽진오 선생님, 보고 싶어요. 남편분과 행복한 결혼 생활 이어 가

시 길 기도 할께요. 그리고, 305호를 사랑하는 사람들의 주축 멤

버인 암 연구소 사람들, 민정 누님, 지훈이형, 정우 형, 아름 누나, 

일규 형, 태진이 형, 오준이 형, 리연 누나, 지성 누나, 성경이, 언

주, 그리고 미국에 있을 평환이 형까지. 암 연구소 사람들 때문에 



 
 

같이 한 술자리 가 기분 좋았고, 함께한 실험실에서의 생활이 즐

거웠어요. 고맙습니다. 

 하나뿐인 나의 가족, 나의 어머니, 바쁘다는 핑계로 많은 걱정 안

겨드려서 죄송해요. 앞으로는 어머니의 짐을 덜어드리고 든든한 

아들이 될 수 있도록 노력 할께요. 사랑해요. 저를 친 손자처럼 키

워주신 고모 할머니, 정말 감사하고 사랑합니다. 시골에 계신 외할

머니, 자주 찾아 뵙지 못해서 죄송해요. 건강하시구요. 사랑합니다. 

또한, 제가 실험을 하면서 힘들고 지칠 때 기운을 복 돋아주고, 미

래에 대해 불확실 해 할 때 믿어주고 응원해 준 남희. 사랑하고 

항상 고마워요.  

2년 동안 배우고 깨달았던 것들 잊지 않고 한 발짝 한 발 짝 

용기 내어 나아가며 항상 발전 하는 사람이 될 수 있도록 노력하

겠습니다.   
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<ABSTRACT> 

 

Regulation of microglial immune function by store-operated calcium 

channels (SOCs) 

 

 

Dae Keon Heo 

 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Joo Young Kim) 
 

   Microglia is the immune effector cell in central nervous system (CNS) that 

participates in tissue repair, inflammatory responses and neuronal degeneration. 

Microglia differentiates into active state which shows not only morphology but 

increased chemotaxis response, phagocytosis capacity, and cytokine release1. Most 

important signaling in differentiation of immune cell is sustained calcium increase in 

cytosol which is maintained by SOCE (Store Operated Calcium Entry). Recently, 

molecular identity of SOC (Store Operated Channel) has revealed that Orais (Orai 1, 

2, 3) and STIMs (STIM1, 2) constitute SOC.  Orais are the calcium channel which 

show high selectivity to Ca2+, and STIMs are the sensor of stored calcium in the ER 

(Endoplasmic Reticulum) membrane3. In this study, we demonstrate that SOC 

mediated by Orai1 and STIM1, not by TRPCs influences the immune function of 

microglia, especially IL-6 cytokine secretion.  

  In this study, primary microglia cells from neonatal mouse brain were used, 

which show 99.8% purity with glial fibrillary acidic protein (GFAP) 
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immune-staining. Primary microglia has Orai 1, 2, 3, and STIM1, but not any 

TRPCs and STIM2. To identify the role of SOC in microglia immune functions, 

microglia was treated with siRNA Orai1 and STIM1, and then was measured for 

phagocytosis activity and cytokine secretion by ELISA (Enzyme-linked 

Immunosorbent Assay).   

   Microglial phagocytosis activity was not affected by knock down of Orai1 and 

STIM1 in both UDP treated and untreated microglial cell. In ELISA assay, TNF-α 

secretion was not siginificantly affected by knock-down of Orai1 and STIM1, 

however IL-6 secretion was dramatically decreased by siRNA Orai1 and STIM1 

treatment. To evaluate the SOC effect on the upstream signaling in immune function, 

phosphorylation of IκB signaling was measured in STIM1 knock down condition.  

These results indicate that SOC constituted by Orai1 and STIM1 influences the 

immune fuction governed by chronic calcium increase, but not transient increase, in 

microglia.  

 

 

 

 

 

 

 

 

 

 

 

 

 

---------------------------------------------------------------------------------------------------- 

Key words: Microglia, Orais, STIM1, SOCE, Phagocytosis, Cytokine 
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Regulation of microglial immune function by store-operated calcium 

channels (SOCs) 

 

 

Dae Keon Heo 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Joo Young Kim) 
 

 

I. INTRODUCTION 
  Microglial cells are often considered to be resident macrophages and play a pivotal 

role as immune cells in various types of injury and disease in brain. Their substantial 

activation in response to these pathological states results in morphological change 

from ‘ramified’ to ‘amoeboid’ cell shape, increase of phagocytic activity, which 

removes cellular debris, and secretion of various chemical mediators, including 

proinflammatory cytokines that propagates immunological actions4. Recently, a 

great deal of attention has been focused on the relation between immune fuction of 

microglia and neuronal disease. 

  There is no doubt that calcium ions (Ca2+) function as a universal second 

messenger in all eukaryotic cells. Many recent studies show that Ca2+ signals 

contribute to the cell’s morphology change, proliferation, secretion, gene expression, 

and differentiation. Above all, it is widely known that Ca2+ influx through 

store-operated calcium entry (SOCE) take an important part in cells related to 

immune system and immune diseases, such as severe combined immunodeficiency 
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(SCID)5,30.  

  Identity of molecular nature of SOC was a big question in Ca2+ research field for a 

long time. SOCs play a major Ca2+ influx pore and important role in all unexcitable 

cells including microglia6. Importance of SOCs was verified in diverse types of cells, 

but either molecular characterization of SOCs or the activation process for 

store-operated Ca2+entry had not been elucidated. Most recently, the molecular 

components of store-operated Ca2+ entry have been uncovered and the mechanism of 

SOCs regulation has been investigating. Ca2+ pore of SOC is constituted by Orais. 

Orais are a tetra-spanning plasma membrane (PM) protein and function as a highly 

Ca2+-selective channels in the PM that is gated by STIM, the endoplasmic reticulum 

(ER) Ca2+ sensor8. Microglia also has SOCs, however, no report on the expression of 

specific SOCs component in mouse microglial cells are available, so far. 

  The other component of SOC is STIM1. STIM1 is a single spanning membrane 

protein with Ca2+ binding EF-hand and appears to function as the sensor of ER 

luminal Ca2+. After store depletion, STIM1 changes its conformation in the ER 

membrane and then move to region of PM to directly induce Ca2+ influx via Orais 

for recharging the store7. 

 To address the role of SOC influx in microglial cells and its immune functions, 

siRNA knock down system was applied to primary microglial cells. Through our 

results, we found that microglial phagocytosis activity was not affected by siRNA 

Orai1 and STIM1. In addition, Tumor necrosis factor-alpha (TNF-α) secretion was 

also not significantly affected by knock down of SOC components. However, Orai1 

and STIM1 are essential for cytokine secretion, especially Interleukin-6 (IL-6) 

related to NFκB signaling. These results indicate that microglial SOCs constituted 

by Orai1 and STIM1 governs the sustained, prolonged Ca2+ signal and its related 

immune function in microglia.  
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II. MATERIALS AND METHODS 

 

   1. Microglial Primary Culture 

  Primary cultures of mouse microglia were prepared from cerebral cortices of 

1-day-old ICR mice according to the method of mild trypsinization2 with some 

modification. After microglial cells were dissected, cortical cells were seeded in 

DMEM-F12 with 10% FBS and 1% Penicillin-streptomycin, and cultured at 37℃ 

in humidified 5% CO2. Medium was replaced every 2-3 days. Confluency was 

achieved after 14 days (2 weeks) in vitro. After 2 weeks, microglial cells and a 

number of cells remained attached to the bottom of the well. Trypsin solution 

(0.25% trypsin, 1mM EDTA) diluted 1:4 in DMEM-F12 resulted in the detachment 

of an upper layer of cells in one piece. The detachment was typically completed 

after 25-35min incubation. After isolation by trypsinization, a number of cells 

except microglial cells float in the media. After floated cells were removed, 

microglial cells were grown in DMEM-F12 with 10% FBS. 

  

   2. Immunocytochemistry  

   To test purity of primary microglial cells, cells which was cultured on cover 

glasses were fixed in 3.7% formaldehyde for 15minutes and permeabilized with 

0.1% Triton X-100 for 10minutes at room temperature. Cells were blocked with 

goat serum for 1 hour. Staining was performed with Glial fibrillary acidic protein 

antibody (Purified anti-GFAP, Biolegend, San Diego, CA) and fluorescence-labeled 

secondary antibodies. Rhodamine Fluorescent images were obtained with Olympus 

BX51 fluorescence microscopy. Fluorescent images were taken randomly and 

GFAP stained cells were counted for statistical analysis with the following formula: 

Purity of microglial primary culture = GFAP stained cells number/total cells number 

of chosen images.    
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 3. Enzyme-Linked Immunosorbent Assay (ELISA) 

   The amount of TNF-α, IL-6 released in the conditioned medium was measured 

using a sandwich Enzyme-Linked Immunosorbent Assay (ELISA) kit specific for 

mouse TNF-α, IL-6. For the lipopolysacaride (LPS) activation of microglial cells, 

cells were treated 5 μg/ml LPS and incubated for 3~24 hours. The supernatants were 

added to the 96 wells plate conjugated with TNF-α, IL-6 immobilized capture 

antibody. Next, a biotinylated anti-mouse detection antibody was added, followed 

by avidin-horseradish peroxidase, producing an antibody-antigen-antibody 

“sandwich” formation. TMB substrate solution was subsequently added, producing a 

blue color in proportion to the amount of cytokines present in the sample. Finally, 

the stop solution changes the reaction color from blue to yellow, and the micro well 

absorbance was read at 450nm. After cytokines (TNF-α, IL-6) production was 

measured, cells were lysed with 1 N (Normal) NaOH for making cell lysate. The 

cytokines released was calculated with the following formula: Release = Cyokines 

secretion from supernatant (pg/ml) / Cell lysate (μg). 

  

  4. Reverse transcription-polymerase chain reaction (RT-PCR) 

   For confirmation of the expression of Orai1-3, TRPC1-7, and STIM1, 2 in 

microglial cells, the messenger RNA (mRNA) transcripts of Orais, TRPCs, and 

STIM were analyzed by the RT-PCR. Total RNA was extracted by using a Trizol 

solution (Invitrogen, Carlsbad, CA) and an equal amount of RNA from each sample 

was reverse-transcribed by using an oligo(dT) primer and accuscript high fidelity 

reverse transcriptase (Stratagene). The complementary DNA (cDNA) was amplified 

with specific primers and a Taq polymerase (i-Taq, INTRON). To semi-quantify the 

amount of each mRNA transcript, logarithmic increasing phase of PCR was 

determined using serially diluted cDNA samples in each set of experiments. The 

PCR primer sequences were as follows: Orai1-sense, ATGC ATC GCC ACA TCG 

AGC; antisense, AAA CTC GGC CAG CTC ATT GAG; Orai2-sense, TTG CGA 

TTT GCT ACC AAC CTG; Orai2-antisense, GCT GGC TTT GGG AAT TCA CC; 
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Orai3-sense, TGC AAG CAT TGC CTC AGA AAC; Orai3-antisense, GGA TGC 

CAA CTG CAA AGC AG; STIM1-sense, GAT TTG ACC CAT TCC GAT TCG; 

STIM1-antisense, GCC ATT GCC TTC TTG CCA G; STIM2-sense, ATA ACC 

GGA ACC AAT GAA CGC; STIM2-antisense, CGT CCT TGT CGT CGT CCA 

TC. 

  

  5. Ca2+ Measurements 

   For measurements of [Ca2+]i
 concentrations, microglial cells were grown on 

glass coverslips and were loaded for 30 minutes at room temperature with 

Fura-2-acetoxymethylester (Fura-2AM). After loading, an alternating 340/380nm 

light was delivered every 0.5 second and the fluorescence intensity at 510nm was 

measured with a DeltaRAM fluorimetric system. Changes in [Ca2+]i are presented as 

the change in the ratio of fluorescence intensity at 340 and 380nm. During 

fluorescence measurements, the cells were continually perfused with a regular 

solution (37℃) containing (in mM) 150 NaCl, 5 KCl, 1 MgCl2, 10 glucose, 10 

HEPES at pH7.4 with NaOH, and either 1-2 CaCl2, or 0.5 EGTA (Ca2+-free). 

   Visualization of microglial Ca2+ response was made by live imaging 

fluorescence microscopy with MetaFlour. Cells were perfused with regular solution 

with and without Uridine diphosphate (UDP, Sigma), Lipopolysaccharide (LPS, 

Sigma). Fura-2 ratio was recorded at excitation wavelengths of 340nm and 380nm 

and emitted light at wavelength above 510nm was collected. Microglial Ca2+ images 

was analyzed using MetaFluor, MetaMorph software (Moelcular Devices) 

 

6. Phagocytosis 

   Fluorescence-labeled bioparticles (Escherichia coli-K-12 strain, Alexa Fluor 

488conjugate, Invitrogen Molecular Probes) were used for phagocytosis assay.  

Microglial cells cultured on 6 well plates were incubated with serum-free 

DMEM-F12 Media for 1 hour, and then the microspheres (0.0025% w/w) were 



- 8 - 
 

incubated with microglia in serum-free DMEM-F12 medium for 2 hours with and 

without 100 μM UDP. The cells were washed thoroughly with cold PBS to remove 

the free bioparticle. To quench the extracellular bioparticles, immediately add the 

trypan blue (Sigma) suspension (1.25mg/ml) to wells. Incubate for 1 minute at room 

temperature, then wash thoroughly with cold PBS to remove the excess trypan blue 

suspension. The cells were fixed in 3.7% formaldehyde for 15 minutes, and 

permeabilized with 0.1% Triton X-100 for 10 minutes at room temperature. For cell 

counts, microglial nucleolus were stained with 4’,6-diamidino-2-phenylindole 

(DAPI) in blocking solution for 10 minutes. The phagocytosis activity was 

calculated with the following formula: Fluorescent of bioparticle intensity / Cell  

counts. 

 

  7. Statistical analysis 

   Data are presented as the means ± SEM. Statistical analysis was performed with 

Student's t-tests or with analysis of variance followed by Turkey's multiple 

comparison test using the GraphPad Prism software package (version 5.0), as 

appropriate. P < 0.05 was considered statistically significant. 
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III. RESULTS 

 

 1. Distinct features of purified primary microglial cells 

 

   Purified microglia cultures were prepared from cerebral cortices of 1-day-old 

ICR mice according to the mild trypsinization method with a little modification. The 

previous study using mild trypsinization reported that the mild trypsinization yield 

more murine microglia contrary to shaking microglia culture method2. The method 

using a trypsin solution (0.25% Trypsin, 1mM EDTA in HBSS) diluted 1:4 in 

DMEM-F12 resulted in the detachment of an upper layer of cells in mixed glial 

cultures, whereas a number of cells remained attached to the bottom of the well. 

Overnight (about 16~24 hours) after trypsinization, the isolated cells were stained 

with Glial Fibrillary Acidic Protein (GFAP) antibody which stained astrocytes, but 

not microglial cells. The immune-staining results indicate that purity of primary 

microglial cells by mild trypsinization method is more than 99% (Figure 1A). Cells 

isolated by mild trypsinization show typical microglial features. Microglia treated 

lipopolysaccharide (LPS, a commonly used immunogen derived from the bacterial 

wall of gram-negative bacteria) from Escherichia coli changes its morphology from 

ramified which is resting state to ameboid morphology which is activated (Figure 

1B). When compared the mRNA level of specific markers of LPS-activated 

microglial cells (5 μg/ml, for 24hours), CD11b, member of the integrin family of 

cell surface receptors, and cytokines (TNF-α, IL-6) mRNA levels were increased. 

Furthermore, expression of GFAP mRNA was not detected in the result. These 

results show that purity of primary microglial cells were very high and suggest that 

primary microglial cells isolated by mild trypsinization method keep their 

characteristic of microglial cells and were obtained higher than the shaking methods. 
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Figure 1. Microglia primary cell culture  A) To confirm the purity of microglia, 

immune-staining using Glial fibrillary acidic protein antibody (GFAP) which is a 

positive marker for astrocytes, but not for microglia, was used (left). Purified cells 

were more than 99% microglia which is negative for GFAP antibodies (right). B) 

Morphology change of microglial cells under lipopolysaccharide (LPS). LPS 

changes microglial cell morphology from ramified to ameboid including granulation, 

membrane ruffling. C) Expression of mRNA encoding CD11b, member of the 

integrin family of cell surface receptors, and cytokines (TNF-α, IL-6) in microglia 

treated with or without LPS. When compare normal microglia cells and microglia 

treated LPS, CD11b, TNF-α, IL-6 mRNA level increase, but there is no expression 

of GFAP in both conditions. 

 

 

 

 



- 11 - 
 

 
 

Figure 2. [Ca2+]i response in microglia treated with UDP and LPS 

  The live cell imaging system was used to measure momentary Ca2+ response in 

microglial cell. To measure [Ca2+]i, fura-2 AM was loaded during 30 minutes at 

room temperature. Individual images showing 340/380 nm ratio (left) were captured 

at indicated point and time in the graphs (right). A) Microglia in HEPES-buffered 

solution with 1 mM Ca2+ maintained basal [Ca2+]i
  level, however, B) transient Ca2+ 

peak was detected in free '0(zero)' Ca2+ buffer with UDP(100 uM). C) Microglia 

which was stimulated by LPS (10 μg/ml) showed [Ca2+]i
 increase in regular Ca2+ 

buffer. In the each image, red color shows increasement of [Ca2+]i
 level, while bright 

greenish color shows basal [Ca2+]i
 level in microglial cell.         

 

 

 

 



- 12 - 
 

2. Orais and STIM1, major components of SOCs (Store operated-calcium 

channels) in Microglia 

 

   Reverse transcription-polymerase chain reaction (RT-PCR) was used to identify 

the components of SOCs in cultured microglia (Figure 3). According to the previous 

study of SOCEs, it was revealed that Orais and STIMs are major components of 

SOCE, and also TRPCs, but not TRPC7, are had been receiving attention as SOCE 

components3. So TRPCs, Orais, and STIM1, 2 genes were tested. In our results, 

TRPCs (TPRC1, 3, 4, 5, 6, 7; TRPC2 was not used, because it is pseudo gene) were 

detected in mouse brain cDNA (Figure 3A, left), but there is no expression of 

TRPCs in primary microglial cells cDNA (Figure 3B, C, left). However, Orais and 

STIM1 were detected in both mouse brain and microglial cells cDNA (Figure 3, 

right). In addition, LPS did not affect the expression of Orais and STIM1. These 

data show that Orai1, 2, 3 and STIM1 are major components of SOC in microglia. 

Among the Orais, especially, the Orai1 protein fulfills all the criteria of being the 

store-operated channel moiety itself, carrying the higher Ca2+ selectivity than others.  

In case of STIM, although STIM2 participates in store-operated Ca2+ entry in some 

cell types, STIM1 is more required for proper agonist-induced Ca2+ signalling, and 

STIM1 levels are generally higher and more involved in Ca2+ entry through SOCs. 

In microglia, there was no expression of STIM2, but not STIM1, so STIM1 only 

involve in microglial Ca2+ entry through SOCs with Orai channels. To study the 

effect of SOCs on microglial immune functions (Phagocytosis, Cytokine secretion), 

siRNA Orai1 and STIM1 were applied to microglial cells. In the studies, to make 

sure of the effect of siRNA on microglial cell, protein level and Ca2+ influx change 

by siRNA were checked (Figure 4). When compared scrambled siRNA and siRNA 

Orai1, STIM1 treated microglial cell, Orai1 and STIM1 protein level was decreased 

in siRNA Orai1 and STIM1 treated cell (Figure 4A). In addition, Ca2+ influx and 

inhibition by SOC inhibitor (SKF96365) were tested in siRNA treated cell. After ER 

depletion by UDP, 2mM Ca2+ HEPES-buffered solution was used to measure Ca2+ 
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influx, and then SKF96365 was used to test inhibition of Ca2+ influx through SOCs.  

siRNA Orai1 and STIM1 reduced both Ca2+ influx and SKF96365 inhibition (Figure 

4B). These results suggest that Orai1 and STIM1 are involved in microglial Ca2+ 

influx through SOC and siRNA Orai1 and STIM1 were applied well to microglial 

cell. So, siRNA Orai1 and STIM1 knock down system were used to study regulation 

of microglial immune function by SOC.          

 

 

 
 

 

Figure 3. Expression of SOCs in mouse brain and microglia primary cells  

   Mouse brain cDNA expresses Orai1, 2, 3 and STIM1, as well as TRPCs (1, 3, 4, 

5, 6, 7). However, there is no expression of TPRCs, but not Orai1, 2, 3 and STIM1 

in microglial cells. Compared to LPS (5 μg/ml, for 24 hours) treated microglial cells, 

Orais and STIM1 expression level was not changed.   
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Figure 4. Orai1 and STIM1 knockdown in microglial cells   

 A) Western blot analysis, after administration of scrambled- or Orai1, 

STIM1-siRNA in microglia cells for 48hours, Orai1 and STIM1 protein level was 

decreased. B) Representative traces of Ca2+ influx through SOC and SOCE 

inhibition by SKF96365 (SOCs blocker). Ca2+ influx through SOC (especially, 

Orai1 and STIM1), and SKF96365 inhibition effect were decreased by siRNA Orai1 

and STIM1. C) Administration of scrambled siRNA was used as a control response, 

and values are expressed as a percentage of control. (Data show means and s.e.m. 

for 24-36 cells obtained from at least two independent experiments. asterisk, P < 

0.05; two asterisks, P < 0.01; three asterisks, P < 0.001 compared with the 

scrambled siRNA treated microglial cells(control), Student’s t-test) 
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3. Effect of SOCE (Store Operated-calcium Entry) on Microglial phagocytosis 

activity 

  

   Microglia takes a role in the clearance of dead cells or dangerous debris after 

CNS injury and infection, which is crucial to keep the normal circumstances of brain. 

Some studies reported that cytoplasmic [Ca2+]i
 elevations are required for efficient 

ingestion of foreign particles by some, but not all. Moreover, [Ca2+]i is needed for 

phagocytic receptors response and regulation of the subsequent steps involved in the 

maturation of phagosomes29. 

To examine the contribution of SOCs to the phagocytic activity of microglia, 

microglial cells were treated with siRNA Orai1 and STIM1. In previous study, UDP 

triggers microglia phagocytic activity by stimulating purinergic receptor, P2Y6
1,14. 

When UDP stimulate P2Y6 receptor which is metabotropic receptor coupled to 

G-protein, stored Ca2+ in ER is depleted and then Ca2+ influxes to cytoplasm through 

store-operated Ca2+ channels (Figure 2). First, to confirm that UDP activates 

microglial phaocytosis activity, UDP was treated with green fluorescence-labeled 

bioparticles in our microglial system. In our results, UDP activation significantly 

increased the mean number of phagocytozed green fluorescence-labeld bioparticles 

by microglia compared with non activated microglia (Figure 5A). After setting up 

the assay condition, knock-down of Orai1 and STIM1 was used to test how much 

SOCE affect the microglial phagocytosis activity. After siRNA treatment, green 

fluorescence-labeled bioparticles were incubated with and without UDP. However, 

significant difference between siRNA Orai1 and STIM1 treated microglia and 

scrambled siRNA treated microglia was not detected (Figure 5B). These results 

imply that although [Ca2+]i elevations are required for microglial phagocytosis 

activity, SOCE following release of Ca2+ from the ER is not significantly involved 

in microglial phagocytosis.           
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Figure 5. Effect of Orai1 and STIM1 on microglial phagocytosis 

  A) UDP (100 μM) acting at P2Y6 receptors on microglia increase phagocytic 

uptake of FITC-conjugated bioparticles. B) Microglial phagocytosis activity was not 

affected by SOCs components. Microglial cells were transfected with siRNA Orai1 

or STIM1, and then bioparticles were added with or without UDP. Orai1, STIM1 

knock down did not change phagocytic activity in both normal state and stimulation 

by UDP. (asterisk, P < 0.05; two asterisks, P < 0.01; three asterisks, P < 0.001; not 

significant (ns), P > 0.05 compared with the scrambled siRNA treated microglial 

cells(control), Student’s t-test) 
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4. Reduction of IL-6 cytokine secretion by Orai1, STIM1 knockdown.  

 

   Microglia cells are a major source of various inflammatory cytokines, such as 

tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1ß), and interleukin-6 

(IL-6), which have been implicated in contributing to nerve injury pain, and 

neurodegenerative disease9. Some studies reported that Ca2+ response could be a 

central event in the microglial cytokine secretion10. TNF-α, and IL-6 cytokines 

secretion were tested by applying siRNA Orai1 and STIM1 to primary microglial 

cell. After treatment of siRNA Orai1 and STIM1 to microglial cells, LPS (5 μg/ml) 

was used to evoke cytokine secretion. LPS caused the extracellular accumulation of 

the cytokines TNF- α and, IL-6. Supernatants of untreated cultures were virtually 

devoid of any of these cytokines. In our results TNF- α was not affected by 

siRNA-Orai1 and STIM1 in microglia, however IL-6 secretion was attenuated by 

knock-down of Orai1 and STIM1. Both Orai1 and STIM1 knock down using siRNA 

decreased IL-6 cytokine secretion, however, among them siRNA STIM1 was more 

effective on IL-6 cytokine reduction in microglia (Figure 6A). 

  In time course measurement of cytokines secretion, a significant amount of TNF- 

α appears during 1~3 hours after stimulation by LPS. When compared scrambled 

siRNA treated cell (control) and siRNA Orai1 and STIM1 treated cell, amounts of 

TNF- α secretion was not significant difference, however IL-6 secretion which was 

detected after 3hours was decreased in siRNA Orai1 and STIM1 treated microglial 

cells with time dependently (Figure 6B). Furthermore, to identify whether microglial 

TNF-α, and IL-6 cytokine secretion is dependent on [Ca2+]i, BABTA-AM, 

intracellular Ca2+ chelator, was used. In our results, BABTA-AM affected the 

release of cytokines. In the presence of BABTA-AM, the release of TNF-α, IL-6 

was strongly suppressed (Figure 6C).  

These results indicate that SOCE is necessary for effective release of IL-6 

cytokine, but not TNF- α. It is probably related with time points when each 

cytokines secrete. In many studies about cytokine secretion of microglial cells, TNF- 
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α is secreted from 1 hour (early time), whereas IL-6 is secreted from 6 hours (late 

time) 9,34. In light of our results, it is supposed that because SOC components, Orai1 

and STIM1, are related to chronic Ca2+ elevation in microglia, only IL-6 secretion 

was decreased in siRNA Orai1 and STIM1 treated microglial cell.  

 

 
 

Figure 6. Reduced IL-6 cytokine secretion by Orai1 and STIM1 knockdown 

Microglial cells transfected with siRNA Orai1 and STIM1 were cultured in the 

absence or presence of LPS for 14~16 hours. A) TNF-α release measured as TNF-α 

accumulation in the culture supernatant was not affected by Orai1 and STIM1 

knockdown. However, IL-6 release was reduced by siRNA Orai1 and STIM1. B) 

LPS induced cytokine release was determined as time courses (0, 1, 3, 6, 16, 24 
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hours) and expressed as percentage of the respective value obtained from control 

microglial cells treated siRNA scramble. After 3 hours LPS treatment, IL-6 cytokine 

secretion was less than control at any time points in cells transfected with siRNA 

Orai1 and STIM1, but not TNF-α. C) Comparison of the production of the cytokines 

in LPS-activated microglial cells with or without the intracellular Ca2+ chelator 

BABTA-AM (50 μM)11. In the presence of BABTA, the release of cytokines was 

strongly suppressed. (asterisk, P < 0.05; two asterisks, P < 0.01; three asterisks, P < 

0.001; not significant (ns), P > 0.05 compared with the scrambled siRNA treated 

microglial cells(control), Student’s t-test) 

 

5. NFκB & NFAT signaling events in microglia treated with siRNA-STIM1 

 

  To identify the reason why knock down of Orai1 and STIM1 reduced the IL-6 

only the cytokine secretion, but not TNF-α in microglial cell, we find transcription 

factors binding on each promoter sites (TNF-α, IL-6) through ‘Genomatix’ software 

(Matlnspector, www.genomatix.de). When compared transcription factors binding 

on TNF-α promoter and IL-6 promoter, we knew that IL-6 promoter is related to 

NFκB, while TNF-α promoter is related to NFAT (Table 1). 

NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells) is found in 

almost all animal cell types and is involved in cellular responses to stimuli such as 

stress, and bacterial or viral antigens. LPS stimulation activates the transcription 

factors NFκB, which regulate immune response such as cytokine secretion12. 

Recently, some reports have shown that NFκB is responsible for the production 

of cytokines by astrocytes, microglia, and macrophages in other systems13. In other 

systems, the influx of extracellular Ca2+ can induce cytokines production through the 

activation of NFκB. We evaluated the contribution of STIM1 to the activation of 

NFκB signaling. After LPS stimulation, the phosphorylation and degradation of the 

NFκB inhibitor IκB was less in microglial cell treated with siRNA STIM1 than in 

scrambled siRNA (Control) after 30 minutes LPS treatment (Figure 7A, B).  
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 NFAT (Nuclear factor of activated T-cells) signaling was also tested in the same 

way as NFκB. NFAT is originally regulated by calcineurin which is a Ca2+ and 

calmodulin-dependent phophatase. When calcineurin induce de-phosphorylation of 

NFAT proteins, NFAT is translocated to the nucleus. To examine NFAT activation, 

the phosphorylation of NFAT residue Ser54 was measured, because unlike other 

residues, whose phosphorylation inhibits NFAT activity, Ser54 phosphorylation 

enhances NFAT activity31. However, unlike NFκB signaling, NFAT signaling was 

not affected by siRNA-STIM1 (Figure 7C, B). These result can be explained why 

IL-6 cytokine secretion was decreased in siRNA Orai1 and STIM1 treated 

microglial cells. Because, NFκB is a transcription factor specific to IL-6 promoter 

region, and NFκB signaling was decreased in microglial cell treated with siRNA 

STIM1.  
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Table 1. Transcription factors binding on each promoters (TNF-α , IL-6) 

 For the identification of transcription factor binding each sites (TNF-α, IL-6), 

‘Matlnspector’ which is Genomatix’ software was used. Although the software 

showed a large number of transcription factors binding each sites, there are 

transcription factors which are sorted out by high possibility in the table. 

Information of TNF-α promoter (Gene ID: 21926, Mus musculus chromosome 17, 

promoter locus ID: GXP_81945, 769bp) and IL-6 promoter (Gene ID: 16193, Mus 

musculus chromosome 5, promoter locus ID: GXP_239649, 831bp) is from NCBI.   
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Figure 7. Activation of NFκB is inhibited in siRNA-STIM1 treated microglial 

cells, but not NFAT1. 

  A) Western blot analysis of IκB-α phosphorylation, after administration of 

scrambled- or STIM1-siRNA in microglia cells for 48 hours. After 30 minutes of 

LPS (5 μg/ml) treatment, the amount of p-IκB-α was decreased in siRNA STIM1 

treated cell than in scrambled siRNA treated (ß-actin, loading control). B) The graph 

shows the relative amount of p-IκB-α to scrambled siRNA treated cell at ‘O’ time 

point, which was measured individually by densitometer program (Multi gauge). 

However, C) phospho-NFAT1 which is active form of NFAT1 was not affected by 

siRNA STIM1. D) The graph shows the relative amount of p-NFAT1 as same way 

in B) graph.       
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Figure 8. A model for cytokine secretion change by SOC knock down in 

microglia  

Resting microglia which has ramified morphology is initially activated by LPS. 

After LPS treatment, microglia starts change its morphology and secretes TNF-α at 

early time. At that stage, TNF-α secretion is regulated by initial part of [Ca2+]i in 

microglia. As time goes by, microglia is more activated and shows ameboid 

morphology. Furthermore, activated microglia secrets IL-6 which is closely related 

to sustained Ca2+ influx through SOC (right upper part). However, microglia which 

is decreased sustained calcium influx by SOC knockdown secrets less IL-6, but not 

TNF-α (right lower part).  
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IV. DISCUSSION 
 

 Ca2+ acts as an important messenger in most of cell types. Cells generate 

cytoplasmic [Ca2+]i signals in two ways: by releasing Ca2+ from intracellular stores 

or by opening Ca2+ channels at the plasma membrane. The two pathways are 

interconnected, as the depletion of Ca2+ from ER stores activates SOCs at the plasma 

membrane. Recently, Orais and STIM1, the molecular players involved in SOCE 

were indentified. Through previous studies, effect of SOCs constituted of Orais and 

STIM1 on other cells including immune cell have been described5,30, however, until 

now the effect of SOCs on microglial cell and its immune functions has not yet been 

reported. Therefore, we tried to find effect of SOCs on microglial immune functions 

in this study.           

 Our study demonstrates that SOCs constituted of Orais and STIM1 are an essential 

regulator of microglial immune functions, especially cytokine secretion of IL-6. 

When microglial Ca2+ influx through SOCs was inhibited by knock down of Orai1 

and STIM1, amounts of IL-6 cytokine secretion was decreased. However, other 

microglial immune functions, such as phagocytosis, TNF-α cytokine secretion, were 

not affected by decreasing Ca2+ influx through SOCs in microglia (Figure 5, 6). 

 Immune cells including microglia kill microbes by engulfing them in a 

membrane-enclosed compartment. Phagocytosis is initiated when foreign particles 

bind to receptors on the membrane of phagocytes. Since the early reports suggested 

that increase in the cytoplasmic [Ca2+]i may regulate phagocytosis, the precise role 

of [Ca2+]i elevations in phagocytosis has been receiving much of attention32.  

The previous microglial phagocytosis studies reported that the activation of P2Y6 

receptors by UDP would be a key event in initiating the clearance of dying cells or 

debris in the central nervous system2,14. P2Y6 receptor is one of the G-protein 

coupled receptors which is related to common Ca2+ signaling pathway that increases 

[Ca2+]i concentration. At the beginning, we supposed that Ca2+ entry through SOCs 
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might affect the microglial phagocytic activity, because SOCE occurs immediately 

after ER depletion by P2Y6 receptor. However, Ca2+ influx through SOCs was not 

involved in microglial phagocytosis. In the results, UDP increased microglial 

phagocytosis activity, which was entirely consistent with other previous reports 

(Figure 5A), however there was no significant change in siRNA Orai1 and STIM1 

treated microglial cells with or without UDP (Figure 5B). The previous studies 

reported that cytoplasmic [Ca2+]i elevations are required for subsequent steps in the 

phagocytic process29. However, it seems that microglial phagocytosis is independent 

on chronic [Ca2+]i elevations through SOC.  

 Cytokines constitute a significant portion of the immuno- and neuro-modulatory 

messengers that can be released by activated microglia. Viral envelopes, bacterial 

cell wall components, and other infectious agents cause macrophage/microglia 

activation. LPS of gram-negative bacteria serve as standard agents in mimicking 

infections10. In our results, knock down of Orai1 and STIM1 protein decrease IL-6 

cytokine secretion after LPS stimulation, but not TNF-α secretion.  

Cytokine secretion in immune cells is closely related to transcription factors, 

especially, NFAT and NFκB which is sensitive to [Ca2+]i
 33. Interestingly, activation 

of the two transcription factors occurred with distinct kinetics. It was reported that 

NFAT DNA binding is visible within a few minutes after stimulation, whereas 

significant NFκB activation is detectable after about 3 hours of stimulation in 

ATP-induced N9 microglial cell line34. It can be presumed that the required 

amplitude and duration of Ca2+ differ for the activation of NFκB and NFAT and may 

contribute to temporal transcriptional specificity. In this respect, it has been 

demonstrated that in B cells, a low levels and transient [Ca2+]i increase is sufficient 

for NFAT activation, whereas high levels and sustained [Ca2+]i are required to 

activate NFκB35,36. Our results of NFκB and NFAT activation demonstrated that 

SOCs are deeply involved in NFκB signaling which is activated by the chronic 
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[Ca2+]i increase in microglia. Another explanation for the reason why only IL-6 

cytokine secretion was affected by SOC knock down in microglia could be that 

NFκB activation occurs in two waves in response to LPS12,16,17. Among the two 

waves, the secondary delayed wave activation which is mediated by autocrine TNF 

production is more related with our results, since there is a possibility that IL-6 is 

released secondarily by releasing TNF-α which was reported to stimulate IL-6 

production in glial cells6. And also in our time course results, a significant amount 

of TNF-α appears after 1hour, and then the release of IL-6 is observed 3~6 hours 

after LPS stimulation in microglial cell (Figure 6B). So, we supposed that sustained 

[Ca2+]i response through SOC and transcripts of IL-6 cytokine are closely related to 

NFκB secondary delayed wave signaling. Although NFκB may work as the 

downstream Ca2+ - dependent signals, the detailed mechanism underlying such a 

cooperative regulation of sustained [Ca2+]i response through SOC and IL-6 

production remains to be clarified. 

The SOC influx phenomenon was first described over 20 years ago, but the 

physiological meaning has remained undefined. Here, our results indicated that 

store-operated Ca2+ entry of microglial cells is mediated by Orais and STIM1, and 

has an important portion in regulation microglial cytokine secretion, especially 

LPS-induced IL-6 (Figure 8). Although there is different molecules and complex 

mechanism in regulation of cytokine secretion as time sequence, NFκB signaling 

which is regulated by SOCE would be closely involved in microglia l IL-6 cytokine 

secretion. If we can clarify detailed mechanism of the inflammatory cytokine 

secretion cascade in microglia, it might be possible to manipulate dys-regulation of 

microglial cytokine production in neuropathologic disease, such as Alzheimer’s 

disease, and could thereby assist in identifying new therapeutic targets. Furthermore, 

we expect that our results about microglial IL-6 secretion mediated by Orai1 and 

STIM1 could contribute to understand the disease related to excessive or sustained 

cytokine secretion neurotoxicity.  
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V. CONCLUSION 

 
  A homeostatic Ca2+ signaling mechanism that remained enigmatic for more than 

two decades, and also its physiological importance had been veiling. Present study 

demonstrates for the first time, that store-operated calcium channels constituted by 

Orais and STIM1 in microglial cell play a pivotal role in the cytokine secretion, 

especially IL-6. The siRNA-Orai1 and -STIM1 treated microglial cells show 

decrease of LPS-induced IL-6 cytokine production. In LPS-stimulated microglial 

cell, Ca2+ entry through store-operated calcium channels mediated by Orais and 

STIM1 exerted critical effects on the regulation of IL-6 cytokine secretion. 

 

 

1. Store-Operated Channels exist in microglia. Orais and STIM1 are major 

components of microglial SOCs, but not TRPCs. 

 

 

2. Phagocytosis, one of microglial immune function, is not related with SOCs. 

 

 

3. Cytokine secretion, especially interleukin-6 (IL-6) which is regulated by NFκB 

signaling is closely related to store-operated calcium entry through Orais and STIM1 

in LPS-stimulated microglia. 

   

 

  These findings in the present study will greatly contribute to understand the 

mechanism of wide range of neuropathologic diseases that are caused by abnormal 

cytokine secretion in the central nervous system. 
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<ABSTRACT(IN KOREAN)> 

 

미세아교세포 면역 기능 조절에 있어서  

세포 내 칼슘 저장량의 의존적으로 작동하는  

칼슘 이온 통로의 역할  

 

<지도교수 김 주 영> 

 

연세대학교 대학원 의과학과 

 

허대건 

 

 미세아교세포는 중추 신경계의 면역 작용에 작용하는 뇌 면역 

세포로 외부 자극에 의한 조직 손상 및 염증 반응, 퇴행성 신경 질환에 

관여한다. 대부분의 면역 세포 작용에 있어서 세포 내 칼슘 신호 

전달은 면역 기능 조절에 가장 중요한 전달 체계로 알려져 있으며, 

미세아교세포의 면역 작용에 있어서도 세포 내 칼슘 신호 전달 기전은 

간과 할 수 없는 부분이다. 하지만, 현재까지 세포의 소포체 내 칼슘 

저장량에 의존적으로 조절되어 세포 내 칼슘 유입에 관여하는 칼슘 

이온 통로 작용이 미세아교세포의 면역 작용 조절에 얼마나 영향을 

미치는지 불분명한 상황이다. 이러한 시점에 있어서 본 연구에서는 

세포 내 칼슘 저장량에 의해 조절되는 칼슘 이온 통로를 통한 칼슘 

전달이 미세아교세포의 면역 작용에 중요한 기전임을 밝히고자 하였다. 

 본 연구에서는 미세아교세포의 면역 기능 조절 기전을 

밝히고자 생후 하루에서 이틀 정도 된 새끼 쥐의 실제 뇌 조직으로부터 
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미세아교세포를 배양하여 실험하였다. 실제 새끼 쥐의 뇌로부터 얻은 

미세아교세포에서 세포 내 칼슘 저장량에 의존적으로 조절되는 칼슘 

이온통로가 발현되고 있음을 확인하였으며, 최근 알려진 칼슘 이온 

통로 중 TRPC 이온 통로가 아닌, Orai1, 2, 3 칼슘 이온 통로들과 STIM1 

이 발현함을 확인하였다. 이 결과를 바탕으로 Orai와 STIM1이 

미세아교세포의 칼슘 유입과 면역 기능 작용에 어떠한 영향을 

미치는지를 알아보기 위해 각각 분자의 단백질 발현을 감소시키는 

siRNA 방법을 이용하여 실험을 진행하였다.  

미세아교세포의 면역 기능 중 식세포 작용과 사이토카인 

분비기전을 siRNA 방법을 이용하여 결과를 확인하였다. 미세아교세포는 

UDP 자극 시 식세포 작용이 촉진되는데, 형광 발현을 하는 입자를 

이용하여 식세포 작용에 의해 셀 내로 함입 된 양을 측정한 결과 

UDP자극이 있거나 있지 않은 상태 모두에 있어서 siRNA Orai1 과 siRNA 

STIM1에 의한 효과는 나타나지 않았다. 이 결과로 세포 내 저장 칼슘에 

의존적으로 작동하는 칼슘 이온 통로 작용이 미세아교세포의 

식세포작용 조절에 영향이 없음을 밝혔다. 하지만, LPS를 처리한 

미세아교세포의 사이토카인 분비 양을 siRNA Orai1과 siRNA STIM1을 

처리한 조건에서 실험한 결과 각각의 siRNA의해서 사이토카인 분비가 

감소함을 확인하였으며, 특히 siRNA에 의해서 IL-6 분비가 확연히 

감소되는 결과가 IL-6 프로모터 지역에 관여하는 NFκB 신호와 관련된 

기전임을 밝혔다. 

위의 결과를 통해서, 미세아교세포의 면역 기능 조절 중 

사이토카인 분비에 있어서 Orai1와 STIM1에 의해 조절되는 세포 내 

칼슘 유입이 중요한 기전 임을 밝혔다. 이는 미세아교세포의 

사이토카인 분비 과정에 관여하고 있는 세포 내 칼슘 유입 기전에 대한 

이해로, 미세아교세포가 과도하게 활성화 되었을 때 비정상적인 
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사이토카인 분비로 야기되는 질환을 이해 하는데 도움이 될 것으로 

기대 한다.    
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