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ABSTRACT 

 

TRPV5 exacerbates microglia activation-mediated neuroinflammation 

induced by status epilepticus 

 

 
 

Transient receptor potential vanilloid 5 (TRPV5), a highly selective calcium ion channel, has 

recently been identified in various regions of the brain; however, the detailed role and underlying 

mechanism of TRPV5 on epileptic brain injury remains largely unexplored. In this study, I 

investigated the changes in TRPV5 expression in the hippocampus of a pilocarpine-induced status 

epilepticus (SE) mouse model and examined the effects of TRPV5 inhibition on microglial 

activation and neuroinflammatory responses using primary microglia culture. In the result, I 

confirmed that TRPV5 expression is significantly upregulated in hippocampal activated microglia 

after SE onset. In primary microglia culture, TRPV5 expression was upregulated in activated 

microglia following lipopolysaccharide (LPS) treatment, and inhibition of TRPV5 by Econazole 

mitigated LPS-induced microglial activation and reduced NLRP3 inflammasome formation via 

suppressing AKT/NF-κB signaling pathway. In the pilocarpine-induced SE mouse model, TRPV5 

inhibition led to decrease in microglial activation in the hippocampus after induction of epileptic 

seizures. Additionally, TRPV5 inhibition markedly impaired the initiation of behavioral seizures and 

SE onset. Therefore, these findings demonstrate that TRPV5 is involved in microglial activation and 

associated neuroinflammatory responses following epileptic seizures. The present study suggests 

that anti-inflammatory effect by TRPV5 inhibition potentially offer new therapeutic approaches for 

treatment of epileptic brain damage. 

 

 

                                                                                

Key words : epilepsy, status epilepticus, TRPV5, microglia, neuroinflammation
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1. Introduction 

Epilepsy is a prevalent chronic neurological disorder, characterized by spontaneous recurrent 

seizures 1. Temporal lobe epilepsy (TLE) is one of the most common types of focal seizures, with 

over 30% of patients developing resistance to conventional drug treatments 2. This resistance 

underscores the need for new and effective therapeutic strategies. Therefore, it is essential to 

explore novel mechanisms underlying the disease to develop more effective therapeutic 

approaches.  

To better understand the fundamental pathophysiological mechanisms of TLE, the pilocarpine 

induced seizure mouse model is commonly used 3-5. This well-established model closely replicates 

the behavioral, electrographic, and neuropathological features of human status epilepticus (SE), a 

critical neurological emergency characterized by continuous and self-sustaining epileptic seizures 

lasting more than 30 min, which can lead to severe brain injuries and an increased risk for the 

development of epilepsy 6. Pilocarpine-induced SE model results in selective neuronal death, 

reactive gliosis, aberrant synaptic circuit organization, and abnormal neurogenesis, particularly the 

mossy fiber sprouting in the dentate gyrus of the hippocampus, mirroring the damage seen in 

human TLE 7. In addition, inducing seizure activity in the pilocarpine model of epilepsy triggers 

various cellular and molecular events, such as increased neuronal excitability, perturbation of 

intracellular signaling pathways, and neuroinflammation 8. These findings suggest that this model 

can serve as a valuable tool in epilepsy research and in developing novel therapeutic approaches. 

Microglia are resident immune cells of the brain that play a crucial role in maintaining brain 

homeostasis. As the primary defenders of the central nervous system, microglia serve as the main 

mediators of neuroinflammatory processes 9. In the epileptic brain, microglia are rapidly activated 

10 and release proinflammatory cytokines that may cause neuronal hyperexcitability and 

neurodegeneration 11. Thus, regulating microglia activation and the resulting inflammatory 

response may be important in mitigating the progression of epilepsy and minimizing neurological 

impairments. 

Transient receptor potential (TRP) channels, a family of cation channels, have become 

promising targets for treating various neurological disorders such as Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease, and epilepsy 12. Within the TRP superfamily, the 

vanilloid subfamily (TRPV) consists of six members: TRPV1 to TRPV6, some of which have 

shown significant potential in epilepsy. For example, TRPV1 activation results in significant 
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microglial activation and an inflammatory reaction by inhibiting microglial transforming growth 

factor-beta1 signaling via interaction with Toll-like receptor 4 that indirectly enhances seizure 

susceptibility in hyperthermia-induced febrile seizures 13. Additionally, TRPV4 inhibition reduces 

inflammatory responses via inhibiting nucleotide-binding and oligomerization domain-like 

receptor family pyrin domain-containing 3 (NLRP3) inflammasome activation and neuronal cell 

death in mice with pilocarpine-induced SE 14. These findings suggest that TRPV channels play an 

important role in pathogenesis of epilepsy and epileptogenic processes.  

Among the TRPV channels, TRPV5 is distinguished by its highly selective permeability to 

calcium ions and has been extensively studied in renal physiology 15 and osteoarthritis 16,17. In 

osteoarthritis patient-derived chondrocytes, TRPV5 blockage reduced inflammatory cytokine 

expression 16, suggesting that TRPV5 is possibly involved in inflammatory response under 

pathological conditions. Interestingly, a recent study showed the expression of TRPV5 mRNA in 

the rodent brain and the predominant expression of TRPV5 in the hippocampal CA1 and CA3 

regions 18; however, there is no report about how TRPV5 affects disease-related pathophysiologic 

features including inflammation in central nervous system disorders. Considering previous studies 

on the role of TRPV channels, especially TRPV1 and TRPV4, in neuroinflammation during the 

acute phase of epileptogenic progression, I hypothesized that TRPV5 could also be involved in the 

inflammatory process induced by epileptic seizures. 

Therefore, in this study, I aimed to investigate whether TRPV5 could participate in epilepsy-

related pathological features in the hippocampus following pilocarpine-induced SE and whether 

TRPV5 inhibition could regulate microglial activation and neuroinflammation. 
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2. Materials and Methods 

2.1. Animals 

All animal experiments followed the guidelines of the National Institute of Health for the Care 

and Use of Laboratory Animals and all animal procedures were approved by the institutional 

animal care and use committee (IACUC) at the Yonsei University Health System. Male C57BL/6 

mice (24-25 g; Orientbio, Gyeonggi, Korea) were housed under standard temperature and 

humidity conditions in a 12-hour light/ dark cycle with ad libitum access to food and water. 

 

2.2. Pilocarpine-induced mouse model 

The pilocarpine-induced SE mouse model is well-established to reflect the distinct pathological 

characteristics of TLE, such as reactive gliosis and neuroinflammation 4,5,7. For this reason, in this 

study, I focused on the hippocampus to investigate TRPV5 expression and its role in 

neuroinflammation using the pilocarpine-induced mouse model. Briefly, 30 min prior to the 

administration of pilocarpine (325 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA), mice 

received an injection of scopolamine methyl nitrate (1 mg/kg, i.p.; Sigma-Aldrich) to reduce any 

peripheral effects. Mice reaching stages 3-5 were considered to have entered SE and were included 

in the experiment. SE was terminated by administration of diazepam (10 mg/kg, i.p.) 2 hours after 

SE induction. 

 

2.3. Lipopolysaccharide (LPS)-induced microglia activation in vivo 

The lipopolysaccharide (LPS)-induced microglia activation in the hippocampus was conducted 

as previously described 19, with some modifications. Mice were randomly divided into two groups: 

(1) the normal group, which received intraperitoneal vehicle (PBS) injections; and (2) the LPS 

group, which received intraperitoneal LPS (L2630; Sigma-Aldrich) injections at a dose of 0.5 

mg/kg. Injections were daily administered for four days. Mice were euthanized and sacrificed one 

hour after the final injection. 
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2.4. Brain tissue preparation 

After anesthesia with 40% urethane, the mice were euthanized via transcardial perfusion with 

saline, followed by 4% paraformaldehyde (PFA). The brains were then extracted, post-fixed in 

PFA overnight, and immersed in a 30% sucrose solution at 4°C for dehydration until fully 

sedimented. Following this, the brains were embedded in optimal cutting temperature (OCT) 

compound (Tissue-Tek, Sakura Finetek, Torrance, CA, USA) and subsequently frozen. Using a 

cryomicrotome (Leica Microsystems, Wetzlar, Germany), coronal brain sections were sliced to a 

thickness of 30 μm and collected in 0.01M phosphate-buffered saline (PBS).  

 

2.5. Immunohistochemistry in brain tissue 

Immunohistochemistry was conducted following the method previously established 20, with 

slight modifications. After blocking in 5% normal horse serum (Vector Laboratories, Burlingame, 

CA, USA) in 0.01M PBS for 1 hour at room temperature, tissue sections were incubated overnight 

at 4°C with the following primary antibodies: rabbit anti-transient receptor potential vanilloid 5 

(TRPV5; ab137028; Abcam, Cambridge, MA, USA), mouse anti-glial fibrillary acidic protein 

(GFAP; MAB360; Millipore), goat anti-ionized calcium-binding adapter molecule-1 (Iba1; 

ab5076; Abcam). The following day, the sections were incubated with fluorescence-conjugated 

secondary antibodies for 2 hours. The stained sections were cover slipped using hardset antifade 

mounting medium with DAPI (Vectashield; CA, USA) and observed under a fluorescence 

microscope (Axio Imager M2; Carl Zeiss, Thornwood, NY, USA). Images were captured using a 

confocal laser scanning microscope (LSM 700; Carl Zeiss). The immunoreactivity of TRPV5-

positive cells and Iba1-expressing microglia were analyzed in the subpyramidal area of the 

hippocampus between bregma – 1.46 and – 2.30 mm, as previously described 20. The quantitative 

analyses were performed using Fiji software (ImageJ; National Institutes of Health, Bethesda, MD, 

USA). 

 

2.6. Image analysis 

Pearson Correlation Coefficient (PCC) analysis is a statistical method commonly used to assess 

the degree of colocalization between two fluorescent signals, which can provide the specific 

cellular phenotype of the target protein. In our study, PCC analysis was employed using ImageJ 



５ 

 

software to evaluate the degree of colocalization between TRPV5 and glial cells (GFAP: astrocyte 

marker; Iba1: microglia cell marker) in the subpyramidal area of the hippocampus following SE 

induction. Colocalization was measured by calculating the correlation coefficients to evaluate the 

overlap of fluorescent signals. The correlation coefficients were interpreted as follows: 0 – 0.19 

indicating 'very weak' correlation, 0.20 – 0.39 indicating 'weak' correlation, 0.40 – 0.59 indicating 

'moderate' correlation, 0.60 – 0.79 indicating 'strong' correlation, and 0.80 – 1.0 indicating 'very 

strong' correlation 21. 

 

2.7. Mouse primary hippocampal microglia culture 

Primary hippocampal microglia were harvested and cultured as previously described with some 

modifications 22. Briefly, adult C57BL/6J mice (8 weeks old; Orientbio) were euthanized via 

cervical dislocation and decapitated. The brains were removed and placed in ice cold dissection 

media (Minimal essential media (MEM; Gibco, CA, USA) with 1% penicillin-streptomycin (PS; 

Gibco), 2.5% HEPES buffer solution (Gibco) and 1% 1M Tris solution). The hippocampi were 

then isolated, dissociated, and cultured in complete media (Dulbecco’s Modified Eagle Medium 

F12 (DMEM/F12; Gibco) supplemented with 10% fetal bovine serum (FBS; Moregate, Australia), 

1% PS and 1% GlutaMAX (Gibco)) for 6 hours. Microglia were isolated by repeated tapping to 

remove non-adherent cells, resulting in a pure culture of adherent, adult mouse microglia. 

Subsequently, the isolated microglia were randomly allocated to different treatment groups and 

incubated in T25 flasks at 37°C in a humidified 5% CO2 atmosphere for 4 days. Cells were then 

harvested and plated onto culture plates or cover glasses for each experiment. After 3 days, half of 

the complete media were replaced with fresh media and cells were incubated for 1 hour.  

 

2.8. In vitro treatments 

To evaluate the activation of microglia in response to LPS stimulation, microglial cells were 

divided into three groups: (1) a control group with no exposure to LPS, (2) a group exposed to 1 

ng/ml of LPS, and (3) a group exposed to 10 ng/ml of LPS for 24 hours. To evaluate the effect of 

TRPV5 inhibition in LPS stimulated mice, microglial cells were pre-treated with Econazole (Eco; 

S5492; Selleck Chemicals, Munich, Germany), a potential TRPV5 inhibitor 23. Cells were divided 

into three groups: (1) a group with no Eco treatment, (2) a group treated with 0.1 μmol/L of Eco, 

and (3) a group treated with 1.0 μmol/L of Eco. After 24 hours of pre-treatment with Eco, all 
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groups were then exposed to 10 ng/ml of LPS for an additional 24 hours.  

 

2.9. Immunofluorescence staining in cultured microglia 

In brief, primary cultured cells were washed with Dulbecco’s phosphate-buffered saline (dPBS; 

Gibco) and fixed with 4% PFA/ 4% sucrose for 15 min in room temperature and then washed with 

dPBS. The cells were then permeabilized with 0.01% Triton X-100 in dPBS for 15 min. After 

blocking in 5% bovine serum albumin (Bovogen Biologicals, MEL, Australia) in dPBS for 1 hour, 

the cells were incubated overnight at 4°C in dPBS containing primary antibodies: rabbit anti-TRPV5 

(Abcam) and goat anti-Iba1 (Abcam). This was followed by incubation with appropriate 

fluorescence-conjugated secondary antibodies for 2 hours at room temperature. After washing, the 

cells were counter-stained with HOESCHST 33258 (Molecular Probes, Eugene, OR, USA) for 20 

min at room temperature. The cells were mounted on slides and examined using a fluorescence 

microscope (Axio Imager M2). Confocal laser scanning microscopy (LSM 700) was used to capture 

the images. 

 

2.10. Microglia morphology analysis 

As previously described 24, microglia with long, thin processes and small cell soma were classified 

as being in the resting form, while cells with short, sturdy processes and enlarged cell soma were 

classified as being in the activated form. The number of cells was manually counted according to 

their morphology, and the percentages of resting and activated forms were calculated among the 

total microglia cells under different conditions. At least 5 randomly selected fields were used for 

quantification.  

 

2.11. Corrected Total Cell Fluorescence (CTCF) quantification of 

TRPV5 intensity 

Corrected Total Cell Fluorescence (CTCF) is a widely recognized method used to quantify 

fluorescence intensity, accounting for background signal, and providing a more accurate 

measurement of the true fluorescence emitted by the cells 25. CTCF was employed to quantify 

TRPV5 fluorescence intensity in microglial cells exposed to varying concentrations of Econazole 

(0.1 and 1 μmol/L) along with LPS stimulation using ImageJ software. CTCF values were 
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calculated by manually outlining microglial cells and extracting key parameters, such as the total 

area of each microglial cell, the mean fluorescence intensity, and the integrated density (total 

fluorescence). Adjacent background regions were also selected to obtain reliable background 

measurements for accurate subtraction from the microglial signal. These extracted values were 

then measured in the corrected total cell fluorescence equation, which computes individual CTCF 

metrics: CTCF = Integrated density — (area of selected cell * mean fluorescence of background 

readings). This method ensured that the calculated fluorescence intensity reflected the actual 

expression levels of TRPV5, minimizing the influence of non-specific background fluorescence. 

 

2.12. Western blot analysis 

Western blot samples were prepared as described previously 26. Briefly, isolated hippocampi 

tissue or cultured primary microglia were resuspended in sodium dodecyl sulfate (SDS) lysis 

buffer or radioimmunoprecipitation assay (RIPA) lysis buffer, respectively, and centrifuged at 4°C 

for 15 min at 14,000g. The protein concentration of the supernatants was quantified using a 

bicinchoninic acid assay kit (Thermo Scientific, Rockford, IL, USA). Proteins were separated 

using SDS-polyacrylamide gel electrophoresis with appropriate molecular weight markers 

(Thermo Scientific) and transferred onto polyvinylidene difluoride membranes (Millipore) using 

an electrophoretic transfer system (Bio-Rad Laboratories, Hercules, CA, USA.). After blocking in 

5% skim milk in 1X tris-buffered saline with 0.1% Tween 20 (TBST) for 1 hour, the membranes 

were incubated overnight at 4°C with specific primary antibodies: rabbit anti-TRPV5 (1:1000; 

Abcam), goat anti-Iba1 (1:1000; Abcam), rabbit anti-phospho-nuclear factor-κB (p-NF-κB; #3033; 

1:1000; Cell Signaling Technology), mouse anti-NF-κB (#6956; 1:1000; Cell Signaling 

Technology), mouse anti- NLRP3 (AG-20B-0014; 1:1000; AdipoGen, San Diego, CA, USA), 

mouse anti-apoptosis-associated speck-like protein containing a caspase-recruitment domain 

(ASC; AG-25B-0006; 1:1000; AdipoGen), rabbit anti-Caspase 1 (AG-20B-0042; 1:1000; 

AdipoGen), anti p-protein kinase B (Ser473) (p-AKT; #9271; 1:1000; Cell signaling technology), 

anti-AKT (#9272; 1:1000; Cell signaling technology), anti-Interleukin-18 (IL-18; #PA5-79481; 

1:1000, Invitrogen, Waltham, MA, USA) and mouse anti-β-actin (sc-47778; 1:4000; Santa Cruz 

Biotechnology, Dallas, TX, USA). After washing, membranes were incubated with secondary 

antibodies (1:10000; Enzo Life Science, Farmingdale, NY, USA), and the blots were developed 

using ECL western blotting detection reagents (Amersham Biosciences, Piscataway, NJ, USA). 
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Protein bands were measured using a computer imaging device and accompanying software 

(Fujifilm; Tokyo, Japan). 

 

2.13. In vivo drug administration 

Econazole was first dissolved in 100% ethanol and then diluted in a vehicle solution containing 

5% Tween 80, 5% polyethylene glycol 400 (Sigma-Aldrich), and 4% ethanol, prepared 

immediately before injection. To assess the effects of TRPV5 inhibition on seizure activity and 

microglia activation, mice were divided into two groups: (1) vehicle treated SE group (SE_Veh; 

mice treated with the vehicle and subjected to SE) and (2) Eco treated SE group (SE_Eco; mice 

treated with Eco and subjected to SE). Initially, mice were pretreated with Eco at a dose of 40 

mg/kg (i.p.) or with the vehicle for three consecutive days prior to pilocarpine induction. One hour 

after seizure termination with diazepam, the mice received their fourth injection of Eco or vehicle, 

followed by daily injections for three additional days. The mice were sacrificed four days after SE 

induction for further analysis. 

 

2.14. Seizure monitoring 

Mice were continuously monitored and seizure behavioral stages were assessed using the 

Racine scale 27, which includes: stage 1, facial movement; stage 2, head nodding; stage 3, forelimb 

clonus; stage 4, rearing; and stage 5, rearing and falling. Seizures were defined as behaviors 

corresponding to Racine stages 3-5, and the number of such seizures was counted before mice 

reached SE. Mice reaching these stages followed by continuous motor activity for more than 10 

minutes were considered to have entered SE and included in the experiment. To assess the onset 

time of convulsive seizures and latency to SE onset, mice were continuously monitored from the 

time of pilocarpine administration until the termination of seizures, as previously described 28. The 

percentage of animals reaching SE onset was calculated based on the total number of animals. 

Mortality was expressed as the percentage of surviving and deceased animals relative to the total 

number. The maximal seizure score for each animal, defined as the highest seizure stage reached 

prior to SE onset, was recorded, and the average maximal score across both groups was calculated. 

Additionally, the number of seizures each animal experienced before entering SE was recorded. 

The onset time of convulsive seizure was defined as the elapsed time from pilocarpine injection to 

the first seizure with a Racine score of stage 3 or higher. The latency to SE onset was determined 
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as the time from pilocarpine injection to the onset of SE. 

 

2.15. Statistical analysis 

Statistical analyses were conducted using GraphPad Prism 9 (GraphPad Software, Inc., San 

Diego, CA, USA). Data are expressed as means ± standard error of the mean (SEM), with 

individual data points displayed. One-way analysis of variance (ANOVA) followed by Tukey's 

multiple comparison test was applied for comparisons between groups. A threshold of p < 0.05 

was set for statistical significance. Detailed p-values and sample sizes for each experiment are 

included in the respective figure legends. 
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3. Result 

3.1. Change in TRPV5 expression in the hippocampus after 

pilocarpine-induced SE 

 

To investigate the changes in TRPV5 expression after SE induction, I first examined its 

distribution and expression in the mouse hippocampus following SE injury. TRPV5 

immunoreactivity was significantly elevated 4 days after SE induction compared to sham mice, 

with a slight decrease observed by day 7 (Fig. 1A). Interestingly, 4 days post-SE, TRPV5 

expression was primarily observed in non-neuronal, glial-like cells. Consistent with the 

immunostaining results, the protein levels of TRPV5 showed significant up-regulation in the 

hippocampus at both 4 days (p = 0.003 vs. sham) and 7 days (p = 0.022 vs. sham) post-SE (Fig. 1B 

and C) compared to sham-manipulated mice. 
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FIGURE 1. Expressional changes in TRPV5 levels after SE onset. A) Representative TRPV5 

immunohistochemistry of hippocampal CA1 regions in sham and SE-induced mice at various time 

points in vivo. Scale bar = 200 μm. B) Representative immunoblots of TRPV5 expression at 

different time points after SE induction. C) TRPV5 protein bands were quantified and normalized 

against the expression of the housekeeping protein β-actin. **p < 0.01 versus Sham; * p < 0.05 

versus Sham (one-way ANOVA followed by Tukey’s post hoc test). Values are expressed as a 

mean ± SEM. 
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3.2. TRPV5 expression in glial cells in the hippocampus afer SE 

 

To identify changes in glial TRPV5 expression in the hippocampus 4 days after SE induction, 

TRPV5 was co-stained with either the astrocyte marker GFAP or the microglia marker Iba1. The 

colocalization analysis between TRPV5 and GFAP revealed a weak correlation (r = - 0.01822, Fig. 

2A). Subsequent double-staining with TRPV5 and Iba1 showed predominant TRPV5 expression in 

microglia, with a high degree of colocalization between TRPV5 and Iba1 signals (r = 0.77287, Fig. 

2B). These findings indicate significant localization of TRPV5 expression within activated 

microglia following SE induction. 
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FIGURE 2. TRPV5 is predominantly expressed in activated microglia after SE induction. A) 

Representative double immunohistological images of GFAP-positive astrocytes (green) and 

TRPV5 (red) in the hippocampus 4 days post-SE. Scale bar = 100 μm. B) Graphic representation 

(scatter plot) of the Pearson correlation of coefficient (PCC) for quantifying the colocalization 

between TRPV5 and GFAP in hippocampus after SE. C) Representative double 

immunohistological staining for Iba1-expressing microglia (green) and TRPV5 (red) in the 

hippocampus 4 days post-SE. D) Graphic representation (scatter plot) of the PCC for quantifying 

the colocalization between TRPV5 and Iba1 in hippocampus after SE.  
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3.3. TRPV5 expression in LPS-induced microglia activation in vivo 

 

LPS is a well-established agent used to induce the microglial activation and a robust 

inflammatory response 29,30. Given our results showing upregulation of TRPV5 in activated 

microglia following epileptic seizures (Fig. 2), I further identified the cellular phenotype of 

TRPV5 expression in activated microglia following LPS treatment. To address the identification 

of TRPV5 upregulation within activated microglia, I examined the expressional pattern of TRPV5 

in glia cells in the mouse hippocampus after recieving daily LPS injections at a dose of 0.5 mg/kg 

for four consecutive days (Fig. 3). Double-immunostaining was carried out, and Pearson 

correlation coefficient analysis revealed that TRPV5 expression was predominantly expressed in 

Iba1-positive microglia cells (r = 0.64575), similar to the finidngs at 4 days post-SE.  
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FIGURE 3. TRPV5 is expressed in activated microglia in LPS-induced neuroinflammation. 

A) Representative double immunohistochemical images of GFAP-positive astrocytes(green) and 

TRPV5 (red) in the hippocampus after four consecutive days of daily LPS injections. Scale bar 

=100 μm. B) Scatter plot showing the PCC quantifying the colocalization between TRPV5 and 

GFAP in hippocampus after LPS injections. C) Representative double immunohistochemical 

images for Iba1-expressing microglia (green) and TRPV5 (red) in the hippocampus after four daily 

injections of LPS. D) Scatter plot showing the Pearson correlation coefficient quantifying the 

colocalization between TRPV5 and Iba1 in hippocampus after LPS injections.  
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3.4. Activation of primary microglia following LPS stimulation 

 

The use of a cell model is suitable for exploring the functional role and related cellular/molecular 

mechanism of activated microglia under epileptic conditions. Although there is no suitable cell 

model that can fully replicate the inflammatory process associated with epilepsy, LPS-stimulated 

microglia are a well-established in vitro model for studying inflammatory responses. For example, 

LPS stimulates the activation of cultured microglia cells and activates the AKT/NF-κB signaling 

pathway, leading to the formation of the NLRP3 inflammasome 31. These phenomena are similarly 

detected in the damaged hippocampus following the pilocarpine-induced SE in vivo 32. Therefore, 

these suggest that the LPS-stimulated microglia in vitro model can be utilized to investigate the 

mechanisms involved in neuroinflammation induced by epileptic seizures 29,33.  

In this study, to examine the influence of TRPV5 on microglial activation and related 

inflammatory responses, primary hippocampal microglia were exposed to the different-doses of LPS 

(10 or 100 ng/ml) for 24 hours (Fig. 4). For morphological analysis, Iba1-expressing primary 

microglial cells were distinguished based on their shapes as follows: amoeboid-like cells without 

thin processes were referred to as activated microglia (indicated by filled arrows in Fig. 4A), while 

flat cells with multiple thin processes were defined as resting microglia (indicated by empty arrows 

in Fig. 4A). Microglia treated with vehicle solution exhibited a polarized morphology with thin 

processes, showing the microglia in resting state (Fig. 4A). In contrast, microglia treated with 10 

ng/ml LPS exhibited morphological changes, including shortened processes and slightly enlarged 

cell bodies, indicating activation (Fig. 4A). Microglia exposed to 100 ng/ml LPS displayed more 

pronounced morphological changes, such as amoeboid-like cells without thin processes, adopting a 

typical morphology of activated microglia (Fig. 4A). In line with these morphological changes, 

quantitative analysis revealed a significant increase in the percentage of activated microglia (p < 

0.001 vs. Veh, Fig. 4B), suggesting that LPS stimulation could successfully trigger the microglial 

activation. Based on these results, the LPS dose was standardized at 100 ng/ml for subsequent 

experiments. 
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FIGURE 4. Primary microglia activation to different doses of LPS. A) Immunocytochemistry 

images depict TRPV5-Iba1 double-positive cells in primary cultured microglia treated with 
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varying concentrations of LPS (10 or 100 ng/ml) for 24 hours. Empty arrow indicates microglia in 

their resting form and filled arrow shows microglia in activated form. Scale bar = 20 μm B) 

Graphic representations illustrate the percentage of microglia in activated state under each 

condition. The percentage of activated microglia significantly increased post-LPS treatment. ***p 

< 0.001, Veh vs. LPS_10; ***p < 0.001, Veh vs. LPS_100 (ANOVA followed by Tukey's post hoc 

test). 
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3.5. Inhibition of TRPV5 attenuated microglial activation 
 

To confirm the efficacy of pharmacological inhibition of TRPV5 with Econazole, a potential 

inhibitor of TRPV5, I initially assessed the expressional change of TRPV5 across various 

experimental conditions: normal cells, normal cells treated with 0.1 or 1.0 μmol/L Econazole (Fig. 

5A), cells stimulated with LPS, and cells pretreated with 0.1 or 1.0 μmol/L Econazole followed by 

LPS stimulation (Fig. 5B). The fluorescence intensity of TRPV5, upregulated by LPS stimulation 

(p < 0.001 vs. LPS), was significantly reduced in cultured microglia treated with both 0.1 and 1.0 

μmol/L Econazole (p = 0.042, LPS vs. LPS_Eco 0.1, p < 0.001, LPS vs. LPS_Eco 1.0; Fig. 5C), 

indicating that Econazole acts as a TRPV5 inhibitor. 

Next, I investigated the effect of TRPV5 inhibition by treatment with 0.1 and 1.0 μmol/L 

Econazole in LPS-activated microglia, as analyzing the morphological changes in primary 

microglia (Fig. 5C). The percentage of activated microglia, characterized by an amoeboid-like 

morphology, that was significantly increased by LPS stimulation (p < 0.001, Nor vs. LPS) was 

drastically decreased with TRPV5 inhibition in both doses of Econazole (p < 0.001, LPS vs, 

LPS_Eco 0.1; p < 0.001, LPS vs. LPS_Eco 1.0; Fig. 5C). The higher dose of Econazole resulted in 

a greater decrease in the fluorescence intensity of TRPV5, thereby the Econazole dose was 

standardized at 1.0 μmol/L in the following experiments. Taken together, these findings suggest 

that TRPV5 inhibition dramatically reduces microglial activation. 
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FIGURE 5. Inhibiting TRPV5 mitigates microglia activation. A) Immunocytochemistry images 

depict TRPV5-Iba1 double-positive cells in primary cultured microglia, treated with different 

doses of the TRPV5 inhibitor, Econazole (0.1 or 1.0 μmol/L), for 24 hours in normal cells. Empty 

arrow indicates microglia in resting form. Scale bar = 20 μm B) Immunocytochemistry images 

showing TRPV5-Iba1 double-positive cells in primary cultured microglia, treated with different 

doses of Econazole, for 24 hours prior to LPS stimulation. Filled arrow shows microglia in 

activated form. Scale bar = 20 μm C) Bar plot of TRPV5 fluorescence intensity under various 
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conditions. D) Graph representing the percentage of activated microglia under various conditions. 

***p < 0.001, Nor vs. LPS; ***p < 0.001, LPS vs. LPS_Eco 0.1; ***p < 0.001, LPS vs LPS_Eco 

1.0 (ANOVA followed by Tukey's post hoc test). 
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3.6. TRPV5 suppression reduced activation of AKT/ NF-κB pathway 

and NLRP3 inflammasome complex during microglial activation 

 

Based on our results (Fig. 5), I investigated whether TRPV5 inhibition could be involved in 

microglial-derived inflammatory processes using western blotting (Fig. 6A and 6D). Our results 

showed a significant suppression in the protein levels of phosphorylated AKT (p = 0.0026, 

LPS_Veh vs. LPS_Eco, Fig. 6B), phosphorylated NF-κB (p = 0.002, LPS_Veh vs. LPS_Eco, Fig. 

6C), and the NLRP3 inflammasome complex (NLRP3: p = 0.0013, LPS_Veh vs. LPS_Eco, Fig. 

6E; Caspase1: p = 0.0433, LPS_Veh vs. LPS_Eco, Fig. 6F; ASC: p = 0.0046, LPS_Veh vs. 

LPS_Eco, Fig. 6G) in activated microglia under conditions where TRPV5 was inhibited. 

Moreover, Econazole treatment significantly reduced the protein level of IL-18, a proinflammatory 

cytokine, compared to that of the LPS-treated group (p = 0.0046, LPS_Veh vs. LPS_Eco, Fig. 6H). 

These results suggest that blocking TRPV5 can reduce AKT/NF-κB activation and NLRP3 

inflammasome-mediated proinflammatory cytokine release in microglia following LPS 

stimulation. 
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FIGURE 6. Blocking TPRV5 reduces proinflammatory cytokine production by the AKT/NF-

κB pathway and NLRP3 inflammasome in activated microglia. A) Representative blots showing 

p-AKT, AKT, p-NF-κB, NF-κB, and β-actin expression in each group. B) Histogram showing the 

ratio of p-AKT to AKT protein bands quantified and normalized against the expression of the 

housekeeping protein β-actin. *p < 0.05, significantly different from each group (ANOVA followed 

by Tukey's post hoc test, n = 4 per group). C) Histogram showing the ratio of p-NF-κB to NF-κB 

protein bands quantified and normalized against the expression of the β-actin. ***p< 0.001 and **p 

< 0.01, significantly different from each group (ANOVA followed by Tukey's post hoc test). D) 
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Representative blots showing NLRP3, Caspase 1, ASC, IL-18, and β-actin expression in each group. 

E) Histogram showing NLRP3 expression. **p < 0.01, significantly different from each group 

(ANOVA followed by Tukey's post hoc test). F) Histogram showing Caspase 1 expression. **p < 

0.01 and *p < 0.05, significantly different from each group (ANOVA followed by Tukey's post hoc 

test). G) Histogram showing ASC expression. ***p < 0.001 and *p < 0.05, significantly different 

from each group. (ANOVA followed by Tukey's post hoc test). H) Histogram showing IL-18 

expression. **p < 0.01, significantly different from each group (ANOVA followed by Tukey's post 

hoc test). All values are presented as mean ± SEM with individual data points indicated.  
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3.7. Effect of Econazole-induced TRPV5 inhibition in a mouse model 

of pilocarpine-induced SE 
 

Based on our above results, I further examined whether TRPV5 inhibition by Econazole 

treatment could affect hippocampal microglia activation in a mouse model of pilocarpine-induced 

SE. To evaluate the effect of TRPV5 inhibition on microglial activation induced by pilocarpine-

induced SE, Econazole (40 mg/kg, i.p.) was pre-treated for 3 days before pilocarpine-induced SE 

and given daily for 4 days starting at 1 hour after seizure termination. I observed that TRPV5 

immunoreactivity was upregulated four days after SE induction (p < 0.001 vs. SE4D_Veh). 

However, this upregulation was significantly reduced by Econazole treatment (p < 0.001 vs. 

SE4D_Eco; Fig. 7A), suggesting that Econazole effectively functions as a TRPV5 inhibitor in vivo 

(Fig. 7B). Additionally, the expression of Iba1-positive microglia was increased in the 

hippocampus of Veh-SE4D group (p < 0.001 vs. SE4D_Veh), but treatment with Econazole 

significantly reduced pilocarpine-induced microglial activation (p < 0.001 vs. SE4D_Eco; Fig. 

7C). In addition to in vitro result in this study, these findings indicate that TRPV5 is involved in 

microglial activation following epileptic seizures. 
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FIGURE 7. Effect of TRPV5 inhibition in a mouse model of pilocarpine-induced SE. A) 

Representative double immunohistochemistry images showing upregulated TRPV5 (red) and 

activated microglia (green) 4 days post-SE, with a decrease observed in the TRPV5-inhibited 

group. Scale bar = 100 μm. B) Quantitative analysis of TRPV5 immunoreactivity expressed as 
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mean ± SEM with individual data points indicated. ***p < 0.001, significantly different from each 

group (ANOVA followed by Tukey's post hoc test). C) Quantitative analysis of Iba1 

immunoreactivity presented as mean ± SEM with individual data points indicated. ***p < 0.001, 

significantly different from each group (ANOVA followed by Tukey's post hoc test)  
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Furthermore, I evaluated the effect of TRPV5 inhibition via treatment with Econazole on 

pilocarpine-induced seizure activity. Seizure parameters were analyzed across both the treated and 

control groups (Table 1). Although there were no significant differences between the groups in 

terms of the percentage of animals reaching SE onset, mortality rates, maximal seizure scores, and 

the number of seizures prior to SE onset, Econazole treatment significantly delayed the onset of 

both convulsive seizures and SE (onset time of convulsive seizures: p < 0.001 vs. SE-Veh; latency 

to SE onset: p < 0.001 vs. SE-Veh). These results suggest that TRPV5 inhibition could exert anti-

convulsive effects against the initiation and development of epileptic seizures. 
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TABLE 1. Evaluation of seizure activity 
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4. Discussion 

TRPV channels, including TRPV1 and TRPV4, have been implicated in various 

epileptogenic processes, demonstrating their role in the pathological mechanisms in epilepsy. 

Despite this, the involvement of TRPV5 in neuropathological conditions, particuarly epilepsy, 

remains unexplored. The present study provides the first evidence of TRPV5 upregulation in the 

hippocampus after SE induction, predominantly in hippocampal microglia. Inhibition of TRPV5 

with Econazole in cultured primary microglia led to significant suppression of LPS-stimulated 

microglial activation and blockade of inflammatory process, characterized by decreased AKT/NF-

κB signaling and reduced NLRP3 inflammasome-mediated proinflammatory cytokine production. 

Additionally, TRPV5 inhibition suppressed microglial activation in a mouse model of pilocarpine-

induced SE. TRPV5 suppression mitigated the initiation of behavioral seizures and delayed the 

onset of SE induction. Taken together, these findings suggest that TRPV5 plays a crucial role in 

microglia activation and associated neuroinflammation under neuropathological condition 

following epileptic seizures (Figure 8). 
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FIGURE 8. Schematic representation of the role of TRPV5 in microglial activation after SE 

induction. 
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Microglia, the resident immune cells of the brain, play crucial roles in immune surveillance and 

maintaining brain homeostasis 34. In epilepsy, activated microglia release various proinflammatory 

cytokines that can lower seizure threshold and enhance neuronal excitability 11,35. This cytokine-

driven inflammatory state contributes to sustained neuronal damage and epileptogenesis. In line with 

this evidence, minocycline, a microglial activation inhibitor 36,37, significantly reduces neuronal 

damage in kainic acid-induced SE models 38 and decreases seizure duration and severity and lower 

SE-induced cytokine levels in pilocarpine-induced SE models 39. This evidence suggests that 

suppressing microglial activation is emerging as a promising strategy for epilepsy treatment. In the 

present study, our results showed a distinct spatial pattern of TRPV5 expression, with upregulation 

primarily in activated microglia, in the hippocampus after SE induction and LPS treatment. 

Additionally, I found that TRPV5 blockage by Econazole treatment attenuated microglial activation 

following epileptic seizures. These findings indicate that TRPV5 is involved in microglial activation 

under pathological conditions following epileptic insult. 

Given our finding that TRPV5 inhibition suppresses microglial activation, I wondered how 

TRPV5 contributes to microglial-derived inflammatory events. Microglia is the key cell in brain 

inflammation, and microglial activation is closely related to indicating neuroinflammation 40,41. 

Moreover, microglial activation promotes a various intracellular signaling pathway, which is known 

to coordinate inflammatory process 42. For instance, AKT signaling is involved in proinflammatory 

reaction in LPS-stimulated BV2 microglia cells 43 and the phosphorylated AKT acts as an upstream 

regulatory protein to NF-κB 44. NF-κB, a critical regulator of the inflammatory response, acts as a 

central mediator of the priming signal in NLRP3 inflammasome activation and induces the 

transcriptional expression of NLRP3 45. The NLRP3 inflammasome, a multi-protein complex 

comprising NLRP3 receptor, the adaptor protein ASC, and the enzyme Caspase-1, is pivotal role for 

the innate immune response. Activation of this inflammasome results in the cleavage of pro-

Caspase-1 into its active form, Caspase-1, which in turn processes proinflammatory cytokines such 

as IL-1β and IL-18 into their mature, active forms, promoting cytokine release and driving further 

inflammation 46. In the present study, inhibition of TRPV5 led to the suppression of activated 

microglia, reduced the phosphorylation of AKT and NF-κB, and subsequently inhibited the 

formation of the NLRP3 inflammasome complex in primary microglia, thereby reducing the 

production of proinflammatory cytokine IL-18. These findings suggest that TRPV5 is involved in 

NLRP3 inflammasome formation through the AKT/NF-κB signaling pathway during microglial 
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activation. 

Accumulating evidence suggests that seizures can trigger inflammatory responses, including 

further activation of microglia, creating a feedback loop that may intensify neuronal damage and 

worsen the disease. This dynamic suggests that inflammation in epilepsy not only results from 

seizures but may also contribute to their onset and progression 47. Specifically, the release of pro-

inflammatory mediators like IL-1β and IL-18 from activated microglia enhances neuronal 

excitability and lowers the seizure threshold. IL-1β, for example, promotes NMDA receptor activity 

by increasing tyrosine phosphorylation of NR2A/B subunits, which leads to heightened neuronal 

excitability 42. These findings underscore the importance of mitigating brain inflammation in 

epileptic conditions as a potential strategy to reduce seizure activity. 

The present study highlights the role of TRPV5 in microglia activation following epileptic brain 

injury. While our results demonstrate that TRPV5 modulates inflammatory responses and microglial 

activation following epileptic seizures, there remains the possibility that TRPV5 could interact other 

cellular/molecular mechanism underlying pathogenic manifestations in neurological disorders 

including epilepsy. Previous study has reported that TRPV5 is upregulated in a rat osteoarthritis 

model, and this upregulated TRPV5 exerts the induction of chondrocyte apoptosis via the mitogen-

activated protein kinase cascade and AKT/mechanistic target of rapamycin pathway in osteoarthritis 

48. Together with the present study, this evidence leads us to hypothesize that TRPV5 may be a 

potential regulator of several cellular/molecular mechanisms underlying pathologic development of 

neurological disorders, including epilepsy. Thus, exploring the functional spectrum of TRPV5 under 

neuropathological conditions in various neurological diseases would be interesting. 
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5. Conclusion 

In summary, the present study demonstrates a novel evidence that microglial TRPV5 is 

upregulated following epileptic seizures and TRPV5 inhibition using Econazole significantly 

reduced microglial activation and neuroinflammatory responses, indicating that TRPV5 might be a 

novel regulator in microgliosis and microglial-derived neuroinflammation following epileptic 

seizures. Therefore, these findings suggest that targeting TRPV5 to modulate microglial activation 

and reduce inflammation may have therapeutic potential for epilepsy treatment.  
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Abstract in Korean 

 

뇌전증지속상태에 의해 유도된 미세아교세포 활성화 매개 

신경염증에 대한 TRPV5의 역할 

 

선택적 칼슘 이온 채널인 Transient Receptor Potential Vanilloid 5(TRPV5)의 

발현이 최근에 대뇌의 다양한 영역에서 발현이 확인되었으나, 뇌전증성 뇌손상에 

대한  TRPV5의 상세한 역할이나 기반 작용기전은 아직까지 밝혀지지 않은 상태이다. 

본 연구는 필로카르핀으로 유도된 뇌전증지속상태 (Status epilepticus) 마우스 모델을 

이용하여 대뇌 해마 내 TRPV5의 발현 변화를 확인하고, 일차 미세아교세포 배양을 

이용하여 TPRV5 억제에 의한 미세아교세포 활성화 및 신경염증 반응의 영향을 

조사하였다. 본 연구의 결과로, 필로카르핀 처리에 의한 뇌전증지속상태 유도 후 해마 

내 미세아교세포에서 TRPV5 발현이 유의미하게 증가함을 처음으로 확인하였다. 

배양한 해마 미세아교세포에서 Econazole 에 의한 TRPV5 억제가 LPS 로 유도된 

미세아교세포 활성화를 감소시키고, AKT/NF-κB 신호 전달 경로 억제를 통한 

NLRP3 인플라마좀 형성을 제어하였다. 또한, 필로카르핀으로 유도된 뇌전증지속상태 

마우스 모델에서 TRPV5 억제는 뇌전증 발작 유도에 따른 미세아교세포 활성화의 

감소를 유도하였다. 추가적으로, TRPV5 억제가 경련성 발작 및 뇌전증지속상태 발생 

시간을 지연시켰다. 이러한 결과들은 TRPV5가 뇌전증 발작에 의한 미세아교세포 

활성과 이와 관련된 신경염증에 관여한다는 사실을 입증한다. 이 연구를 통해 

TRPV5 억제에 의한 항염증 효과가 뇌전증성 대뇌 손상을 완화하기 위한 새로운 

치료 접근법을 제공할 수 있을 것으로 기대된다.  
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