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Downregulated GPR30 expression in the epileptogenic foci of 
female patients with focal cortical dysplasia type IIb and tuberous 
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Abstract

Focal cortical dysplasia type IIb (FCDIIb) and tuberous sclerosis complex 

(TSC) are typical causes of developmental delay and refractory epilepsy. 

G-protein-coupled receptor 30 (GPR30) is a specific estrogen receptor that is 

critical in neurodevelopment, neuroinflammation, and neuronal excitability, 

suggesting that it plays a potential role in the epilepsy of patients with FCDIIb 

and TSC. Therefore, we investigated the role of GPR30 in patients with FCDIIb 

and TSC. We found that the expression of GPR30 and its downstream protein 

kinase A (PKA) pathway were decreased and negatively correlated with seizure 

frequency in female patients with FCDIIb and TSC, but not in male patients. 

GPR30 was widely distributed in neurons, astrocytes, and microglia, and its 

downregulation was especially notable in microglia. The GPR30 agonist G-1 

increased the expression of PKA and p-PKA in cultured cortical neurons, and 

the GPR30 antagonist G-15 exhibited the opposite effects of G-1. The NF-κB 

signaling pathway was also activated in the specimens of female patients with 

FCDIIb and TSC, and was regulated by G-1 and G-15 in cultured cortical neu-

rons. We also found that GPR30 regulated cortical neuronal excitability by al-

tering the frequency of spontaneous excitatory postsynaptic currents and the 

expression of NR2A/B. Further, the relationship between GPR30 and glyco-

metabolism was evaluated by analyzing the correlations between GPR30 and 
18F-FDG PET-CT values (standardized uptake values, SUVs). Positive corre-

lations between GPR30 and SUVs were found in female patients, but not in 

male patients. Intriguingly, GPR30 expression and SUVs were significantly de-

creased in the epileptogenic tubers of female TSC patients, and ROC curves in-

dicated that SUVs could predict the localization of epileptogenic tubers. Taken 

together, our results suggest a potential protective effect of GPR30 in the epi-

leptogenesis of female patients with FCDIIb and TSC.
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K E Y W O R D S
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IIb, G-protein-coupled receptor 30, standardized uptake values, tuberous sclerosis complex, 
whole-cell patch-clamp

1 |  INTRODUCTION

Malformations of cortical development (MCDs) are 
the major cause of refractory epilepsy (1,2). MCDs 
are a group of severe brain malformations associated 
with intractable epilepsy, intellectual disability, cogni-
tive impairment, and autism spectrum disorders (3,4). 
Focal cortical dysplasia IIb (FCDIIb) and tuberous 
sclerosis complex (TSC) are typical MCDs with sim-
ilar pathological characteristics, such as dysmorphic 
neurons (DNs), bright eosinophilic giant cells (GCs), 
and balloon cells (BCs) (4–6). Resected brain tissues 
of patients with FCDIIb and TSC exhibit increased ex-
pression of glutamate transporters, NMDA receptors, 
and proinflammatory factors. Increased neuronal ex-
citability and activated inflammation ultimately lead 
to epileptogenesis in patients with FCDIIb and TSC 
(7–9). However, the detailed molecular mechanisms 
underlying the epilepsy of patients with FCDIIb and 
TSC remain unclear.

Estrogen is a crucial regulator of neurodevelop-
ment, neuronal excitability, and neuroinflammation 
in the central nervous system (CNS) (10–12). Clinical 
evidence and animal experiments have shown that es-
trogen has a proconvulsant effect (13,14). Estrogen acts 
through nuclear receptors (estrogen receptor [ER]α 
and ERβ) and G protein-coupled receptor 30 (GPR30). 
ERα and ERβ mediate the genomic effects of estrogen 
(15), and ERα has been reported to increase seizure 
susceptibility (14,16). GPR30 is a membrane receptor 
that regulates the non-genomic effects of estrogen, in-
cluding calcium mobilization, kinase activation, and 
nitric oxide production (17–19). It is reported to be two 
to four times more abundant than ERα or ERβ in the 
rat prefrontal cortex and binds estradiol with a higher 
affinity than ERα and ERβ (19,20). Moreover, GPR30 
is selectively activated by the 17α and 17β isomers of 
estradiol, but does not bind other steroids, including 
progesterone, testosterone, or cortisol. GPR30 has 
been reported to regulate neuronal excitability in my-
elinated vagal afferent neurons and reduce the release 
of TNF-α, IL-1β, and IL-6 in microglia (21,22), but the 
role of GPR30 in the epileptogenesis of patients with 
FCDIIb and TSC is still unknown.

To explore the role of GPR30 in the epilepsy of 
patients with FCDIIb and TSC, we detected the ex-
pression and distribution of GPR30, analyzed the 
correlation between GPR30 expression and clinical 
variables, and explored the expression of the down-
stream PKA signaling pathway. In addition, we also 

explored GPR30-mediated NF-κB inflammatory sig-
naling and cortical neuronal excitability. Furthermore, 
the correlation between GPR30 and 18F-FDG PET-CT 
standardized uptake values (SUVs) was analyzed in 
patients with FCDIIb and TSC, and the potential pre-
dictive value of SUVs on epileptogenic tubers was as-
sessed in female patients with TSC.

2 |  M ATERI A LS A N D M ETHODS

2.1 | Human subjects

Eighty-two human subjects comprising patients with 
FCDIIb (n  =  30), TSC (n  =  30), and control individu-
als (n  =  22) were obtained from the Department of 
Neurosurgery at Xinqiao Hospital (Army Medical 
University, Chongqing, China). All procedures were per-
formed according to the guidelines of the Declaration 
of Helsinki of the World Medical Association and 
the Ethics Committee guidelines of Army Medical 
University. Patients underwent comprehensive presur-
gical evaluation and signed informed consent for the 
use of resected brain tissues in research and access to 
medical records before the surgery. All surgical speci-
mens were reviewed by two neuropathologists based on 
the International League Against Epilepsy classifica-
tion (23). Additional clinical mutation analyses of TSC 
1 and TSC 2 were performed to confirm the diagnosis of 
TSC. The control specimens were from 22 autopsies of 
individuals without a known neurologic or psychiatric 
history. According to our previous studies (24), all the 
specimens were collected within 6 h after death because 
most proteins are stable in this postmortem interval (25). 
All control cases were assessed by two neuropathologists 
and were diagnosed as histologically normal. The men-
struation of females was recorded, and specimens from 
females with menstruation were collected within three 
days after menstruation to avoid estrogen fluctuation.

2.2 | Tissue preparation

Human specimens were divided into representative 
tissue blocks during surgery. One part of the tissue 
block was fixed in 10 % buffered formalin for 24–48 h, 
embedded in paraffin, and used for standard histo-
pathologic diagnosis, pathologic classification, immu-
nohistochemistry, and immunofluorescence. Another 
part of the tissue block was immediately frozen in 
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liquid nitrogen, stored at −80°C, and used for quanti-
tative real-time polymerase chain reaction and western 
blot analyses.

2.3 | Quantitative real-time polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted from the FCDIIb, TSC, and con-
trol specimens using TRIzol (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer's instructions. The 
concentration and purity of the RNA were determined using 
a spectrophotometer (Ocean Optics, Dunedin, FL, USA) at 
260/280 nm, and then total RNA was reverse-transcribed 
to cDNA. Total cDNA was synthesized using 1 μg of total 
RNA and an oligo (dT) primer (TaKaRa, Otsu, Japan). 
PCR primers were designed based on the complementary 
DNA sequence. The primers used in this study were as fol-
lows: GPR30 (forward: AGTCTTTCCGTCACGCCTACC; 
reverse: GGCTCGTCTTCTGCTCCACA), IL-1β (forward: 
ATGATGGCTTATTACAGTGGCAA; reverse: GTCGGAG 
ATTCGTAGCTGGA), IL-6 (forward: ACTCACCTCTT 
CAGAACGAATTG; reverse: CCATCTTTGGAAGGTT 
CAGGTTG), and TNF-α (forward: CCTCTCTCTAATC 
AGCCCTCTG; reverse: GAGGACCTGGGAGTAGAT 
GAG). GAPDH served as the endogenous control gene for 
normalization. The PCR amplification conditions were as 
follows: 95°C for 30 s (7), 95°C for 5 s (40 cycles), and 60°C 
for 30 s (1 cycle). Finally, the quantitative analyses of the 
data were calculated according to the 2−ΔΔCT method.

2.4 | Immunohistochemistry (IHC)  
and immunofluorescence (IF)

Paraffin-embedded tissues were sectioned at 5 μm, de-
paraffinized in xylene, rehydrated through graded alco-
hol, and heated for 25 min by boiling citrate buffer (pH 
6.0) for antigen retrieval in a microwave oven. Sections 
were incubated in 0.5% H2O2 for 30 min at 37°C to quench 
endogenous peroxidase and then incubated in 3% bovine 
serum albumin (BSA) for 1 h at 4°C to block nonspecific 
binding. Next, the sections were incubated with primary 
antibodies overnight at room temperature. The primary 
antibodies used in this study were as follows: anti-GPR30 
(1:400, Abcam, England), anti-NeuN (1:500; Millipore, 
Billerica, MA, USA), anti-GFAP (glial fibrillary acidic 
protein) (1:500; Sigma, England), anti-CD68 (1:400; 
Abcam, England), and anti-Iba1 (1:1000, Wako, Japan). 
BSA was used instead of primary antibodies in the nega-
tive controls. After the sections were washed, they were 
incubated with the corresponding secondary antibodies 
at 1:200 dilutions for 2 h at room temperature, and sub-
sequently incubated with the avidin-biotin-peroxidase  
complex for 2 h at 37°C and 3,3-diaminobenzidine tet-
rahydrochloride (DAB, Boster, China) to stain the 
target protein. Counterstaining was performed with 

hematoxylin. For IF, sections were incubated with the 
corresponding Cy3- or 488-conjugated secondary anti-
bodies (both at 1:500, Jackson ImmunoResearch, West 
Grove, PA, USA) for 2  h at 37°C, and mounted with 
Vectashield (Vector). Nuclei were subsequently stained 
with 4′,6-diamidino-2-phenylindole (DAPI, Beyotime, 
China). The stained sections were photographed with 
a Zeiss Axio Vert microscope (Zeiss, Oberkochen, 
Germany) equipped with a Zeiss Axiocam digital color 
camera connected to the Zeiss AxioVision 3.0 system.

2.5 | Evaluation of immunostaining  
and cell counting

The intensity of GPR30, PKA, p-PKA, and NF-κB in 
DNs and BCs were evaluated as previously described 
(26) with a semi-quantitative scale ranging from 0 to 3 
(0: -, no; 1: ±, weak; 2: +, moderate; 3: ++, strong im-
munoreactivity). The frequency scores of GPR30, PKA, 
p-PKA, and NF-κB positive cells [(i) single to 10%; (ii) 
11–50%; (iii) >50%] were also analyzed to evaluate the 
relative number of positive cells within the specimens of 
patients. The product of these two values (intensity and 
frequency scores) was taken to give the immunoreactivity 
score. Mean optical density (MOD) of GPR30 was exam-
ined according to a previous report (27). Briefly, stained 
sections were assessed at 400× magnification using an 
Olympus BX63 microscope (Olympus, Shinjuku-ku, 
Tokyo, Japan). The captured images were analyzed using 
Image-Pro Plus software (IPP) (Media Cybernetics, 
Bethesda, MD, USA), and the MOD was measured. In 
addition, we calculated the labeling index (LI) of dou-
ble-labeled and the percentage of Iba1-positive cells in 
FCDIIb and TSC tissues. The LI was defined as the ratio 
of labeled cells relative to the entire cell population of 
selected fields. Two blinded investigators evaluated the 
specific immunoreactivity and LI, and the overall con-
cordance was >90%.

2.6 | Primary cells isolation  
and protein extraction

Primary cortical neurons were isolated from E18.5 C57/
B6 mouse embryos. Briefly, cortical tissues from the 
brains of the mouse embryos were digested with 0.05 %  
trypsin-EDTA.Na2 at 37°C for 12  min and dissociated 
cortical cells were plated at a density of 1 × 105 on poly 
D-lysine-coated 24-well plates in Planting Medium 
(DMEM-H medium with 10 % [vol/vol] FBS, 1 % [vol/vol] 
GlutaMAX, and 1 % [vol/vol) penicillin–streptomycin).  
After 4  h, cells were cultured in Neuron Medium 
(Neurobasal medium containing 1/50 [vol/vol] B27 and 
1 % [vol/vol] GlutaMAX) for another 14 days for screen-
ing and maturation in a humidified 5 % CO2 incubator 
at 37°C.
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To determine the signaling pathways of GPR30, cul-
tured cortical neurons were treated with DMSO, GPR30 
agonist (G-1, Cayman Chemical Company, USA) 
(1 μM), or GPR30 antagonist (G-15, Cayman Chemical 
Company, USA) (1  μM) for 1  h for 14  days. After the 
treatments, cultures were washed with cold PBS (pH 7.2), 
lysed in cold lysis buffer (N-PER, Thermo Scientific, 
MA), and then harvested with a cell scraper, followed by 
centrifugation at 12,000 rpm for 10 min. Protein concen-
trations were determined using the BCA Assay (Pierce 
Biotechnology, IL).

2.7 | Ovariectomized (OVX) mice model

Female C57/B6 mice were used in this study. All experi-
ments were performed in accordance with the Guide for 
the Care and Use of Laboratory Animals (Guide) (NRC 
2011) and approved by the Animal Studies Committee 
of the Army Medical University. Mice were housed in a 
temperature-controlled room with an alternately light-
dark cycle (12  h/12  h) and could access standard food 
and water ad libitum. All mice in underwent bilateral 
ovariectomy at 3 weeks old as described previously (28). 
Mice were anesthetized using 1.5% isoflurane, and both 
the left and right ovaries were removed. After surgery, 
mice were allowed to recover for 1 week. To maintain es-
trogen concentration at the physiological level, all mice 
were injected  with β-estradiol (10  mg/kg, i.p.) per day 
after recovery until they were sacrificed.

2.8 | Whole-cell patch-clamp recording

Five-week-old female mice were decapitated to prepare 
brain slices according to previously described methods 
(29). Briefly, mice were sacrificed, and their brains were 
dissected rapidly. Horizontal brain slices (300  μm) were 
cut (Leica VT1200S; Nussloch, Germany) in the slice so-
lution (4°C) (2 mM CaCl2, 2 mM MgCl2, 2.5 mM KCl, 
26  mM NaHCO3, 1.25  mM KH2PO4, 10  mM glucose, 
and 220 mM sucrose [pH 7.4] continuously bubbled with 
95% O2⁄5% CO2). Then, the brain slices were transferred 
to the ACSF (37°C) (126 NaCl, 26 NaHCO3, 10 glucose, 
3 KCl, 1.4 NaH2PO4, 2 CaCl2, and 1 MgCl2 mM con-
tinuously bubbled with 95% O2/5% CO2). The pH of the 
ACSF was adjusted to 7.35–7.40 with HCl or NaOH, and 
the osmolarity was adjusted to 300–305 mOsm with dou-
ble distilled water. Borosilicate glass capillaries were fabri-
cated using a horizontal puller (P-97, Sutter Instruments, 
Inc.) to give a resistance of 3–6 MΩ when filled with intra-
cellular solution. For whole-cell patch-clamp recordings, 
the brain slices were initially perfused in flowing ACSF 
containing KA (1 μM) (4 ml/min) to establish an in vitro 
epilepsy model. Then, the GPR30 agonist G-1 (10  μM) 
and antagonist G-15 (10 μM) were added to the perfusate.

For spontaneous excitatory postsynaptic current 
(sEPSC) recording, glass  electrodes were filled with 
the following internal solution (in mM):  120 potas-
sium methane-sulfonate, 10 NaCl, 10 EGTA, 1 CaCl2, 
10 HEPES, 5 ATP-Mg, pH adjusted to 7.2 with KOH, 
with an osmolarity of 300  mOsm. For spontaneous 
inhibitory postsynaptic currents (sIPSC) recording, 
glass electrodes were filled with the following inter-
nal solution (in mM): 130 cesium methane-sulfonate, 
10 sodium methanesulfonate, 10 EGTA, 1 CaCl2, 10 
HEPES, 5 lidocaine N-ethyl bromide quaternary 
salt-Cl, 2 ATP-Mg, pH adjusted to 7.2 with CsOH, with 
an osmolarity of 300 mOsm. All recordings were per-
formed at a holding membrane potential of −70 mv and 
at room temperature. Signals from the cortex of mice 
were acquired using a MultiClamp 700B amplifier 
(Axon, USA) and recorded using pClamp 9.2 software 
(Molecular Devices, Sunnyvale, CA, USA). The sig-
nals were filtered at 5 kHz, digitized at 20 kHz, and an-
alyzed with Clampfit 10.0 software and Mini Analysis 
Program (Synaptosoft, Leonia, NJ, USA).

2.9 | Western blot analysis

Total protein was extracted from human specimens 
and cultured cortical neurons using a whole protein 
extraction kit (Beyotime Institute of Biotechnology, 
Jiangsu, China); protein content was measured using 
a BCA protein assay (Bio-Rad, Hercules, CA, USA). 
The protein was mixed with a 5 × loading buffer and 
subjected to electrophoresis. Equal amounts of pro-
tein (30  mg/lane) were separated on a 10 % sodium 
dodecyl sulfate-polyacrylamide gel and transferred 
onto polyvinylidene fluoride membranes (Millipore, 
Billerica, MA, USA) using a wet electroblotting sys-
tem (Bio-Rad, Hercules, CA, USA). Membranes were 
blocked in blocking buffer at room temperature for 
2 h and then incubated overnight at 4°C with primary 
antibodies against GPR30 (1:1000, Abcam, England), 
protein kinase A (PKA) C-α (1:1000; Cell Signaling 
Technology, USA), phosphorylated PKA (p-PKA) C 
(Thr197) (1:1000; Cell Signaling Technology, USA), 
NF-κB (1:500, Cell Signaling Technology, USA), and 
GAPDH (1:1000; Cell Signaling Technology, USA). 
After three washes in Tris-buffered saline containing 
0.5 % Tween-20, the samples were labeled with perox-
idase-conjugated goat anti-rabbit secondary antibody 
(1:1000; Zhongshan Goldenbridge Biotechnology Co., 
Beijing, China) for 1 h at room temperature. Specific 
protein bands on the membranes were visualized 
using enhanced chemiluminescence, and densitometry 
was performed with Image-Pro Plus software (Media 
Cybernetics, Silver Spring, MD). Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) levels were 
evaluated as a loading control.
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2.10 | 18F-FDG PET-CT imaging

Previous studies have shown that 18F-FDG PET/CT, 
which combines molecular and structural imaging, can 
be successfully used as a presurgical workup for patients 
with FCDIIb and TSC (30,31). PET-CT scans were per-
formed according to the guidelines issued by the Chinese 
Society of Nuclear Medicine. The criteria are summa-
rized as follows: at least 4 h of fasting before scanning, 
blood glucose levels below 11.1 mmol/L, and PET acquisi-
tions 1 h after the injection of 3 MBq/kg of FDG. PET ex-
amination was performed using a Biograph 64 True Point 
PET/CT scanner and a Discovery ST system. Attenuation 
correction was performed using CT. The CT comprised 
a 64-slice multidetector-row spiral scanner with a trans-
verse field of view of 700 mm and displayed the registered 
images on a workstation. Static images were recon-
structed using an iterative 3D method with a Gaussian 
filter (6 mm FWHM) (pixel size = 2.0 × 2.0 mm with a 
slice thickness of 1.5  mm). Patients were in an awake, 
resting state, and head movements were monitored care-
fully during scanning. No patients had clinical seizure 
activity after the injection of FDG or during the PET/
CT scan. Two experienced nuclear medicine physicians 
evaluated the PET images independently and confirmed 
the hypometabolic regions. The data and the MRI im-
ages of the patients were confirmed by the two physicians 
to ensure the disease focus. PET/CT was analyzed with a 
previously validated semiautomatic approach by exploit-
ing 3D Slicer™ (32). In brief, the hypometabolic foci of 
the patient images were segmented, and the segmented 
foci were output as regions of interest (ROIs). PET stand-
ardized uptake value modules were performed in the 3D 
Slicer, and the maximum and mean standardized uptake 
values (SUVmax, SUVmean) of the ROIs were computed. 
Finally, the results were output to a comma-separated 
value (csv) file for further analysis.

2.11 | Statistical analysis

The analysis was carried out using a one-way analysis 
of variance (ANOVA) among the FCDIIb, TSC, and 

control groups. Differences in sex, age, epilepsy dura-
tion, and seizure frequency were assessed using t-tests. 
For bivariate correlation analyses, we used Spearman's 
rank correlation test. For patch-clamp recordings, 11 
cells were analyzed for each condition investigated. The 
effects of G-1 and G-15 were normalized to the KA-
induced steady baseline and analyzed using the paired 
t-test. To determine whether PET could predict epilepto-
genic tubers in female patients with TSC, we calculated 
a receiver operating characteristic (ROC) curve, and the 
area under the curve (AUC) was compared with the val-
ues obtained by chance (AUC = 0.5). Significance was set 
at p < 0.05. The data are expressed as the mean ± SEM, 
and analysis was performed using the SPSS 18.0 package 
(SPSS, Inc., Chicago, IL, USA).

3 |  RESU LTS

3.1 | Clinical characteristics of the human 
subjects

The mean age of the patients with FCDIIb was 
16.60 ± 1.61 years (range, 4–35 years), with 15 males and 
15 females (9 of them had a menstrual history); the mean 
age of the TSC patients was 12.42  ±  1.50  years (range, 
0.5–36 years), with 12 males and 18 females (10 of them 
had a menstrual history); and the mean age of the con-
trols was 17.59 ± 3.07 years (range, 2–57 years), with 10 
males and 12 females (5 of them had a menstrual history). 
No significant differences in sex or age were found in the 
FCDIIb, TSC, and control subjects (p  >  0.05). There 
were also no significant differences in sex (p = 0.440), age 
(p = 0.062), epilepsy duration (p = 0.211), and seizure fre-
quency (p = 0.54) between the patients with FCDIIb and 
those with TSC. The clinical features of all human sub-
jects are summarized in Table  1. The detailed features 
of the specimens from the control subjects are shown 
in Table 2. In addition, IHC was used to reconfirm the 
presence of DNs and BCs in specimens of patients with 
FCDIIb and TSC. Consistent with previous studies (33), 
there was no immunoreactivity for GFAP and Vimentin, 
but consistent immunoreactivity for SMI32 in the DNs. 

Variable Control (n = 22) FCD IIb (n = 30) TSC (n = 30) p value

Gender ratio (M/F) 10/12 15/15 12/18 >0.05

Age (year) 17.59 ± 3.07 16.60 ± 1.61 12.42 ± 1.50 >0.05

Range 2–57 4–35 0.5–36

Epilepsy duration 
(year)

NA 3.63 ± 1.81 2.98 ± 2.15 >0.05

Range NA 1–8 0.2–7

Seizure frequency 
(month)

NA 50.63 ± 22.58 47.13 ± 21.36 >0.05

Range NA 21–106 13–105

Abbreviations: F, female; FCD, focal cortical dysplasia; M, male; TSC, tuberous sclerosis complex.

TA B L E  1  Summary of the clinical 
features of FCDIIb, TSC patients, and 
controls
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And variable immunoreactivity for GFAP, Vimentin, 
and SMI32 was observed in the BCs (black arrows) 
(Figure S1A–F).

Molecular analysis of TSC cortical tubers is shown in 
Table  3. Twenty-eight non-mosaic mutations were iden-
tified in the 30 patients with TSC. There were twenty-two 
unique small mutations, and one of which (TSC2-exon 
15, 1513C > T) was seen twice in these samples with small 
mutations. These small mutations included four deletion 
mutations, eight insertion mutations, and ten single base 
substitution mutations. Among all mutations detected in this 
study, ten mutations had been reported previously in TSC 
patients, while 13 mutations were unreported previously. In 
addition, there was one patient who had genomic deletions 
of Exons 21–23 within the TSC1 gene, and four patients had 
genomic deletions of various sizes within the TSC2 gene.

3.2 | Expression of GPR30 in patients with 
FCDIIb and TSC

The RNA and protein levels of GPR30 were examined in 
surgical specimens from the FCDIIb, TSC, and control 
groups. For specimens from male patients, there were 
no significant differences in the RNA levels (Figure 1A; 

FCDIIb: p  =  0.296, TSC: p  =  0.643) and protein levels 
(Figure  1C,D; FCDIIb: p  =  0.389, TSC: p  =  0.609) of 
GPR30 compared with controls. However, in the spec-
imens from female patients, significantly decreased 
GPR30 RNA and protein levels were detected in the 
FCDIIb (RNA: p  <  0.05; protein: p  <  0.01) and TSC 
groups (RNA and protein both p < 0.01) compared with 
controls (Figure 1B,E,F). Next, the correlations between 
GPR30 expression and different clinical variables (age 
at surgery, epilepsy duration, and seizure frequency) of 
female patients were assessed. There were significant in-
verse correlations between GPR30 expression and seizure 
frequency in female patients with FCDIIb (r = −0.6366, 
p = 0.0107; Figure 1G) and TSC (r = −0.6100, p = 0.0072; 
Figure  1H). However, no significant correlations were 
found between GPR30 expression and age at surgery and 
epilepsy duration in female patients (data not shown).

3.3 | Distribution of GPR30 in the specimens 
from female patients with FCDIIb and TSC

The distribution of GPR30 in specimens from fe-
male patients and controls was evaluated by IHC 
and IF. GPR30 expression was found in both DNs 

Case No. Gender
Age 
(year) Cause of death

PMI 
(h) Diagnosis Seizure

1 F 16 Liver rupture 2.0 Normal None

2 M 21 Aortoclasia 0.5 Normal None

3 M 7 Congenital heart 
disease

1.0 Normal None

4 M 16 Splenic rupture 2.2 Normal None

5 F 5 Congenital heart 
disease

1.6 Normal None

6 F 57 Myocardial infarction 2.1 Normal None

7 M 22 Aortoclasia 0.7 Normal None

8 M 8 Cardiac arrest 2.0 Normal None

9 F 7 Pneumonia 1.8 Normal None

10 F 32 Splenic rupture 1.4 Normal None

11 M 2 Heart failure 1.0 Normal None

12 F 16 Heart failure 0.5 Normal None

13 M 41 Hemopneumothorax 4.0 Normal None

14 F 12 Pneumonia 2.0 Normal None

15 F 43 Splenic rupture 3.5 Normal None

16 M 6 Respiratory failure 0.5 Normal None

17 M 20 Hemopneumothorax 2.5 Normal None

18 F 2 Congenital heart 
disease

0.5 Normal None

19 F 5 Cardiac arrest 3.0 Normal None

20 F 17 Respiratory failure 2.5 Normal None

21 F 10 Heart failure 3.0 Normal None

22 M 22 Splenic rupture 2.5 Normal None

Abbreviations: F, female; M, male; PMI, post-mortem interval (interval between death of a patient and 
removal of the brain before freezing or fixation).

TA B L E  2  Clinical features of control 
subjects
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and BCs (Figure 2B,C and Figure S2A,E). There were 
74.6  ±  9% of DNs and 77.2  ±  5.4% of BCs showed 
GPR30 staining in female patients with FCDIIb, and 
there were 75.7 ± 8.4% of DNs and 71.8 ± 9% of BCs 
showed GPR30 staining in female patients with TSC 
(Figure S2I,J). In addition, the MOD of GPR30 was 
decreased in female patients compared with controls 
(Figure  2A–D; FCDIIb: p  <  0.01, TSC: p  <  0.01). IF 
revealed that GPR30 was widely distributed in the 
neurons (Figure 2E–G), astrocytes (Figure 2I–K), and 
microglia (Figure 2M–O) of female patients and con-
trols. The LI was calculated and revealed that GPR30 
expression was significantly decreased in the microglia 
(Figure 2H,L,P; FCDIIb: p < 0.05, TSC: p < 0.05).

3.4 | Expression of PKA signaling pathway in 
female patients with FCDIIb and TSC

IHC was used to evaluate the immunostaining of 
GPR30 downstream PKA signaling pathways in the 
specimens of female patients with FCDIIb (Figure 

S2B,C) and TSC (Figure S2F,G). PKA staining were 
observed in DNs (76.9 ± 6.7% in FCDIIb, 69.7 ± 7.3% 
in TSC) and BCs (78.3 ± 5.7% in FCDIIb, 70.2 ± 5.7% 
in TSC). And p-PKA immunoreactivity were also ob-
served in DNs (67.2 ± 5.2% in FCDIIb, 63.7 ± 6.4% in 
TSC) and BCs (64.3  ±  7% in FCDIIb, 61.2  ±  9.4% in 
TSC) (Figure S2I,J). Furthermore, quantitative analy-
sis of PKA signaling pathways was performed using 
western blots. The expression of PKA and p-PKA 
was decreased in FCDIIb (PKA: p  <  0.01; p-PKA: 
p  <  0.01) and TSC (PKA: p  <  0.01; p-PKA: p  <  0.01) 
compared with controls (Figure  3A–C). In addition, 
GPR30 expression was positively correlated with the 
expression of PKA and p-PKA in FCDIIb (PKA: 
r = 0.6339, p = 0.0112; p-PKA: r = 0.5511, p = 0.0332) 
and TSC (PKA: r  =  0.4835, p  =  0.0421; p-PKA: 
r  =  0.5967, p  =  0.0089) (Figure  3D,E). We found that 
seizure frequency was negatively correlated with PKA 
and p-PKA expression in FCDIIb (PKA: r = −0.6324, 
p = 0.0114; p-PKA: r = −0.6729, p = 0.0060) and TSC 
(PKA: r  =  −0.5659, p  =  0.0144; p-PKA: r  =  −0.5858, 
p = 0.0106) (Figure 3F,G).

TA B L E  3  Non-mosaic mutations identified in TSC brain tubers from 30 female TSC patients

Exon Mutation Type; effect on protein
Previously reported (R) or not 
(NR)

Sanger sequencing 
result

TSC1-exon 5 338delT Frameshift R Heterozygpus

TSC1-exon 10 989_990insT Frameshift NR Heterozygpus

TSC1-exon 15 1888_1891delAAAG Frameshift NR Heterozygpus

TSC1-exon 18 2304_2305insT Frameshift NR Heterozygpus

TSC2-exon 8 689_690insCCTGC Frameshift NR Heterozygpus

TSC2-exon 14 1372C > T R458X NR Heterozygpus

TSC2-exon 15 1513C > T (2) R505X R Heterozygpus

TSC2-exon 16 1600-2A > C Splice NR Heterozygpus

TSC2-exon 17 1827_1828insA Frameshift NR Heterozygpus

TSC2-exon 18 1947-2A > G Splice R Heterozygpus

TSC2-exon 18 1975_1976insC Frameshift NR Heterozygpus

TSC2-exon 20 2130_2131del insA Frameshift NR Heterozygpus

TSC2-exon 27 3094C > T R1032X R Heterozygpus

TSC2-exon 27 3201_3202insA Frameshift NR Heterozygpus

TSC2-exon 27 3204_3205delTG Frameshift R Heterozygpus

TSC2-exon 30 3412C > T R1138X R Heterozygpus

TSC2-exon 31 3751A > T K1251X NR Heterozygpus

TSC2-exon 34 4183C > T Q1395X R Heterozygpus

TSC2-exon 34 4355C > T S1452L R Heterozygpus

TSC2-exon 35 4494-1G > A Splice R Heterozygpus

TSC2-exon 37 4682_4683insC Frameshift NR Heterozygpus

TSC2-exon 42 5419_5420insT Frameshift NR Heterozygpus

TSC1 big del Exons 21-23 Deletion R N/A

TSC2 big del Exons 1-16 Deletion NR N/A

TSC2 big del Exons 21-23 Deletion R N/A

TSC2 big del Exons 32-42 Deletion R N/A

TSC2 big del Exons 39-42 Deletion R N/A

Abbreviations: N/A, not applicable; TSC, tuberous sclerosis complex.
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3.5 | Inflammation in female patients with 
FCDIIb and TSC

GPR30 expression was significantly decreased 
in microglia, and GPR30 was reported to rescue 

neuroinflammation. Next, we explored the expression 
of microglia and the activation of the NF-κB-mediated 
inflammatory pathway in female patients with FCDIIb 
and TSC. IF revealed significantly more Iba1-positive 
microglia in FCDIIb (p < 0.01) and TSC (p < 0.05) than 

F I G U R E  1  The expression of GPR30 in the FCDIIb, TSC, and control groups. (A, B) GPR30 RNA levels in the patients and the controls 
were measured by RT-PCR. (C-F) Representative immunoblot bands and densitometric analysis show the protein level of GPR30. There were 
no significant differences in the male patients and the controls; however, significant downregulation of GPR30 was detected in female patients 
with FCDIIb and TSC. The data are expressed as the mean ± SEM, *p < 0.05, **p < 0.01. (G, H) Correlations between GPR30 and seizure 
frequency in female patients with FCDIIb and TSC. The scatter plot shows a significant negative correlation in female patients with FCDIIb 
(r = −0.6366, p = 0.0107) and TSC (r = −0.6100, p = 0.0072) [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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in controls (Figure 4A–D). IHC showed both DNs and 
BCs were immunoreactive for NF-κB (Figure S2D,H). 
There were 69.3 ± 11% of DNs and 72.4 ± 8.2% of BCs 
showed NF-κB staining in female patients with FCDIIb, 
and 74.1 ± 6.8% of DNs and 69.2 ± 8.7% of BCs showed 
NF-κB staining in female patients with TSC (Figure 
S2I,J). Besides, NF-κB pathway was activated in female 
patients compared with controls (Figure 4E,F; FCDIIb: 
p < 0.01, TSC: p < 0.01). RNA levels of the inflammatory 

factors IL-1β (FCDIIb: p  <  0.05, TSC: p  <  0.05), IL-6 
(FCDIIb: p < 0.01, TSC: p < 0.01), and TNF-α (FCDIIb: 
p < 0.01, TSC: p < 0.05), which are regulated by NF-κB, 
were also increased in female patients (Figure 4G). The 
correlation between NF-κB and GPR30 expression and 
seizure frequency was evaluated, and we found that 
NF-κB expression was negatively correlated with GPR30 
expression and positively correlated with seizure fre-
quency (data not shown).

F I G U R E  2  Distribution of GPR30 in female patients with FCDIIb, TSC, and female controls. (A-C) IHC of GPR30 in the surgical samples. 
A high mean density of GPR30 was detected in the neurons of the controls (arrows in A), and a low mean density was detected in the relatively 
normal neurons (black arrows) and the aberrant neurons (BCs) (red arrows) of the FCDIIb (B) and TSC groups (C). Scale bar = 50 μm. (D) 
Mean density of GPR30. The mean density was decreased in the FCDIIb and TSC groups compared to that in the control group. (E-O) IF 
staining shows the distribution of GPR30 in the neurons, astrocytes, and microglia. (E-G): Colocalization of GPR30 with NeuN in neurons; 
(I-K) colocalization of GPR30 with GFAP in astrocytes; (M-O) colocalization of GPR30 with CD68 in microglia. Scale bar = 25 μm. (H, L, P) 
Labeling index (LI) of GPR30 in neurons, astrocytes, and microglia. GPR30 was primarily decreased in the microglia of female patients. The 
data are expressed as the mean ± SEM, *p < 0.05, **p < 0.01 [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.6 | Effects of G-1 and G-15 on the GPR30 
Signaling Pathways

GPR30 regulation of the PKA and NF-κB signaling 
pathways was detected in cultured cortical neurons 
after treatment with DMSO, G-1 (1 μM), or G-15 (1 μM) 
(Figure 5A). G-1 treatment increased the expression of 
PKA (p  <  0.05) and p-PKA (p  <  0.01), whereas G-15 
treatment decreased the expression of PKA (p  <  0.05) 
and p-PKA (p < 0.01) (Figure 5B). In addition, NF-κB 
expression was decreased in cortical neurons treated 
with G-1 (p  <  0.05), and increased in cortical neurons 
treated with G-15 (p < 0.01) (Figure 5B). These results 
suggest that GPR30 regulates the PKA and NF-κB sign-
aling pathways.

3.7 | Role of GPR30 in cortical neuronal 
excitability

To explore the role of GPR30 in cortical neuronal excit-
ability, we evaluated the sEPSCs (Figure 6A) and sIPSCs 
(Figure 6D) of cortical neurons treated with G-1 or G-15 
in our in vitro epileptic model. The sEPSC frequency was 
decreased after G-1 treatment (p < 0.01) and increased 
after G-15 treatment (p < 0.05) (Figure 6B) in the in vitro 
epileptic model, but the sEPSC amplitude was not af-
fected by either G-1 or G-15 treatment (Figure 6C). Both 

the frequency and amplitude of sIPSCs were not affected 
by G-1 or G-15 treatment (Figure 6E,F) in the in vitro 
epileptic model. These results indicate that GPR30 regu-
lates excitatory synaptic transmission. Therefore, we de-
tected the expression of NR2A and NR2B in cultured 
cortical neurons treated with G-1 or G-15 (Figure 6G). 
G-1 treatment decreased the expression of both NR2A 
(p < 0.01) and NR2B (p < 0.01), whereas G-15 treatment 
increased the expression of both NR2A (p < 0.01) and 
NR2B (p < 0.05) (Figure 6H,I).

3.8 | Correlation between GPR30 and the 
SUVs in Patients with FCDIIb and TSC

18F-FDG PET-CT can reflect glycometabolism by 
the maximum and mean standardized uptake values 
(SUVmax and SUVmean), and GPR30 has been re-
ported to regulate glycometabolism. The SUVs were 
assessed by 3D Slicer software to reflect the glucose 
metabolism of female patients with FCDIIb and TSC 
(Figure 7A,F). We found that the SUVs were positively 
correlated with GPR30 expression in female patients with 
FCDIIb (Figure 7B,C; SUVmax: r = 0.5782, p = 0.0240, 
SUVmean: r = 0.6296, p = 0.0119) and TSC (Figure 7G,H; 
SUVmax: r = 0.5683, p = 0.0139, SUVmean: r = 0.5513 
p  =  0.0177). Female patients who had significantly in-
creased premenstrual seizure frequency were further 

F I G U R E  3  Altered expression of the PKA signaling pathway in female patients. (A) Western blot of PKA and phosphorylated PKA 
(p-PKA) in the surgical samples. (B, C) Statistical analysis shows that the PKA and p-PKA protein levels are decreased in female patients 
with FCDIIb and TSC. The data are expressed as the mean ± SEM, **p < 0.01. (D) Correlation of PKA with GPR30. The protein level of PKA 
was significantly positively correlated with GPR30 in female patients with FCDIIb (r = 0.6339, p = 0.0112) and TSC (r = 0.4835, p = 0.0421). 
(E) Correlation between p-PKA and GPR30. The expression of p-PKA was positively correlated with GPR30 in female patients with FCDIIb 
(r = 0.5511, p = 0.0332) and TSC (r = 0.5967, p = 0.0089). (F) Correlation between PKA and seizure frequency. The protein level of PKA was 
significantly negatively correlated with seizure frequency in female patients with FCDIIb (r = −0.6324, p = 0.0114) and TSC (r = −0.5659, 
p = 0.0144). (G) Correlation between p-PKA and seizure frequency. The protein level of p-PKA was significantly negatively correlated with 
seizure frequency in female patients with FCDIIb (r = −0.6729, p = 0.0060) and TSC (r = −0.5858, p = 0.0106) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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selected, and we found a strong positive correlation 
between GPR30 expression and SUVs in those with 
FCDIIb (Figure 7D,E; SUVmax: r = 0.8787, p = 0.0092, 
SUVmean: r = 0.9144, p = 0.0039) and TSC (Figure 7I,J; 
SUVmax: r = 0.8861, p = 0.0079, SUVmean: r = 0.8832, 
p  =  0.0084). In contrast, we found no significant cor-
relation between the SUVs and GPR30 in all patients 
and in male patients with FCDIIb (Figure S3A–E; all 
patients: SUVmax: r  =  0.3123, p  =  0.1373, SUVmean: 
r = 0.3059 p = 0.1461; male patients: SUVmax: r = 0.2898, 
p  =  0.4494, SUVmean: r  =  0.04364 p  =  0.9112) and 
TSC (Figure S3F–J; all patients: SUVmax: r  =  0.3033, 

p  =  0.1321; SUVmean: r  =  0.1752, p  =  0.3921; male pa-
tients: SUVmax: r  =  −0.6096, p  =  0.1086; SUVmean: 
r = −0.2652, p = 0.5255).

3.9 | Expression and correlation of 
GPR30 and the SUVs in the epileptogenic 
tubers of female patients with TSC

The epileptogenic tubers were defined according to our 
previous study (34). Some prominent non-epileptogenic 
tubers that were >3–4 cm, had a nidus of calcification, 

F I G U R E  4  Activation of inflammation in female specimens. (A-C) IF staining shows Iba1-positive microglia. Scale bar = 25 μm. 
(D) Percentage of Iba1-positive cells. There were more Iba1-positive cells in the FCDIIb and TSC groups than in the control group. (E, F) 
Representative immunoblot bands and densitometric analysis of total homogenates of the patient and control tissues. The NF-κB protein 
levels were significantly increased in female patients with FCDIIb and TSC. (G) RT-PCR of inflammatory factors in the surgical specimens. 
Compared with those in the controls, IL-1β, IL-6, and TNF-α were significantly increased in female patients with FCDIIb and TSC. The data 
are expressed as the mean ± SEM, *p < 0.05, **p < 0.01 [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5  G-1- and G-15-regulation of GPR30 and the downstream PKA and NF-κB signaling pathways. (A) Western blot of PKA, 
p-PKA, and NF-κB in the primary cortical neurons treated with DMSO, G-1, or G-15. (B) Statistical data of the expression of PKA, p-PKA, 
and NF-κB. G-1 treatment increased the expression of PKA and p-PKA, and decreased the expression of NF-κB. G-15 treatment did the 
opposite. The data are expressed as the mean ± SEM, *p < 0.05, **p < 0.01 [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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and located in the nonfunctional brain areas within the 
operative fields, were resected due to their potential 
to develop into epileptogenic tubers. We assayed the 
GPR30 protein levels in epileptogenic tubers (n  =  11) 
and non-epileptogenic tubers (n = 13) obtained from fe-
male patients with TSC by western blotting and found 
that GPR30 expression was significantly decreased in 
epileptogenic tubers (Figure 8A,B; p < 0.05). In addition, 
GPR30 expression was positively correlated with SUVs 
in the epileptogenic tubers (Figure  8C,D; SUVmax: 

r = 0.6246, p = 0.0399; SUVmean: r = 0.6646, p = 0.0257), 
but not in the non-epileptogenic tubers (Figure S4A,B; 
SUVmax: r = 0.3633, p = 0.2225; SUVmean: r = 0.4130, 
p  =  0.1607). Notably, epileptogenic tubers had de-
creased SUVs (n = 11) (Figure 8E–G; SUVmax: p < 0.01; 
SUVmean: p  <  0.05) compared with non-epileptogenic 
tubers (n = 30). The ROC curve demonstrated that both 
SUVmax (Figure 8H, AUC = 0.855 ± 0.061, p = 0.001) and 
SUVmean (Figure  8I, AUC  =  0.755  ±  0.085, p  =  0.013) 
could predict the location of epileptogenic tubers, and 

F I G U R E  6  Effects of GPR30 on the regulation of cortical neuronal excitability. (A) Typical traces of sEPSCs in cells treated with KA, G-1, 
or G-15. (B, C) The cumulative probability for interevent intervals and amplitude of sEPSC. G-1 and G-15 treatment decreased and increased 
the frequency, respectively. There were no significant changes in the amplitude of sEPSC. (D) Typical traces of sIPSCs in cells treated with KA, 
G-1, or G-15. (E, F) The cumulative probability for interevent intervals and amplitude of sIPSC. Neither G-1 nor G-15 treatment affected the 
frequency and amplitude of sIPSCs. (G) Protein levels of NR2A and NR2B in the primary cortical neurons treated with DMSO, G-1, or G-15. 
(H, I) Densitometric analysis of NR2A and NR2B. G-1 treatment decreased the expression of NR2A and NR2B, and G-15 treatment increased 
the level of NR2A and NR2B in cultured cortical neurons. The data are expressed as the mean ± SEM, *p < 0.05, **p < 0.01 [Colour figure can 
be viewed at wileyonlinelibrary.com]
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F I G U R E  7  Positive correlation between GPR30 expression and SUVs in female patients with FCDIIb and TSC. (A) The axial (A1) and 
coronal (A2) PET-CT images of female patients with FCDIIb. Red circles were used to mark the epileptogenic foci of patients with FCDIIb. (B, 
C) Correlation of GPR30 expression with the SUVs (SUVmax and SUVmean) in female patients with FCDIIb. SUVmax and SUVmean were 
positively correlated with the expression of GPR30 (r = 0.5782, p = 0.0240; r = 0.6296 p = 0.0119). (D, E) Correlation of GPR30 expression with 
the SUVs in female FCDIIb patients with a high premenstrual epilepsy frequency. GPR30 expression was significantly positively correlated 
with SUVmax and SUVmean (r = 0.8787, p = 0.0092; r = 0.9144, p = 0.0039). (F) The axial (F1) and coronal (F2) PET-CT images of female 
patients with TSC. Red circles were used to mark the epileptogenic foci of patients with TSC. (G, H) Correlation of GPR30 with the SUVs in 
female patients with TSC. SUVmax and SUVmean were positively correlated with the expression of GPR30 (r = 0.5683, p = 0.0139; r = 0.5513 
p = 0.0177). (I, J) Correlation of GPR30 with the SUVs in female TSC patients with a high premenstrual epilepsy frequency. SUVmax and 
SUVmean were positively correlated with the expression of GPR30 (r = 0.8861, p = 0.0079; r = 0.8832, p = 0.0084) [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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that SUVmax was a better predictor than SUVmean. 
Therefore, SUVs could be used as a marker to predict 
epileptogenic tubers.

4 |  DISCUSSION

In this study, we discovered that the expression of 
GPR30 and the activity of its downstream PKA signal-
ing pathway were decreased and negatively correlated 
with seizure frequency in female patients with FCDIIb 
and TSC, but not in male patients. We found that GPR30 
was widely distributed in the CNS and its expression was 
significantly reduced in microglia of female patients 
with FCDIIb and TSC. Moreover, the NF-κB-mediated 
inflammatory signaling pathway was activated in fe-
male patients and cultured cortical neurons treated 
with G-15. Next, we found that GPR30 regulated corti-
cal neuronal excitability in an in vitro epileptic model 
by affecting sEPSC frequency and NR2A/B expression. 
Further, GPR30 expression was positively correlated 
with SUVs in female patients with FCDIIb and TSC, but 
not in male patients. Notably, both GPR30 expression 

and SUVs were decreased in the epileptogenic tubers of 
female patients with TSC, and SUVs could be used to lo-
cate the epileptogenic tubers. These findings suggest that 
GPR30 might have an anti-epileptogenic effect in female 
patients with FCDIIb and TSC and provided a potential 
treatment target for female patients with epilepsy.

4.1 | GPR30 and epileptogenesis

Estrogen has been shown to have proconvulsant prop-
erties in both human and animal models (13,35). This 
phenomenon is particularly demonstrated in catamenial 
epilepsy; seizure activity in female patients with cata-
menial epilepsy has been linked to fluctuating estrogen 
levels and the ratio of serum estradiol/progesterone lev-
els during the menstrual cycle (13). Estrogen acts through 
its receptors (ERα, ERβ, and GPR30) (15). A previous 
study has shown that ERα regulates the genomic effects 
of estrogen, increasing neuronal excitability by suppress-
ing estradiol-induced IPSCs in the CA1 region of the 
hippocampus and promoting epileptogenesis (35). In con-
trast to ERα, GPR30 regulates non-genomic responses 

F I G U R E  8  Decreased expression and positive correlation between GPR30 and SUVs in the epileptogenic tubers of female TSC patients. 
(A) The protein levels of GPR30 in non-epileptogenic and epileptogenic tubers. (B) Densitometric analysis of GPR30. The expression of GPR30 
was decreased in the epileptogenic tubers. The data are expressed as the mean ± SEM, *p < 0.05, **p < 0.01. (C, D) Spearman’s rank correlation 
test of GPR30 and SUVs in the epileptogenic tubers. GPR30 expression was positively correlated with SUVmax (r = 0.6246, p = 0.0399) and 
SUVmean (r = 0.6646, p = 0.0257) in the epileptogenic tubers. (E) The axial (E1) and coronal PET-CT images of the epileptogenic (E2) and non-
epileptogenic (E3) tubers were derived from the same female patients with TSC. Red circles were used to mark the epileptogenic tubers, and blue 
circles were used to mark the nonepileptogenic tubers. (F, G) SUVmax and SUVmean of the epileptogenic and non-epileptogenic tubers. The 
SUVs were reduced in the epileptogenic tubers compared to the non-epileptogenic tubers. (H, I) ROCs for the SUVs from the epileptogenic and 
non-epileptogenic tubers. The curve indicated that SUVmax and SUVmean predicted the epileptogenic tubers (SUVmax: AUC = 0.855 ± 0.061, 
p = 0.001; SUVmean: AUC = 0.755 ± 0.085, p = 0.013) [Colour figure can be viewed at wileyonlinelibrary.com]
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that occur in a time frame of seconds to minutes and 
has a higher affinity for estrogen (20). GPR30 can me-
diate protective effects in neuronal excitability, regu-
late the excitatory/inhibitory balance in the myelinated 
vagal afferents, and attenuate glutamate neurotoxicity 
by depressing the phosphorylation of NR2B-containing 
NMDARs (21,36–38). In the current study, we found that 
the expression of GPR30 and its downstream PKA path-
way was decreased and negatively correlated with sei-
zure frequency in female patients with FCDIIb and TSC, 
but not in male patients. Moreover, GPR30 expression 
was decreased in the epileptogenic tubers of female pa-
tients with TSC compared to non-epileptogenic tubers. 
Treatment with G-1 decreased the frequency of sEPSC in 
an in vitro epileptic model and the expression of NR2A 
and NR2B in cultured cortical neurons; however, G-15 
showed the opposite effects of G-1. These results indi-
cated that GPR30 might participate in the epileptogen-
esis of female patients with FCDIIb and TSC.

Although both ERα and GPR30 are ligands of estro-
gen, their roles are quite different. Many studies have re-
ported the antagonistic effects of GPR30 and ERα. High 
expression of GPR30 has been shown to inhibit ERα 
expression by attenuating PKA signaling and damage 
to ERα-dependent uterine growth (39). Moreover, ERα 
has been shown to antagonize the GPR30-mediated 
effects in the hippocampus, and estradiol downregu-
lates GPR30 via an ERα-dependent mechanism (20). 
Therefore, GPR30 downregulation may disrupt the bal-
ance between GPR30 and ERα leading to epileptogene-
sis in female patients with FCDIIb and TSC. In addition, 
although an ERα inhibitor could be used to antagonize 
the epileptogenesis of female patients, it could also af-
fect the normal functions of estrogen and produce many 
side effects. In contrast, GPR30 may have potential an-
tiepileptic effects and could recover estrogen function by 
selective activation; therefore, GPR30 may be a better 
treatment target than ERα to antagonize epileptogenesis 
in female patients with FCDIIb and TSC.

The PKA pathway can be activated directly by GPR30 
and exerts neuroprotective and anticonvulsant effects 
(40). Activation of the PKA pathway is necessary for the 
regulation of neuronal excitability, the long-lasting forms 
of synaptic plasticity and the upregulation of GABAA-R 
in cerebellar interneurons, hippocampal dentate granule 
cells, and CA1 pyramidal neurons (41–43). In this study, 
we found that the expression of both PKA and p-PKA 
was decreased, positively correlated with GPR30 expres-
sion, and negatively correlated with seizure frequency in 
female patients with FCDIIb and TSC. In addition, G-1 
treatment increased the expression of PKA and p-PKA, 
and G-15 had the opposite effects, in cultured mouse 
cortical neurons. These findings indicate that GPR30 
might modulate the epileptogenesis of female patients 
with FCDIIb and TSC through the PKA pathway.

In addition, GPR30 regulates neurodevelopment, 
protects against the neurodegeneration of hippocampal 

neurons (44) and is significantly upregulated in the de-
veloping forebrain and midbrain of groupers (45). The 
PKA pathway has also been reported to regulate hippo-
campal neurogenesis, alleviate neuronal apoptosis, and 
attenuate cognitive impairment in epileptic rats (46–48). 
Therefore, the reduced expression of GPR30 and PKA 
may increase epilepsy susceptibility by affecting neuro-
development and neuronal differentiation in female pa-
tients with FCDIIb and TSC.

4.2 | GPR30 and inflammation

Neuroinflammation could contribute to neuronal hy-
perexcitability in the seizure onset areas, and previous 
studies have confirmed that neuroinflammation induces 
epileptogenesis in patients with FCDIIb and TSC (7). 
Activation of microglia, release of inflammatory  cy-
tokines, and abnormalities of Toll-like receptors have 
been shown in the resected brain tissue of patients with 
FCDIIb and TSC (7,49,50). GPR30 has been reported to 
reduce the release of TNF-α, IL-1β, and IL-6 in micro-
glia by inhibiting TLR4 protein expression and NF-κB 
activity (22,51). In vivo and in vitro experiments have 
indicated that G1 inhibits the generation of lipopolysac-
charide-induced cytokines in human and murine mac-
rophages (51). The GPR30 downstream PKA signaling 
pathway has been reported to promote microglial po-
larization to the M2a type, and inhibition of the cAMP-
PKA pathway has been shown to lead to an increase 
in the hippocampal neuronal inflammatory response 
(52,53). In this study, we found that GPR30 expression 
was significantly reduced in microglia and that the 
NF-κB signaling pathway and its downstream inflam-
matory cytokines (IL-1β, IL-6, and TNF-α) were upregu-
lated in the specimens of female patients compared with 
controls. Furthermore, a negative correlation between 
NF-κB and GPR30 expression was found in the speci-
mens of female patients, and NF-κB expression could be 
regulated by both G-1 and G-15 treatment in cultured 
cortical neurons. These results suggest that GPR30 can 
modulate inflammation during the epileptogenesis of fe-
male patients with FCDIIb and TSC.

4.3 | GPR30 and 18F-FDG PET-CT

18F-FDG PET reflects glycometabolism by SUVs, 
and ER expression can affect 18F-FDG-PET SUVs. 
Upregulation of ERs has been shown to increase 18F-
FDG SUV in uterine sarcoma; in contrast, ER down-
regulation results in a high SUVmax in breast cancer 
(54,55). GPR30 has been reported to regulate glucose 
metabolism and is expressed in most islet endocrine 
cells, and deletion of GPR30 impairs glucose tolerance 
(56,57). Previous studies have also shown that the acti-
vation of PKA signaling can upregulate glucose intake 
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(58,59). These findings suggest that GPR30 may affect 
PET SUVs. In this study, we found that GPR30 was 
positively correlated with SUVs in female patients. 
This result indicates that decreased expression of 
GPR30 may cause glucose hypometabolism and facili-
tate epileptogenesis. PET may serve as a marker to pre-
dict the expression of GPR30 in female patients with 
FCDIIb and TSC. Some female patients had a high sei-
zure frequency and more severe seizures during men-
struation. In these female patients, estrogen levels play 
a major role in epileptogenesis and glycometabolism. 
Intriguingly, there were more obvious positive corre-
lations between GPR30 and SUVs in these female pa-
tients. We assumed that the SUVs are more sensitive to 
GPR30 in estrogen-related female patients, and further 
studies are needed to verify our hypothesis.

Furthermore, we explored the correlation between 
SUVs and GPR30 in all patients and in male patients. 
Interestingly, there were no significant correlations in 
both total and male patients. Some studies have reported 
that the GPR30 regulation of energy metabolism is fe-
male-specific, and female mice but not male mice show 
glucose intolerance with age (60). Moreover, there were no 
changes in insulin and glucagon secretion in male GPR30 
KO mice, and glucose homeostasis and the incidence of 
diabetes were similar to those in WT mice (61). These stud-
ies suggested that GPR30 mediated glucose metabolism 
mainly in females but not in males. Therefore, PET-CT 
could be a noninvasive tool to predict the expression of 
GPR30 in female patients with FCDIIb and TSC.

4.4 | GPR30 and epileptogenic tubers

Surgical intervention in refractory epilepsy of TSC patients 
can be challenging, because multiple tubers are found in 
TSC patients. Many studies have reported methods to 
distinguish epileptogenic and non-epileptogenic tubers, 
such as diffuse tensor imaging, high-resolution electro-
encephalogram, and PET (62,63). PET reflects glycome-
tabolism, and GPR30 can regulate glucose metabolism in 
female patients. However, little is known about the role of 
GPR30 and PET-CT in different tubers of female patients. 
In the current study, we observed that GPR30 expression 
was decreased in the epileptogenic tubers compared with 
the non-epileptogenic tubers of female TSC patients, and 
was positively correlated with the SUVs of epileptogenic 
tubers. We further identified that the SUVs were reduced 
in the epileptogenic tubers of female patients and could 
predict the epileptogenic tubers. These results illustrate 
that GPR30 is a crucial link between epileptogenic tubers 
and the SUVs, and that PET can provide a noninvasive 
way to recognize epileptogenic tubers in female patients 
with TSC. However, further research including more fe-
male patients is needed to validate these findings.

5 |  CONCLUSION

In summary, we found that GPR30 potentially affected 
epileptogenesis by modulating neuroinflammation and 
neuronal excitability in female patients with FCDIIb 
and TSC. In addition, we found that decreased GPR30 
expression was positively correlated with hypo-glyco-
metabolism in the epileptogenic foci of female patients 
with FCDIIb and TSC by analyzing the correlation 
between GPR30 and PET-CT SUVs. Intriguingly, 
both GPR30 expression and SUVs were decreased in 
the epileptogenic tubers of female TSC patients, and 
SUVs could be used to predict the location of epilep-
togenic tubers. Therefore, our results offer a potential 
therapeutic strategy for female patients with FCDIIb 
and TSC, and show that PET-CT SUVs might be a non-
invasive marker to reflect GPR30 expression and the 
localization of epileptogenic tubers in female patients. 
However, there are some limitations to this study. 
The number of human participants in each group was 
barely acceptable, limiting the universality of our re-
sults. Moreover, the specific molecular indicator of 
PET should be synthesized to image GPR30 and con-
firm our results in this study.
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FIGURE S1 Relative localization of GFAP, Vimentin, 
and SMI32 in DNs (black arrows) and BCs (red ar-
rows) of the patients with FCDIIb and TSC. (A, D) 
Immunostaining of GFAP. BCs are immunoreactive for 
GFAP, and no immunoreactivity for GFAP was found in 
DNs. (B, E) Immunostaining of vimentin. BCs are im-
munoreactive for Vimentin, and no immunoreactivity 
for Vimentin was found in DNs. (C, F) Immunostaining 
of SMI32. Both DNs and BCs are immunoreactive for 
SMI32. Scare bars: 50 μm
FIGURE S2 Evaluation of GPR30, PKA, p-PKA, and 
NF-κB immunostaining in DNs (black arrows) and BCs 
(red arrows) of the specimens of female patients with 
FCDIIb and TSC. (A, E) Immunostaining of GPR30. 
Both DNs and BCs are immunoreactive for GPR30. 
(B, F) Immunostaining of PKA. Both DNs and BCs 
are immunoreactive for PKA. (C, G) Immunostaining 
of p-PKA. Both DNs and BCs are immunoreactive for 
p-PKA. (D, H) Immunostaining of NF-κB. Both DNs 
and BCs are immunoreactive for NF-κB. Scare bars: 
50 μm. (I) The immunoreactive score of GPR30, PKA, 
p-PKA, and NF-κB in DNs and BCs of female patients 
with FCDIIb. (J) The immunoreactive score of GPR30, 
PKA, p-PKA, and NF-κB in DNs and BCs of female pa-
tients with TSC
FIGURE S3 Correlation analysis between GPR30 and 
the SUVs in total and male patients with FCDIIb and 
TSC. (A) The axial (A1) and coronal (A2) PET-CT im-
ages of patients with FCDIIb. Red circles were used to 
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mark the epileptogenic foci of patients with FCDIIb. 
(B, C) Correlation of GPR30 with the SUVs (SUVmax 
and SUVmean) in total patients with FCDIIb. There 
were no significant correlations of GPR30 with 
SUVmax and SUVmean (r = 0.3123, p  =  0.1373; r = 
0.3059 p = 0.1461). (D, E) Correlation of GPR30 with 
the SUVs in the male patients with FCDIIb. No sig-
nificant correlations were found (SUVmax: r = 0.2898, 
p = 0.4494; SUVmean: r = 0.04364 p = 0.9112). (F) The 
axial (F1) and coronal (F2) PET images of patients 
with TSC. Red circles were used to mark the epilep-
togenic foci of patients with TSC. (G, H) Correlation 
of GPR30 with the SUVs in total patients with TSC. 
No significant correlations of GPR30 with SUVmax 
and SUVmean were found (r = 0.3033, p = 0.1321; r = 
0.1752 p  =  0.3921). (I, J) Correlation of GPR30 with 
the SUVs in the male patients with TSC. SUVmax and 
SUVmean were not correlated with the expression 

of GPR30 (r = −0.6096, p  =  0.1086; r = −0.2652, 
p = 0.5255)
FIGURE S4 Spearman’s rank correlation test of GPR30 
and SUVs in the non-epileptogenic tubers. (A, B) No cor-
relation of GPR30 with SUVmax (r = 0.3633, p = 0.2225) 
or SUVmean (r = 0.4130, p  =  0.1607) was found in the 
non-epileptogenic tubers
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