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ABSTRACT Satellite glial cells (SGCs), a major type of glial cell in the autonomic gan-
glia, closely envelop the cell body and even the synaptic regions of a single neuron 
with a very narrow gap. This structurally unique organization suggests that auto-
nomic neurons and SGCs may communicate reciprocally. Glial Ca2+ signaling is criti-
cal for controlling neural activity. Here, for the first time we identified the machinery 
of store-operated Ca2+ entry (SOCE) which is critical for cellular Ca2+ homeostasis in 
rat sympathetic ganglia under normal and pathological states. Quantitative real-
time PCR and immunostaining analyses showed that Orai1 and stromal interaction 
molecules 1 (STIM1) proteins are the primary components of SOCE machinery in the 
sympathetic ganglia. When the internal Ca2+ stores were depleted in the absence 
of extracellular Ca2+, the number of plasmalemmal Orai1 puncta was increased in 
neurons and SGCs, suggesting activation of the Ca2+ entry channels. Intracellular Ca2+ 
imaging revealed that SOCE was present in SGCs and neurons; however, the magni-
tude of SOCE was much larger in the SGCs than in the neurons. The SOCE was signifi-
cantly suppressed by GSK7975A, a selective Orai1 blocker, and Pyr6, a SOCE blocker. 
Lipopolysaccharide (LPS) upregulated the glial fibrillary acidic protein and Toll-like 
receptor 4 in the sympathetic ganglia. Importantly, LPS attenuated SOCE via down-
regulating Orai1 and STIM1 expression. In conclusion, sympathetic SGCs functionally 
express the SOCE machinery, which is indispensable for intracellular Ca2+ signaling. 
The SOCE is highly susceptible to inflammation, which may affect sympathetic neu-
ronal activity and thereby autonomic output.

INTRODUCTION
Satellite glial cells (SGCs) are the predominant glial cell type 

found in the autonomic ganglia and, closely envelop the cell bod-
ies of postganglionic neurons and cholinergic synaptic regions. 
This unique structural arrangement implies a functional unit 
between neurons and SGCs, indicating that reciprocal commu-
nication is essential for regulating autonomic ganglia function 
[1,2]. Recent studies have highlighted that sympathetic SGCs play 
critical roles in the physiological regulation of neuronal metabo-
lism and survival, cell excitability, synaptic transmission, and 
overall sympathetic output [3,4]. Previous studies showed that 

certain pathological conditions including chronic heart failure 
[5], cirrhosis [6], and traumatic brain injury [7] cause autonomic 
imbalance due to sympathetic overactivity. However, the involve-
ment of SGCs in the cellular mechanisms underlying abnormal 
sympathetic output remains largely unexplored.

Glial calcium (Ca2+) signaling is a key mechanism for neuron-
glial communication, regulating the release of various gliotrans-
mitters such as ATP, which affects neuronal activity [8,9]. This 
signaling cascade is activated in response to diverse extracellular 
stimuli, such as neurotransmitters released by neurons [10]. The 
primary source of glial Ca2+ signaling is Ca2+ release from the 
endoplasmic reticulum (ER) through the activation of the G-pro-
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tein-coupled receptor/phospholipase C/inositol 1,4,5-triphosphate 
receptor (IP3R) cascade. Restoration of intracellular Ca2+ stores 
following receptor-activated ER Ca2+ release necessitates store-
operated calcium entry (SOCE) [11]. The primary machinery that 
activates SOCE is the calcium release-activated calcium channel 
(CRAC), which comprises Orai channels spanning the plasma 
membrane and stromal interaction molecule (STIM), an ER Ca2+ 
sensor. The depletion of ER Ca2+ triggers the oligomerization of 
STIM1 and STIM2 monomers leading to their translocation near 
the plasma membrane, where they form distinct puncta with 
Orai1, Orai2, and Orai3, thereby activating the Orai Ca2+ chan-
nels [12]. This activation results in a transient increase in cytosolic 
Ca2+ via activated Orai Ca2+ channels, and subsequent refilling of 
ER stores occurs through Ca2+ pumps on the ER membrane.

While SOCE has been extensively studied in various glial cells 
within the central nervous system, including astrocytes, oligo-
dendrocytes, microglia, and Muller glia [13-18], information on 
glial Ca2+ signaling and its mechanisms in the autonomic ganglia 
remains scarce. Evidence suggests that dysregulation of SOCE 
in astrocytes and microglia occurs under conditions like lipo-
polysaccharide (LPS)-induced inflammation [17,19]. As an initial 
exploration into the physiological and pathophysiological roles of 
glial Ca2+ signaling in autonomic ganglia, we examined the pres-
ence of SOCE and its machinery in rat superior cervical ganglia 
(SCG). Additionally, we examined whether LPS treatment affects 
SOCE in sympathetic SGCs.

METHODS

Experimental animals

All animal care and experimental procedures followed the Na-
tional Institutes of Health Guidelines for Care and Use of Experi-
mental Animals and were approved by the Institutional Animal 
Care and Use Committee of Yonsei University, Wonju College 
of Medicine (Approval No. YWC-181002-1). Six-week-old male 
Sprague-Dawley rats obtained from DBL Co. were kept under 
pathogen-free conditions with a 12:12 h light-dark cycle, tempera-
ture of 23°C ± 2°C, and ad libitum access to food and water.

Preparation of sympathetic neurons-SGC units

To obtain sympathetic neurons attached with SGCs, a pair of 
SCG were dissected and enzymatically dissociated using some 
modifications of the previously described methods [20]. Briefly, 
the ganglia were desheathed, cut into small pieces, and trans-
ferred to Earle’s balanced salt solution (EBSS, pH 7.4) (Sigma-
Aldrich) containing 1.5 mg/ml collagenase type D (Roche), 0.5 
mg/ml trypsin (Worthington Co.), and 0.1 mg/ml DNase type I 
(Sigma-Aldrich) in a 25-cm2 tissue culture flask. The EBSS was 
modified by adding 3.6 mg/l glucose, 10 mM HEPES (Sigma-

Aldrich), and 1% penicillin-streptomycin (PS) (HyClone). After 
bubbling with 95% O2–5% CO2, the flask was placed in a shaking 
water bath at 37°C for 45 min. Following incubation, DMEM 
(Gibco) with 10% fetal bovine serum (HyClone) and 1% PS were 
added to the flask to inactivate the digestive enzymes. The ganglia 
were mechanically dispersed into a pool of partially dissociated 
cells by gentle trituration using a wide-bore fire-polished glass pi-
pette. After centrifugation at 600 rpm for 6 min, dissociated cells 
were resuspended in DMEM. Then, as described previously [21], 
the Schwann cells and myelin debris were removed using a cush-
ion of 10% and 5% bovine serum albumin (BSA, Sigma-Aldrich). 
This step is critical for separating the partially dissociated neu-
rons attached to the SGCs. The cells were subsequently plated on 
12-mm cover glasses coated with poly-D-lysine (Sigma-Aldrich) 
and maintained in a humidified 95% air–5% CO2 incubator at 
37°C until use.

Immunohistochemistry and immunocytochemistry

The animals were deeply anesthetized with isoflurane (Troika) 
and perfused transcardially with phosphate-buffered saline (PBS) 
followed by 4% paraformaldehyde (PFA) (GeneAll Biotechnol-
ogy) in PBS. SCG were harvested, post-fixed in 4% PFA for 6 
h at 4°C, and cryoprotected with 30% sucrose in PBS (Sigma-
Aldrich) overnight at 4°C. Tissue samples were embedded in the 
Tissue-Tek OCT compound (Sakura Finetek) in plastic molds and 
stored at –80°C. Frozen tissues were sectioned at 7 µm thickness 
on a crytostat (Leica CM1850; Leica Biosystem), and attached 
to microscope slides (Fisher Scientific). For staining of cultured 
neurons attached with SGCs, the samples were fixed with 4% 
PFA for 10 min at 4°C. The tissue and cultured cell samples were 
washed with PBS, blocked with 5% normal goat serum (Jackson 
ImmunoResearch) for 1 h at room temperature (RT) to prevent 
non-specific binding, and incubated overnight with the ap-
propriate primary antibodies. The primary antibodies used are 
rabbit Kir4.1 (1:500, Alomone Labs), mouse Orai1 (1:200, Novus 
International), rabbit STIM1 (1:200, Cell Signaling Technology), 
and mouse glial fibrillary acidic protein (GFAP) (1:300, Santa 
Cruz Biotechnology). After washing with PBS, the samples were 
incubated with goat anti-rabbit/mouse AlexaFluor488 (1:400, 
Invitrogen) or goat anti-rabbit/-mouse AlexaFluor594 (1:400, In-
vitrogen) for 1 h at RT. After secondary antibody incubation, the 
samples were washed in PBS and counterstained for 5 min with 
4,6-diamino-2-phenylindole dihydrochloride (1:1,000) (Sigma-
Aldrich) to stain the nuclei. After washing out, the samples were 
mounted onto glass microscope slides with Vectashield antifade 
mounting medium (Vector Laboratories). For negative controls, 
all staining procedures were performed in the absence of primary 
antibodies. For hematoxylin and eosin (H&E) staining, paraffin-
embedded ganglionic tissues were prepared and sectioned at 4 
µm. The staining was performed at RT using 0.1% hematoxylin 
(Fisher Scientific) for 5 min and 0.4% eosin (Sigma-Aldrich) for 
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75 sec. Bright-field micrographs of H&E staining were captured 
using a 20× objective on an Olympus BX51 microscope (Olym-
pus).

Image analysis

Confocal images including differential interference contrast 
images were acquired by using a Zeiss LSM800 confocal laser 
scanning microscope at high magnification (10× objective, NA 
0.45; 20× objective, NA 0.8) controlled by ZEN2.3 software (Zeiss). 
For image processing and quantification of Orai1-positive puncta, 
the open-source software ImageJ (version 1.54; http:imagej.nih.
gov/ij, National Institutes of Health) was used [22]. The back-
ground noises was removed using a Gaussian blur filter (sigma = 
1). The images were made binary using the Otsu threshold meth-
od, and the puncta were counted using the “Analyze Particles” 
function in ImageJ.

Polymerase chain reaction (PCR) analysis

Total RNA was extracted from SCG using TRIzol Reagent (Ge-
neAll Biotechnology). RNA quantity and purity were assessed us-
ing spectrophotometry. First-strand cDNA was synthesized from 
500 ng of total RNA using ReverTra Ace qPCR Master Mix with 
gDNA Remover (Toyobo). RNA was denatured by heating to 65°C 
for 5 min and subsequent cDNA synthesis at 37°C for 15 min and 
98°C for 5 min. Parallel reactions without reverse transcription 
were performed to confirm the absence of genomic DNA am-
plification. Using QuantStudio Real-Time PCR System (Applied 
Biosystems), SybrGreen-based real-time semi-quantitative PCR 
was initiated with an initial denaturation step of 96°C for 5 min, 
followed by 40 cycles of 96°C for 30 sec, 57°C for 30 sec, and 72°C 
for 2 min. The threshold cycle for each gene was determined and 
analyzed using the relative quantitation software. The relative 
expression of the target genes was calculated using the 2−ΔΔCT 
method. Parallel reactions without reverse transcription were 
performed to confirm the absence of genomic DNA amplifica-
tion. The mRNA levels of the genes of interest were normalized to 
those of housekeeping gene GAPDH. Table 1 presents the primer 
sequences.

Immunoblot analysis

SCG were homogenized in RIPA Lysis and Extraction buf-
fer (Thermo Fisher Scientific) supplemented with Halt Protease 
Inhibitor Cocktail (Fisher Scientific), and incubated for 20 min 
at 4°C. The lysates were centrifuged at 13,000 rpm for 20 min at 
4°C to remove insoluble materials, the supernatant was collected 
for further experiments. Protein levels were quantified using the 
Bradford assay kit (Coomassie Protein Assay Reagent, Thermo 
Fisher Scientific). 80 µg of the sample was electrophoresed on an 
SDS-polyacrylamide gel (8%) and transferred onto a nitrocellu-

lose (NC) membrane (Bio-Rad Laboratories). The membrane was 
blocked with 0.1% Tris-buffered saline/Tween-20 (TBST) contain-
ing 5% skim milk (Santa Cruz Biotechnology) for 1 h at RT and 
then incubated overnight at 4°C with primary antibodies against 
STIM1 (1:3,000), Orai1 (1:1,000), toll-like receptor 4 (TLR4) 
(1:1,000), GFAP (1:1,000), and GAPDH (1:10,000). After washing 
the primary antibodies with 0.1% TBST, the membranes were 
incubated with the secondary (1:2,000) goat anti-mouse or anti-
rabbit IgG (H+L) secondary antibody, horseradish peroxidase-
conjugated (Thermo Fisher Scientific) for 90 min at RT. After 
intense washing, immunoreactive bands were visualized on the 
NC membrane using an ECL detection reagent (GE Healthcare, 
no. RPN2235/2232) and Chemi Doc XRS+ imaging system (Bio-
Rad Laboratories). The optical densities of the immunoreactive 
bands were quantified using the program Image Lab 5.2.1 (Bio-
Rad Laboratories) and normalized to the loading control.

Measurement of intracellular Ca2+

The partially dissociated cells on glass coverslips were loaded 
with 2.5 µM of Fura-2-acetoxymethyl ester (Fura-2 AM) (Thermo 
Fisher Scientific) for 45 min at 37°C in the culture medium, 
and subsequently washed with normal physiological salt solu-
tion (NPSS). The coverslips were then transferred to a perfu-
sion chamber (Warner Instrument) on a TE2000 fluorescence 
microscope (Nikon) equipped with a ratio fluorescence system 
(RatioMaster; Photon Technology International Inc.). Cells were 
constantly perfused at 1 ml/min with an NPSS containing: NaCl 
135 mM, KCl 4.5 mM, MgCl2 1 mM, CaCl2 2 mM, HEPES 10 
mM, and glucose 10 mM (pH 7.4, 289–295 mOsm). Dye-loaded 
cells were alternatively excited at 340 and 380 nm, and the emit-
ted light (510 nm) was captured after filtration using a CCD im-

 Table 1. Sequences of primers used for quantitative PCR analysis

Gene Primer sequences Size product 
(bp)

GAPDH F: CATCACTGCCACTCAGAAGACTG 153
R: ATGCCAGTGAGCTTCCCGTTCAG

Orai1 F: ACCGGGCACCCACTATGC 140
R: ACTCTGCCCTGGTGAAGCCAG

Orai2 F: TCCACCATCATCATGGTAC 162
R: CACCTGTAGGCTTCTCTC

Orai3 F: GCCCAGCTTTAGACTGTTGC 126
R: CTGAGCAGGAATTTGGCTTC

STIM1 F: ATGCCAATGGTGAATGTGGAT 97
R: CCATGGAAGGTGCTGTGTTT

STIM2 F: ACGGAAACCAAGAGCATG 199
R: CGTGCGGGATGCTGCCTAC

GFAP F: CCAGATCCGAGAAACCAGCC 88
R: CCGCATCTCCACCGTCTTTA

TLR4 F: TCATGCTTTCTCACGGCCTC 142
R: AGGAAGTACCTCTATGCAGGGAT

F, forward; R, reverse.
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aging instrument composed of Lambda DG-4 (Sutter Instrument 
Inc.) and CoolSNAP CCD (Cascade, Roper Scientific Inc.). Felix 
software for RatioMaster and Metafluor (V 6.1, Universal Imag-
ing Corp.) for CoolSNAP CCD were used for data acquisition and 
analysis. The area under the curve (AUC) of the traces of Ca2+ 
changes during SOCE (AUC SOCE) was calculated for further 
comparative analysis.

Statistics

Statistical analyses were performed using Prism 10.0 (GraphPad 

Software). Comparisons were made using Student’s t-test and 
one-way ANOVA with Tukey’s post-hoc test. Statistical signifi-
cance was set at p < 0.05 indicated as: *p < 0.05, **p < 0.01, ***p < 
0.001. Data are presented as the mean ± SEM.

Fig. 1. Identification of the components of SOCE machinery in neurons and SGC units of rat sympathetic ganglia. (A, a) H&E staining to dem-
onstrate the close localization of SGCs around the large soma of an SCG neuron. (A, b) Kir4.1-positive SGCs (arrows) enveloping SCG neurons (n). (A, 
c-d) DIC and immunofluorescent images of a neuron-SGC unit in the culture. SGCs showed Kir4.1-IR (arrow). DAPI was used to stain the nuclei of 
neuron and SGC. Scale bars = 10 µM. (B) Relative mRNA expressions of Orai and STIM, the SOCE components in sympathetic ganglia. The number of 
experiments is indicated in parentheses. (C) Representative immunofluorescent images of Orai1 (green) and STIM1 (red) distribution in a sympathetic 
neuron-SGC unit. DAPI was used to stain the nuclei of both neuron and SGC. Confocal images of the cells were captured before and after a 10-min 
treatment with 30 µM CPA. ER Ca2+ depletion with CPA induced the mobilization of STIM1-Orai1 aggregates, resulting in the assembly of prominent 
puncta formation in the cell surfaces of a neuron-SGC unit. Scale bars = 10 µM. (D, E). Summary of the number of Orai1 puncta in neuron-SGC units. 
Vehicle DMSO-treated (VEH) and CPA-treated (CPA) groups were compared (n = 54–60 cells from 5 wells per group). The data are presented as means 
± SEM. Unpaired t-test, ***p < 0.001. SOCE, store-operated calcium entry; SGC, satellite glial cell; SCG, superior cervical ganglia; DIC, differential inter-
ference contrast; DAPI, 4,6-diamino-2-phenylindole dihydrochloride; STIM, stromal interaction molecule; CPA, cyclopiazonic acid; ER, endoplasmic 
reticulum; DMSO, dimethyl sulfoxide.

A
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RESULTS

Identification of the components of SOCE machinery 
in the neurons and SGCs of rat sympathetic ganglia

H&E staining of a whole ganglia section revealed the mor-
phologically unique location of SGCs around a large neuronal 
cell body (Fig. 1A, a). The previous studies have shown that the 
inwardly rectifying potassium channels Kir4.1 is an astrocyte 
and sensory SGCs-specific marker [23,24]. Recently, single-cell 
transcriptome analysis has revealed that the mRNAs encoding 
Kir4.1 are expressed in the SGCs of mouse SCG [4]. Consistent 
with these findings, we observed that the Kir4.1-positive SGCs 
closely envelop the large principal neurons in the rat sympathetic 
ganglia (Fig. 1A, b). For the in vitro simultaneous imaging of 
Ca2+ signaling in both neurons and SGCs, we used the method of 
partial enzymatic digestion with a BSA-gradient centrifugation 
process [21] for acquiring a pool of pure neuron-SGC units from 
sympathetic ganglia. We observed that a single SCG neuron was 
associated with one or more Kir4.1 expressing SGCs (Fig. 1A, c 
and 1A, d). Quantitative real-time PCR analysis showed that the 

transcripts encoding all known SOCE components (Orai1, Orai2, 
Orai3, STIM1, and STIM2) were expressed in rat SCG (Fig. 1B). 
Confocal images of immunofluorescence staining illustrated the 
presence of Orai1 and STIM1 in neurons and SGCs (Fig. 1C). 
When the ER Ca2+ store was depleted by 30 µM cyclopiazonic 
acid (CPA), an ER Ca2+ ATPase inhibitor, in the absence of ex-
tracellular Ca2+, the Orai1- and STIM1-immunoreactivities were 
significantly increased on the plasma membranes of neurons and 
SGCs (Fig. 1C). The Orai1 channels were likely activated by the 
translocation and association of STIM1 [22]. We quantified the 
Orai1-immunoreactive puncta in neurons and SGCs. Compared 
with the control (vehicle [VEH]), CPA significantly increased 
the number of Orai1 puncta in neurons (Fig. 1D) and SGCs (Fig. 
1E) (p < 0.001). On average, the number of Orai puncta before 
and after CPA treatment was 24 ± 1 (n = 50) and 49 ± 1 (n = 64), 
respectively in SGCs, and 107 ± 4 (n = 50) and 180 ± 7 (n = 64), 
respectively in neurons. These findings suggest that the SOCE 
machinery primarily comprises Orai1 and STIM1 in neurons and 
SGCs of the rat SCG.

Fig. 2. Measurement of SOCE in both neurons and SGCs of sympathetic ganglia. (A) The digital images displaying a neuron-SGC unit (left), a 340 
nm/380 nm ratio at the resting basal state (middle), and SOCE induction (right). (B) Representative traces of CPA (30 µM)-induced depletion of Ca2+ 
stores in the absence of external Ca2+ and the subsequent secondary Ca2+ influx (SOCE) via the activated CRAC by CPA in the presence of external Ca2+ 
(2 mM) in a neuron-SGC unit. The area under the curve (AUC) of the Ca2+ influx traces during SOCE, referred to AUC SOCE was measured in both SGCs 
and neurons. (C) Summary of AUC SOCE in both SGCs and neurons. Unpaired Student’s t-test, ***p < 0.001. (D, F) Representative traces demonstrat-
ing pharmacological inhibition of SOCE with GSK7975A (1 µM for 1 h, Orai1 inhibitor) and Pyr6 (3 µM for 1 h, SOCE inhibitor) in a neuron-SGC unit. (E, 
G) Summary of AUC SOCE in both control (VEH) and inhibitor-treated SGCs and neurons. The data are presented as means ± SEM. The number of the 
tested cells is indicated in parentheses. One-way ANOVA followed by post-hoc Tukey’s multiple comparison test, ***p < 0.001. SOCE, store-operated 
calcium entry; SGC, satellite glial cell; CPA, cyclopiazonic acid; CRAC, calcium release-activated calcium channel.
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Measurement of SOCE in the neurons and SGCs of 
sympathetic ganglia

To ascertain whether SOCE proteins functional in sympathetic 
neurons and SGCs, we performed intracellular Ca2+ imaging 
experiments using Fura-2 AM. CPA-induced depletion of the 
ER Ca2+ store transiently increased the cytosolic Ca2+ level in the 
absence of extracellular Ca2+. Subsequent perfusion of the buffer 
with 2 mM Ca2+ increased cytosolic Ca2+ in neurons and SGCs 
(Fig. 2A), suggesting that the store refilled Ca2+ influx via the 
activated SOCE channels (Fig. 2B). Interestingly, the magnitude 
of SOCE as measured in AUC SOCE (see Fig. 2B caption) was 
significantly larger in SGCs (135 ± 4, n = 32) than neurons (35 ± 
3, n = 29) (p < 0.001) (Fig. 2C). It should be noted that the oscil-
lating Ca2+ signals are likely a key feature of SOCE. We examined 
whether GSK7975A (1 µM), an Orai1/3 inhibitor, and Pyr6 (3 
µM), an Orai1/TRPC3 inhibitor, suppressed CPA-induced SOCE. 
A previous study indicates that Pyr6 typically exhibits approxi-
mately 40-fold higher potency in inhibiting Orai1-mediated Ca2+ 
entry compared to TRPC3-mediated Ca2+ entry [25]. Accordingly, 

Pyr6 at 3 µM can selectively block orai1-mediated SOCE. After 
pre-treatment of these inhibitors for 1 h, SOCE was significantly 
suppressed in neurons and SGCs compared to the control (VEH) 
(Fig. 2D–G). On average, GSK7975A decreased the AUC SOCE by 
88% in SGCs (138 ± 5 for control vs. 17 ± 2 for inhibitor, p < 0.001) 
(Fig. 2D, E) and 52% in neurons (38 ± 1 for control vs. 18 ± 1 for 
inhibitor, p < 0.001) (Fig. 2D, G). Pyr6 decreased the AUC SOCE 
by 97% in the SGCs (138 ± 5 for control vs. 4 ± 1 for inhibitor, p < 
0.001) (Fig. 2E, F) and 74% in neurons (38 ± 1 for control vs. 10 ± 
1 for inhibitor, p < 0.001) (Fig. 2F, G). These findings suggest that 
the SOCE machinery is functional in the neurons and SGCs of 
the rat sympathetic ganglia.

LPS decreased SOCE by downregulation of Orai1 and 
STIM1 expression in rat SCG

Next, we examined whether glial Ca2+ signaling is susceptible 
to pathological challenges. Acute systemic inflammation was in-
duced in rats using LPS (2 mg/kg, intraperitoneal injection). One 
day after LPS injection, the expression of the transcripts encoding 

Fig. 3. LPS-induced upregulation of 
GFAP and TLR4 in sympathetic gan-
glia. (A, B) Real-time PCR analysis to 
assess the transcripts encoding GFAP 
and TLR4 in the sympathetic ganglia col-
lected from rats with and without LPS 
injection (2 mg/kg, i.p., 24 h). (C) Confo-
cal images depicting changes in GFAP 
expression in the SGCs of sympathetic 
ganglia 24 h after LPS injection. Scale 
bars = 10 µm. (D) Immunoblots of SCG 
collected from rats 24 h after injection of 
either vehicle or LPS in vivo. (E, F) Sum-
mary of the LPS-induced changes in the 
expression of GFAP and TLR4 proteins in 
the SCG. (G) Confocal images showing 
the localization and changes in TLR4 im-
munoreactivity in the control (VEH) and 
LPS (1 µg/ml, 24 h)-treated neuron-SGC 
units. Scale bars = 10 µm. Data are pre-
sented as means ± SEM. The number of 
experiments is indicated in parentheses. 
Unpaired Student’s t-test, *p < 0.05, **p 
< 0.01, ***p < 0.001. LPS, lipopolysaccha-
ride; GFAP, glial fibrillary acidic protein; 
TLR4, toll-like receptor 4; SGC, satellite 
glial cell; SCG, superior cervical ganglia; 
i.p., intraperitoneal; DAPI, 4,6-diamino-
2-phenylindole dihydrochloride.
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GFAP and TLR4, an LPS-responsive toll-like receptor, was up-
regulated approximately 4- and 1.4 folds, respectively, compared 
with that in the control (VEH) in the sympathetic ganglia (p < 
0.001) (Fig. 3A, B). Immunohistochemical and immunoblotting 
analyses confirmed an LPS-mediated increase in GFAP expres-
sion (Fig. 3C–E). TLR4 protein levels increased slightly in the rat 
sympathetic ganglia (Fig. 3D, F). Next, we performed immunos-
taining of TLR4 in the cultured neurons and SGCs. As illustrated 
in Fig. 3G, TLR4 immunoactivity was prominently detected in 
neurons, while being negligible in individual SGCs under control 
(VEH) healthy conditions. Furthermore, 24 h following exposure 
to LPS (1 µg/ml) in vitro, TLR4 immunoactivity significantly in-
creased in neurons. These findings suggest that LPS-induced re-
active gliosis, i.e., the activation of SGCs, increases GFAP proteins 
in the SGCs via TLR4 activation in the rat sympathetic ganglia.

Importantly, the quantitative real-time PCR and immunoblot-
ting analyses revealed that LPS significantly downregulated Orai1 
and STIM1 expression in the rat sympathetic ganglia (Fig. 4A–D). 
We compared the SOCE in control and in vitro LPS (1 µg/ml for 
24 h)-treated neurons and SGCs. LPS significantly decreased the 
magnitude of SOCE in SGCs and neurons (Fig. 4F–I). On aver-
age, LPS decreased the AUC SOCE by 41% in SGCs (153 ± 13 for 
VEH vs. 90 ± 15 for LPS, p < 0.01) (Fig. 4G) and 30% in neurons 
(Fig. 4I) (43 ± 4 for VEH vs. 30 ± 4 for LPS, p < 0.05). Finally, we 
examined whether LPS modulates Ca2+ influx through voltage-
gated Ca2+ channels (VGCCs), the primary Ca2+ signaling path-

way in neurons. Bath perfusion of high K+ (80 mM) significantly 
increased the cytosolic Ca2+ levels in neurons (Supplementary Fig. 
1A). In contrast, the individual SGCs in culture did not respond 
to high K+ (data not shown) due to the absence of VGCCs. In a 
previous study, we found high K+-induced Ca2+ signaling medi-
ates somatic ATP release (unpublished data). Consequently, we 
observed ATP-mediated cytosolic Ca2+ increase in SGCs attached 
to neurons following high K+ application (Supplementary Fig. 
1C). Twenty-four hours after exposure to LPS (1 µg/ml), high 
K+-induced cytosolic Ca2+ was significantly augmented in both 
neurons and SGCs attached to the attendant neurons. In sum-
mary, LPS increased the initial slope of cytosolic Ca2+ rise by 1.5- 
and 4.6-folds, respectively, in neurons and SGCs (Supplementary 
Fig. 1B, D). These findings suggested that LPS activates VGCC-
mediated Ca2+ signaling, leading to an increase in somatic ATP 
release and, consequently, ATP-mediated Ca2+ signaling in SGCs 
of sympathetic ganglia.

DISCUSSION
In most electrically non-excitable cells, the depletion of ER Ca2+ 

store triggers secondary Ca2+ influx, known as SOCE, involv-
ing plasmalemmal channels [26]. Many studies have identified 
SOCE as the primary pathway for glial Ca2+ signaling in all types 
of glia within the central nervous system [27,28]. However, until 

Fig. 4. LPS decreased SOCE by downregulating Orai 1 and STIM1 in the sympathetic ganglia. (A, B) Summary of the relative expression of tran-
scripts encoding STIM1 and Orai1. (C) Immunoblots of Orai1 and STIM1 protein expression in rat SCG 24 h after either vehicle (VEH) or LPS injection in 
vivo. (D, E) Summary of the relative expression of Orai1 and STIM1 proteins. (F, H) Representative traces of SOCE in SGCs (F) and neurons (H) following 
treatment with either vehicle or LPS (1 µg/ml, 24 h in vitro). (G, I) Summary of the LPS-induced changes in AUC SOCE in both SGCs and neurons (n = 
17–28 cells). The data are presented as means ± SEM. The number of experiments is indicated in parentheses. Unpaired Student’s t-test, *p < 0.05, **p 
< 0.01, ***p < 0.001. LPS, lipopolysaccharide; SOCE, store-operated calcium entry; STIM, stromal interaction molecule; SCG, superior cervical ganglia; 
SGC, satellite glial cell; CPA, cyclopiazonic acid; AUC, area under the curve.
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recently, little was known about the glial Ca2+ signaling mecha-
nism in the peripheral nervous system including autonomic and 
sensory ganglia. Our investigation is the first time to reveal that 
sympathetic ganglia possess a functional SOCE machinery for 
glial Ca2+ signaling. The key findings of our study are as follows. 
First, the SOCE machinery in the sympathetic ganglia primarily 
comprises Orai1 and STIM1. Second, the depletion of the ER Ca2+ 

induced by CPA activates the SOCE machinery, allowing the sec-
ondary Ca2+ influx through plasmalemmal Orai channels. Thus, 
SOCE may play a more significant role in SGCs than in neurons. 
Third, LPS-induced inflammation down-regulates the expression 
of Orai1 and STIM1, consequently limiting SOCE.

The CRAC is one of the plasmalemmal channels responsible 
for mediating SOCE and comprises Orai (the plasmalemmal 
channel) and STIM (the ER Ca2+ sensor). Three Orai isoforms 
(Orai1-3), and two of STIM (STIM1 and STIM2) isoforms have 
been identified in vertebrates [29]. STIM1 and Orai1 are the cen-
tral components of the SOCE machinery in numerous cell types, 
including astrocyte [30-34]. Our quantitative real-time PCR find-
ings align with these discoveries, demonstrating the high expres-
sion of Orai1 and STIM1 in the sympathetic ganglia. Notably, we 
visually observed, for the first time, the transient organization 
of STIM1-Orai1 puncta induced by ER-Ca2+ depletion in the 
sympathetic ganglia. Additionally, the pharmacological inhibi-
tion of Orai1 significantly reduced the magnitude of SOCE. Our 
findings indicate that Orai1 and STIM1 are crucial in facilitating 
SOCE in sympathetic SGCs and neurons.

Cytoplasmic Ca2+ is an intracellular signal responsible for 
controlling many cellular processes. Ca2+ signaling in electrically 
excitable neurons mostly relies on the rapid and massive influx 
of Ca2+ via VGCCs, which are highly expressed on the plasma 
membranes. In contrast, non-electrically excitable SGCs do not 
express functional VGCCs and utilize ER Ca2+ store as the main 
source of cytoplasmic Ca2+ signaling [10,25,28]. Consequently, 
the SOCE machinery appears to be highly developed in SGCs in 
compared to neurons in the sympathetic ganglia.

Typically, in the glial cells, ER Ca2+ serve as the primary source 
of cytoplasmic Ca2+ signaling and predominantly mobilized via 
IP3 receptor activation downstream of G-protein coupled receptor 
activation [35]. Various sources release diverse bioactive substanc-
es that potentially activate G-protein coupled receptors, including 
nerve terminals, neuronal cell bodies, glial cells. Recent studies 
have shown that acetylcholine (ACh) increases intracellular Ca2+ 
by engaging muscarinic receptors [36]. We observed that neuro-
nal depolarization induces somatic ATP release through activa-
tion of VGCCs, which contributes to increased intracellular Ca2+, 
partly through the activation of metabotropic purinergic receptor 
activation, specifically P2Y1 (unpublished data). Overall, ACh 
and ATP released from both preganglionic nerve terminals and 
postganglionic neuronal cell bodies are the principal mediators 
facilitating communication between neurons and SGCs. Hence, 
investigating whether the SOCE machinery (Orai1 and STIM1) is 

indispensable for muscarinic and purinergic receptors-mediated 
Ca2+ signaling could be an intriguing avenue for exploration.

A prominent feature of the SOCE in sympathetic SGCs is the 
presence of Ca2+ oscillations. Previous studies have suggested 
that the SOCE-related Ca2+ oscillations may originate from an 
intricate interplay between STIM1, transient receptor potential 
cation channels (TRPCs), and plasmalemmal and ER Ca2+ pumps 
[11,37]. Recently, we identified TRPC1, TRPC3, and TRPC6 in 
the sympathetic ganglia (unpublished data). Accordingly, we are 
exploring an alternative SOCE pathway that involves the interac-
tion between STIM1 and TRPC channels in sympathetic SGCs.

SGCs are believed to influence various neural functions within 
the sympathetic ganglia [3]. Growing evidence has suggested 
that nerve injury and inflammation can modulate the functions 
of sensory SGCs, which are notably linked with pain sensation 
through TLR4 activation and GFAP upregulation-associated 
production of proinflammatory cytokines [2]. Recent studies 
have remarkably demonstrated that LPS-induced upregulation of 
SOCE increases proinflammatory cytokine production in spinal 
astrocytes, and initiates inflammatory signaling pathways in a 
mouse hippocampal cell line [19,38]. In contrast, we found that 
LPS diminished SOCE by downregulating Orai1 and STIM1 
expression in the sympathetic ganglia. LPS-induced downregula-
tion of SOCE has been consistently reported in different glial cell 
types, including hippocampal astrocytes and microglia [14,17,39]. 
We are currently uncertain about the source of the discrepancy in 
LPS-induced regulation of SOCE. Future research on the signal-
ing mechanisms underlying the LPS-induced downregulation of 
SOCE machinery in rat sympathetic ganglia is awaited.

The upregulation of GFAP is a widely used hallmark of glial ac-
tivation and reactive gliosis [40]. Hanani group [41] demonstrated 
that LPS upregulates GFAP expression through TLR4 activation 
in mouse trigeminal ganglia. They also suggested that the absence 
of TLR4 in mouse SCG prevents reactive gliosis in response to 
LPS exposure. In contrast, we observed that TLR4 is expressed in 
rat sympathetic ganglia, and mediates the activation of SGCs in 
response to LPS exposure. A previous study has shown that sciatic 
nerve injury causes GFAP upregulation in the sensory ganglia of 
rats, but not in mice [42]. There appear to be differences in how 
species respond to certain pathological conditions.

TLR4 mediates the production of proinflammatory cytokines 
such as tumor necrosis factor-alpha and interleukin 1 beta in 
neurons, astrocytes, and microglia [43,44]. Unexpectedly, our 
immunocytochemical staining of the neuron-SGC units demon-
strated that SCG neurons, but not SGCs, highly expressed TLR4, 
suggesting that neurons are the major cellular sources of pro-
inflammatory cytokines in the rat SCG. In general, the release 
of proinflammatory cytokines is regulated by Ca2+-dependent 
signaling mechanisms that activate several transcription factor 
pathways, including nuclear factor kappa B, NFAT, and cAMP 
response element-binding protein [45-47]. In SCG neurons, it 
is unlikely that SOCE mediates the release of proinflammatory 
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cytokines due to the LPS-induced downregulation of Orai1 and 
STIM1. In contrast, LPS increased Ca2+ influx through VGCCs 
(Supplementary Fig. 1), suggesting an alternative mechanism for 
the Ca2+-dependent release of proinflammatory cytokines in-
duced in SCG neurons. VGCCs in sympathetic neurons comprise 
N, L, and R types [48]. Evidence supports that STIM1 can trigger 
the internalization of L-type Cav1.2 channels from the plasma 
membrane through physical binding in multiple cell types, in-
cluding neurons and vascular smooth muscle [49,50]. A recent 
study showed that loss of STIM1 potentiates Ca2+ entry through 
Cav1.2, resulting in cell death [51]. Consequently, we speculate 
that the LPS-induced increase in Ca2+ entry through VGCCs is 
associated with the potentiation of Cav1.2 due to reduced STM1 
expression in rat SCG neurons.

SGCs in the peripheral ganglia have immune properties and 
expressing mitogen-activated protein kinases and cytokines 
[52,53]. Consequently, we consider that, in addition to neurons, 
SGCs can release proinflammatory cytokines through alternative 
pathways, even though their expression of TLR4, if any, is weak. 
As mentioned previously, SOCE is the primary Ca2+ signaling 
mechanism in sympathetic SGCs. An alternative Ca2+ signaling 
pathway might involve Ca2+ influx across the plasma membrane 
via ion channels such as P2X receptors. Among the known P2X 
receptor isoforms, P2X7 mediates LPS-induced inflammation 
[54]. On the other hand, interleukin 1 beta upregulates P2X7 
expression in human astrocytes [55]. We observed that P2X7 was 
expressed together with P2Y in healthy sympathetic SGCs. Over-
all, it might be worth examining whether LPS-induced activa-
tion of somatic ATP and cytokine release occurs through STIM1 
downregulation-mediated activation of Cav1.2, and increase SGC 
Ca2+ signaling by activating the upregulated P2X7 in the sympa-
thetic ganglia.

In conclusion, our findings offer foundational insights into the 
major mechanism of Ca2+ signaling in SGCs, comparing them 
with the principal neurons in the sympathetic ganglia. Emerging 
evidence support the new hypothesis indicating that the complex 
network contributing to final visceral motor output involves neu-
rons and glial cells within the autonomic ganglia. For instance, 
activating Gq G protein-coupled receptors in sympathetic SGCs 
significantly accelerates cardiovascular functions [56]. This obser-
vation suggests that maintaining glial Ca2+ homeostasis is critical 
for neural activity in the sympathetic ganglia. Several pathologi-
cal conditions including chronic heart failure [5], liver cirrhosis 
[6], and traumatic brain injury [7], lead to autonomic imbalance 
characterized by sympathetic overactivity. Thus, whether dysreg-
ulation of SOCE contributes to alterations in sympathetic output 
during these diseased states remains to be explored.
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