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Summary 

 

TRPM2 is a nonselective, calcium (Ca2+)-permeable cation channel and is expressed in various 

organs such as the brain, pancreas, spleen, kidney and a wide range of immunocytes, including 

lymphocytes, neutrophils and monocytes/macrophages. TRPM2 plays important roles in Ca2+ 

signaling in these tissues and cells, and contributes to cellular functions that include insulin 

release, cytokine production, cell motility and cell death. The primary activator of TRPM2 is 

adenosine diphosphate ribose (ADPR) and the activation induces a Ca2+ influx into the interior 

of the cells.  

The Ca2+ influx induced by TRPM2 may activate other Ca2+-dependent channels. The 

intermediate conductance Ca2+-activated potassium channel (IKCa1 / KCa3.1 / SK4) is of 

particular interest. The Ca2+ affinity for the IKCa1 channel is provided by calmodulin (CaM) via 

lobes present on the protein. Once CaM is activated by Ca2+ binding, the IKCa1 channel is 

opened, allowing potassium (K+) efflux from the intracellular compartment to the extracellular 

medium. K+ movement is accompanied by chloride (Cl-) efflux and water loss that promotes 

different physiological processes such as proliferation, migration, cell volume changes, cytokine 

production and inflammation. 

 

To initiate this study, I used HEK293T cells in order to assess if TRPM2 and IKCa1 channels 

collaborated. I used different pharmacological tools as ADPR and TRAM-34 (a specific inhibitor 

of IKCa1 channels) to discriminate between the channels. After confirming that these channels 

constituted a network and confirming their physical interaction by examining the Erev value shift, 

I noticed that they cause cell volume changes. Based on those results, I extended the experiments 

to mouse primary microglia because both of the channels are expressed in this cell. The literature 

confirmed that microglia express both TRPM2 and IKCa1 channels. After assessing the purity of 

the microglia that I isolated from new-born (days 1 – 3) mice, I demonstrated that the TRPM2 / 
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IKCa1 channel network functioned in mouse primary microglia based on the Erev value shift. I 

demonstrated that this network could also take part in cell volume changes in mouse primary 

microglia. Based upon that information, I hypothesized that cell volume changes could be linked 

to cell migration. In that regard, understanding how microglia proliferate and migrate could 

suggest improved strategies for treatments of CNS-linked diseases.  

It is known that microglia adopt different states in response to the changes in their 

microenvironment, i.e., an active state and a resting state. The different states of microglia could 

be associated with the intensity and duration of the pathological environment. When microglia 

are subjected to homeostatic disturbances, for example neuroinflammation or injury, these cells 

become activated. The activated state is phenotypically characterized by the retraction of 

ramifications, swelling of the soma, and an overall amoeboid appearance. This phenotype 

confers motility to microglia and allows them to move by following the chemotactic gradient 

towards the site of injury. Migration of microglia can be described as a repeated and coordinated 

cycle of protrusion of the front and retraction of the tail portion. Here, I demonstrated that cell 

volume changes are correlated with microglial migration, meaning that the TRPM2 / IKCa1 

network is implicated in the motility of mouse primary microglia. I describe for the first time that 

inhibiting the IKCa1 channel decreases the motility of mouse primary microglia in vitro. 

Next, I investigated whether the TRPM2 / IKCa1 network was implicated in cytokine production. 

Microglia are mainly involved in CNS homeostasis by monitoring changes in their 

microenvironment (resting state) or by adopting protective features, such as initiating their own 

inflammatory response (activated state). I found that the TRPM2 / IKCa1 network was essential 

for IL-1 production. Taken together, these results deepen our understanding of microglia 

phenotypes and function. 

This novel TRPM2 / IKCa1 ion channel network might provide new approaches to neurologic 

and physiological research and lead to new tools for the prevention or cure of CNS-linked 

diseases. 
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1. Introduction 

 

The divalent cation calcium (Ca2+) is an important element in the human body as it plays 

essential physiological roles. Intracellular free cytosolic Ca2+ concentrations are maintained at 

around 100 nM whereas the extracellular milieu contains roughly 1 mM Ca2+ (Rizzuto, R. and 

Pozzan, T., 2006; Raffaello, A. et al., 2016; Yang, Z. et al., 2015). Within cells, the maintenance 

of Ca2+ at a nM concentration requires specific proteins that contain sites with particular 

affinities and specificities like calmodulin (CAM), STIM1 (stromal interaction molecule-1), 

S100 proteins, C2 domain and the Annexin Ca2+-binding fold. These proteins sequester Ca2+ 

inside cellular organelles, including the endoplasmic reticulum (ER), Golgi apparatus (Raffaello, 

A. et al., 2016; Yang, Z. et al., 2015) or organized in insoluble non-membranous structures such 

as the cytoskeleton. They buffer Ca2+ within a nM range without modifying its total content in 

the cells (Carafoli, E. and Krebs, J. 2016). Ca2+ is used by cells to monitor and control many of 

their activities. Once specialized functions are acquired by cells, Ca2+ is used as an intracellular 

signalling messenger that controls many diverse processes like proliferation, contraction and 

excitation in a range of cell types (Pinto, M.C.X. et al., 2015; Munaron, L. et al., 2004; Clapham, 

D.E., 2007). It is also involved in the physiopathology of the cells and cell fate. Moreover, Ca2+ 

is one of the most-common and important ions in eukaryotic cells. The homeostasis of Ca2+ is 

crucial for cell survival (Mincheva-Tasheva, S. et al., 2014). To maintain this homeostasis, ion 

exchanges between cells or the extracellular compartment occur (Brini, M. et al., 2013; Clapham, 

D.E., 2007). The fluxes of Ca2+ are mediated by transporters located on the plasma membrane 

and the membrane of intracellular compartments that are permeable to Ca2+ (Islam, M.S., 2020). 

The transporters are termed ion channels, and they are pore forming proteins docked on the cell 

membranes. Ion channels are distributed in all the tissues of an organism. Among these channels, 

it was reported in numerous studies that transient receptor potential (TRP) channels serve as 
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biosensors by mediating responses to variations in different environmental conditions (Nilius, B. 

et al., 2007; Kaneko, Y. et al., 2014). There are 28 mammalians (27 human) TRP channels that 

have been described as polymodal cell sensors (Nilius, B. and Owsianik, G., 2011) and they play 

important roles in many homeostatic functions. They are separated into six subfamilies: TRPC 

(canonical 1-7), TRPV (vanilloid 1-6), TRPP (polycystin (TRPP 2-3-5), TRPML (mucolipin 

1-8), TRPA (ankyrin 1) and TRPM (melastatin 1-8). In the TRP channel family, TRP Melastatin 

2 (TRPM2) is highly expressed in the brain and is also detected in other tissues such as lung, 

liver, bone marrow, spleen and heart. At the cellular level, TRPM2 has been identified in 

multiple cell types like neurons (Bai, J. Z. and Lipski, J, 2010; Alim, I. et al., 2013), microglia 

(Fonfria, E. et al., 2006; Jeong, H. et al., 2017), astrocytes (Lee, M. et al., 2010), macrophages 

(Di, A. et al., 2017, Kashio, M. et al., 2012), neutrophils (Heiner et al., 2003), dendritic cells 

(Sumoza-Toledo, A. et al., 2011), endothelial vascular cells (Hecquet, C. M. et al., 2010) and 

pancreatic -cells (Ishii, M. et al., 2006; Togashi, K. et al., 2008). The TRPM2 gene is localized 

in the q22.31 locus on human chromosome 21. It is a Ca2+-permeable, non-selective cation 

channel that exhibits heat sensitivity. It acts as a biosensor of oxidative and osmotic stresses 

under physiological and pathological conditions. In addition to its role as a plasma membrane 

channel, TRPM2 has been shown to be localized to the lysosomal compartment, where it 

regulates Ca2+ mobilization from the intracellular compartments and contributes to H2O2-induced 

apoptosis of  cells (Turlova, E. et al., 2018). The abundant distribution of TRPM2 indicates that 

it may play roles in a wide range of physiological processes, including synaptic transmission in 

hippocampal CA3-CA1 synapses where TRPM2 is activated following Ca2+ increases mediated 

by voltage-dependent Ca2+ channels and glutamate receptors (Olah, M. E. et al., 2009). 

Additional roles for TRPM2 in the central nervous system (CNS) are related to its presence in 

microglia, the host macrophages of the brain, where TRPM2 appears to be responsible for 

physiological microglial activation through reactive oxygen species (ROS) and 

lipopolysaccharide (LPS)-mediated signalling (Kraft, R. et al., 2004). However, the majority of 
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studies place TRPM2 into the context of pathophysiological events of stroke/ischemia and 

neurodegeneration (Xie, Y. F. et al., 2011), where TRPM2 activation results in the promotion of 

cytokine release, the exacerbation of inflammation, and the initiation of neuronal death. 

In terms of structure, TRPM2 is a homotetrameric protein, meaning that it is formed by 4 

identical subunits. Each of these subunits is made of 1503 amino acid residues (Szollosi, A., 

2021) with a molecular mass around 170 kDa. Each subunit is divided into 3 regions: a large 

cytosolic N-terminus, followed by a transmembrane domain region (TMD) and finally a 

cytosolic C-terminus. If we focus on each of these regions, each of them has a ligand binding 

domain involved in TRPM2 activation. TMD includes approximately 400 amino acids (from 650 

to 1050 amino acids (Figure 1)) (Cheung, J. A. et al., 2017) that form 6 transmembrane helices 

(S1 - S6) throughout the plasma membrane, in which the S5-S6 region constitutes a pore domain 

allowing permeation of ions once the channel is activated. To activate this channel, a different 

ligand needs to bind to the specific site. TRPM2 requires intracellular Ca2+ binding (Penner. R, 

2007) and two Adenosine Diphosphate Ribose (ADPR) binding stimuli in cytosolic N-terminal 

and C-terminal regions to be activated.  

ADPR is a nicotinamide adenine dinucleotide (NAD+)-derived metabolite. ADPR can be 

produced by several metabolic pathways. Under oxidative stress conditions, reactive oxygen 

species (ROS) produce poly-ADPR polymerase (PARP) and poly-ADPR glycohydrolase 

(PARG), which are DNA repair enzymes. Thereafter, PARP-1 (the most abundant of the PARP 

family) catalyzes NAD+ into nicotinamide and ADPR, and polymerises ADPR onto various 

nuclear proteins including poly-ADPR (Soldani, C. et al., 2002; Fonfria, E. et al., 2004). The 

poly-ADPR molecule is then hydrolysed by PARG for ADPR production (Kolisek, M. et al., 

2005). ADPR and its precursor might also be released from mitochondrial permeability transition 

pores located on the mitochondrial matrix. 

The N- and C-termini of TRPM2 accept ADPR. The N-terminus consists of 4 TRPM subfamily 

homologous domains (MHD I-IV) and a CaM-binding IQ-like motif located between MHDII 
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and MHDIII (Figure 1). The main stimulus that triggers TRPM2 activation is ADPR binding in 

the cleft of the MHDI/II domain. Indeed, ADPR is inserted between tyrosine 295 (Y295) and the 

loop connecting the 5 strand 3 helix (5-3 loop) with a compact U shape in order to adapt to 

the bi-lobed structure of the MHDI/II domain that is deep, small and circular (Figure 2 B, C) 

(Huang, Y. et al., 2019). ADPR is kept in this cleft by interacting with its different groups. 

The C-terminus is constituted by a TRP Box domain (hydrophobic and highly conserved region 

among TRPs channels) that is located downstream from the pore region. The coiled-coil motif is 

essential for the assembly of homomeric and heteromeric protein complexes and protein-protein 

interaction, including TRPM2 subunit interaction that is required for a functional channel. 

Finally, there is a nucleoside diphosphate-linked moiety X-type motif 9 domain (NUDT9-H). 

ADPR binds to NUDT9-H. This domain is composed of around a 50 amino acid Nudix box 

motif (which is an ADPR pyrophosphatase (ADPRase)) and cleaved into adenosine 

monophosphate (AMP) and ribose-5-phosphate). It is defined as a catalytic site found within a 

larger domain of roughly 300 amino acids. (Figure 1). In contrast to the cleft of MHDI/II domain, 

the NUDT9-H cleft is larger and allows ADPR to be linked with an extended shape (Figure 2 

D-E) (Huang, Y. et al., 2019). 

When all of the ligands are bound to their specific binding sites, a rotation of the subunit occurs. 

The resting gate that displays a radius of 1.0 Å and prevents permeation is then enlarged to 2.6 Å 

in the TMD region, allowing the passage of Ca2+ and Na+ ions from the extracellular 

compartment towards the intracellular compartment (Huang, Y. et al., 2018). 

 

The Ca2+ influx induced by TRPM2 may activate other Ca2+-dependent channels. 

Ca2+-activated potassium channels constitute a heterogeneous family of ion channels with 

variable biophysical and pharmacological properties. Among them, the intermediate conductance 

calcium-activated potassium channel (IKCa1/ KCa3.1/ SK4) is of interest. This channel is 

encoded by the KCNN4 gene located in the q13.2 locus of human chromosome 19. These 
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channels share a common functional role by coupling the increase in intracellular Ca2+ 

concentration to hyperpolarization of the membrane potential. The activity of the IKCa1 channel 

is independent of the membrane potential (Suppiramaniam, V. et al., 2010). This intrinsic feature 

allows the IKCa1 channel to play key roles in controlling cellular excitability and maintaining K+ 

homeostasis and cell volume in non-excitable cells (Kshatri, A. S. et al., 2018). IKCa1 channels 

are responsible for activation and proliferation of smooth muscle cells and lymphocytes (Toyama, 

K. et al., 2008). In the CNS, IKCa1 channels are mainly localized in microglia and endothelial 

cells (Pedarzani, P. and Stocker M., 2008). Microglial IKCa1 channels participate in controlling 

several functions, including respiratory burst, proliferation, migration as well as LPS-mediated 

nitric oxide production (Nguyen, H. M. et al., 2017). Accumulating evidence indicates that IKCa1 

channels are involved in the process of astrogliosis, which occurs in most forms of CNS insult 

(Bouhy, D. et al., 2011). IKCa1 channels also contribute to neurovascular coupling in astrocytes 

(Longden, T. A. et al., 2011). 

In terms of structure, the functional IKCa1 channel is a homotetramer formed by four identical 

subunits each carrying a CaM molecule. Each channel subunit is made of 427 amino acids 

(predicted molecular mass around 48 kDa) that constitute the six TMD (S1 - S6) and cytosolic N 

and C termini (Weisbrod, D., 2020; Ledoux, J. et al., 2006). Between S5 (amino acid 203) and 

S6 (amino acid 287), a hydrophobic segment forms the pore motif (P-Loop) and this pore has a 

“selectivity filter” for potassium (K+) given by the GYG consensus motif (Figure 3). 

Between the segment composed of amino acids 312-329, located on the C-terminal, HA and HB 

helix cross one another. The intertwining of these helices creates the calmodulin binding domain 

CamBD1. Parallel to the membrane, this region is pre-associated with the C-lobe of CaM (there 

is also an N-lobe) in a Ca2+-independent manner. Ca2+ sensitivity is conferred to the IKCa1 

channel by CaM. CaM is composed of 148 amino acids (around 17 kDa). C- and N- lobes 

possess two pairs of helix-loop-helix (EF-hand) each that enable the binding of four Ca2+ ions on 

the sites. A long and highly flexible  helix, connecting the lobes, allows the protein to adopt 
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different conformations with varying affinities to target Ca2+ binding. At low intracellular Ca2+ 

threshold concentrations, the N-lobes are close to the S2-S3 intracellular segment. The N iii 

binding site (located on the N lobe) particularly shows higher affinity to Ca2+. Indeed, after Ca2+ 

binds to site iii of CaM, this interaction triggers a conformational change of the molecule that 

increases its affinity for Ca2+ binding to the three other available sites (Catacuzenno, L. et al., 

2018). It is also well known that CaM binds strongly and in a Ca2+-independent manner to the 

first 62 amino acids of IKCa1’s C-terminus (Figure 3). 

The segment corresponding to the HC helix forms CamBD2 and is located between amino acids 

360-373 (Figure 3). Pointed towards the cytosol, it is associated with similar helices from the 

other subunits’ coiled-coil structure and is essential for the proper assembly and trafficking of the 

channel by protein kinase A (PKA), AMP-activated protein kinase (AMPK) and 

phosphatidylinositol 3-phosphate (PI3P). Once CaM is activated by Ca2+ binding, N lobes 

recognize the CamBD2 segment of the closest subunit of the homotetramer. This interaction 

pulls the C-terminal of the subunits and opens the IKCa1 channel, which allows K+ efflux from 

the intracellular compartment towards the extracellular compartment of the cell. The intracellular 

change in K+ concentration promotes several intracellular signalling pathways that are involved 

in different physiological processes such as proliferation, migration, cell volume changes, 

inflammation and apoptosis. (Schwab, A. et al., 2012; Hayabuchi, Y., 2017; Takayama, Y. 2014; 

Nguyen, H.M, 2017). 

 

Microglia cells were discovered by Rio-Hortega. (Kettenmann, H. et al., 2011). They can 

proliferate, migrate and produce cytokines. These non-excitable cells, expressing both TRPM2 

and IKCa1 channels (Brown, B. M. et al., 2018 and 2019; Sita, G. et al., 2018; Bouhy, D. et al., 

2011), are described as a specialized population of primary innate immune cells in the CNS 

(Marin-Teva, J. L. et al., 2011). The microglia population represents 0.5-16.6% of the total cell 

population in the human brain and 5-12% in the mouse brain. These cells originate from yolk sac 
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progenitors and they are widely considered to be equivalent throughout the CNS (De Biase, L. 

M. et al., 2017). They are mainly involved in CNS homeostasis by monitoring changes in their 

microenvironment (resting state) or by adopting protective features, such as initiating their own 

inflammatory response in order to modulate these changes (activated state) (Nimmerjahn, A. et 

al., 2005; Wolf, S. A. et al., 2017). In the resting state, microglia are characterized by a ramified 

morphology: a small soma with fine cellular processes that are able to sense damage signals 

within the surrounding microenvironment. When microglia are subjected to homeostatic 

disturbances, for example neuroinflammation or after injury, these cells become activated. This 

activated state is phenotypically characterized by the retraction of its ramifications, swelling of 

the soma, and an overall amoeboid appearance. This phenotype confers motility to microglia and 

allows them to move actively by following the chemotactic gradient towards the injured site. 

Migration of microglia can be described as a repeated and coordinated cycle of protrusion of the 

front and retraction of the tail part. Protrusion of the front and retraction of the tail parts of 

microglia requires that the respective components of the cellular migrating machinery, e.g., 

polymerizing actin filaments at the cell front and contractile protein at the tail part, are 

differentially localized and regulated within the microglia (Schwab, A. et al., 2012). Microglial 

activity is involved in the development, maturation and senescence of the CNS throughout life 

by taking part in the development of synaptic growth and plasticity, and in neuronal apoptosis. 

Indeed, a decrease in branches of microglia is observed in ageing brains. This induces a 

reduction of surveillance area. Early publications (decades ago) established that microglial cells 

play an essential role in the aging brain and various CNS-related diseases, including ischemic 

stroke, traumatic brain damage, Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple 

sclerosis (MS) and amyotrophic lateral sclerosis (ALS). In each case, microglial cells mediate 

neuroinflammation. Indeed, the unphysiological activation of microglia contributes to 

neurotoxicity and synapse loss by triggering several proinflammatory cascades that lead to 

neuron-microglia network impairment (Sarlus, H. and Heneka, M. T., 2017). These different 
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states of microglia could be associated with the intensity and duration of the pathological 

environment. Dysregulation of neuron-microglia communication is likely a primary pathologic 

event in neurodegenerative diseases. 
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2. Materials and Methods 

 

2.1. Animals 

 

57BL/6NCr mice (SLC Japan) were used as the WT strain. TRPM2 KO mice were generously 

provided by Dr. Yasuo Mori (Kyoto University, Japan) (53). For in vitro time-lapse imaging, 

postnatal pups (P0 through P3) were obtained from TRPM2KO genotype mice. Mice were 

housed in a controlled environment (12 h light/12 h dark cycle; room temperature, 22°C to 24°C; 

50 to 60% relative humidity) with free access to food and water. All procedures involving the 

care and use of animals were approved by the Institutional Animal Care and Use Committee of 

the National Institutes of Natural Sciences and carried out in accordance with the NIH Guide for 

the care and use of laboratory animals (NIH publication no. 85–23, revised 1985).  

 

2.2. Preparation of Primary Mouse Microglia 

 

Primary mouse microglia were obtained according to a previously described method (Doering, 

L. C., 2010) with modification. Mixed glial cultures were prepared from cerebral hemispheres of 

postnatal (P0 through P3) pups. The tissues were minced with a sterile Pasteur pipette (IWAKI) 

and trypsinized (Gibco) for 8 min at 37°C. Then, DNase (Roche, 11056000) was added and the 

suspension was immediately mixed. After that, one volume of horse serum (Biowest, S0900) was 

added and again the suspension was mixed. The cell suspension was centrifuged at 800 rpm for 6 

min. The supernatant was withdrawn and cells were resuspended with new medium (D-MEM 

(Dulbecco’s Modified Eagle Medium-low glucose) (Sigma-Aldrich) with 10% (volume/volume) 

heat-inactivated bovine serum (Sigma-Aldrich), penicillin-streptomycin (10 units/mL and 10 

mg/mL, respectively, Gibco), bovine insulin (5 g/mL, Sigma-Aldrich), and glucose solution (2 

mg/mL, Otsuka)). Cells were filtered with a 100 m nylon cell strainer (Falcon). Dissociated and 
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filtered cells were seeded as mixed glia cultures in 75 cm2 tissue flasks (Falcon) in D-MEM 

(Dulbecco’s Modified Eagle Medium-low glucose) (Sigma-Aldrich) with 10% (volume/volume) 

heat-inactivated bovine serum (Sigma-Aldrich), penicillin-streptomycin (10 units/mL and 10 

mg/mL, respectively, Gibco), bovine insulin (5 g/mL, Sigma-Aldrich), and glucose solution (2 

mg/mL, Otsuka) and cultured for 10 to 20 days at 37°C in a humidified CO2 incubator until the 

cells were 100% confluent. Primary microglia were obtained by shaking the flasks containing the 

mixed glia cultures and the supernatant with floating cells. Floating cells (representing 

microglia) were seeded on 35 mm-diameter dishes containing 12 mm cover glasses (Matsunami 

Glass, 1082511226 not washed (hydrophilic)) at a density of 1 x 104 cells/dish and incubated at 

37°C in a humidified CO2 incubator for Patch clamp assays. Cells were seeded on 35 mm 

diameter dishes with a 14-mm glass bottom (Matsunami Glass, D1153OH) at a density of 1 x 104 

cells/dish and incubated at 37°C in a humidified CO2 incubator for Time-Lapse imaging. Cells 

were seeded on 35-mm diameter dishes containing 27-mm cover glasses (Matsunami Glass, 

D1114OH) at a density of 2 x 106 cells/dish and incubated at 37°C in a humidified CO2 incubator 

for Patch clamp assays. Cells were used for experiments within 6 days of isolation. 

 

2.3. Immunohistochemistry 

 

The coverslips previously seeded with primary mouse microglia were fixed with 10% Formalin 

Neutral Buffer Solution (Wako, 062-01661) and incubated for 30 min on ice. Permeabilization 

was performed with 0.25% PBST (1X PBS + 100X TRITON (Sigma X100)). Blockage was 

performed with 1% BSA (Albumin, from Bovine Serum, IgG/Protease Free Wako 010-25783) 

diluted in 0.25% PBST. The first antibody (rabbit-anti-Iba-1 (WAKO 019-19741) was diluted at 

1:500 in 1% BSA-0.25% PBST. Cells were incubated with the first antibody at 4°C overnight. 

After washing with blocking solution, the cells were incubated with the secondary antibody (goat 

anti-rabbit IgG (Molecular Probes Alexa Fluor 594, A-11037, diluted 1:1000)). Then, the cells 



 

 

 

 

16 

were labeled for 10 min with DAPI (Dojindo, FK0044, diluted 1:1000). Finally, cells were 

washed with PBS, sealed with Fluoromount (Diagnostic Biosystem KO24). Sealed coverslips 

were placed on the stage of an inverted Keyence BZ-9000 (Keyence) fluorescent microscope and 

image acquisition was performed using BZ-9000 software.  

 

2.4. Cell Culture and Transfection 

 

HEK293T cells were maintained in D-MEM (Wako) supplemented with 10% (volume/volume) 

fetal bovine serum (BioWest or Gibco), penicillin-streptomycin (50 units/mL and 50 g/mL, 

respectively, Gibco) and GlutaMAX (2 mM, Gibco) and seeded at a density of 5 x 105 cells per 

35-mm dish 24 h before transfection. For patch-clamp and cell volume change recordings, 

HEK293T cells cultured in OPTI-MEM I medium (Invitrogen) on 35-mm dishes were transfected 

with 0.7 g expression vector and 0.1 g pGreen-Lantern 1 cDNA (pGL1) using Lipofectamine 

(Invitrogen) and Plus reagents (Invitrogen) according to the manufacturer’s protocol. After 

incubation for 3 to 5 h, cells were reseeded on cover glasses and further incubated at 37°C in a 

humidified CO2 incubator. Cells were used for experiments 20 to 26 h after transfection. 

 

2.5. Electrophysiology 

 

Transfected HEK293T cells or primary mouse microglia on cover glasses were incubated in 

culture medium at 37C ((D-MEM (Wako) supplemented with 10% (volume/volume) fetal 

bovine serum (BioWest or Gibco), penicillin-streptomycin (50 units/mL and 50 g/mL, 

respectively, Gibco) and GlutaMAX (2 mM, Gibco) for HEK293T cells), (D-MEM (Dulbecco’s 

Modified Eagle Medium-low glucose) (Sigma-Aldrich) with 10% (volume/volume) 

heat-inactivated bovine serum (Sigma-Aldrich), penicillin-streptomycin (10 units/mL and 10 
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mg/mL, respectively, Gibco), bovine insulin (5 g/mL, Sigma-Aldrich), and glucose solution (2 

mg/mL, Otsuka)) for primary mouse microglia). The cover glasses were washed with a standard 

bath solution containing 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 

and 10 mM glucose at pH 7.4 (adjusted with NaOH). The cover glasses were mounted in a 

chamber (Warner Instruments) connected to a gravity flow system to deliver various drug stimuli 

and bath solutions. Recording pipettes were fabricated with a horizontal puller (Sutter 

Instruments, Model P-97). For experiments shown in Figure 4, we used a KCl intracellular 

pipette solution containing 140 mM KCL,10 mM HEPES, 5 mM EGTA and a range of Ca2+ from 

0 to 10 M at pH 7.4. For experiments shown in Figure 5, we used a KCl intracellular pipette 

solution containing 140 mM KCL,10 mM HEPES, 5 mM EGTA and 500 nM Ca2+ at pH 7.4. For 

Figure 5A, the intracellular pipette solution contained 140 mM KCL,10 mM HEPES, 5 mM 

EGTA and 100 M ADPR. The extracellular solution was standard bath solution. For Figure 5B, 

the intracellular pipette solution remained the same as that in Figure 5A, but the extracellular 

solution was standard bath solution supplemented with 10 M TRAM-34.  

For the experiments on cell volume changes, the KCl intracellular pipette solutions used above 

were supplemented with 500 M Calcein (Sigma-Aldrich, C0875). 

For all the experiments in which the intracellular free-Ca2+ was fixed at 500 nM, 4.48 mM CaCl2 

was added (calculated by Webmaxc, standard version) before the pH was adjusted to 7.4. 

For all the experiments in which the intracellular free-Ca2+ was fixed at 100 nM, 3.18 mM CaCl2 

was added before the pH was adjusted. Data for analysis were sampled at 10 kHz and filtered at 

5 kHz for whole-cell recording (Axon Digidata 1550 amplifier with pClamp software, Molecular 

Devices). The membrane potential was clamped at -60 mV for all cell lines and mouse primary 

microglia. A ramp pulse protocol from -100 to +100 mV for 500 msec was applied every 5 sec. 

All experiments were performed at room temperature. 
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2.6. In vitro Time-Lapse imaging of microglia movement 

 

Glass bottom dishes containing primary mouse microglia were placed on the stage of a Fluoview 

FV1200 (OLYMPUS) fitted with a temperature-controlled incubator (Tokai Hit) under a 

circulating mixture of gases (20% O2, 5% CO2, and 75% N2). The stage/cover temperatures were 

set at 37/40°C (37°C) or 40/41°C (40 °C) for each experiment at least 1 h before cell image 

acquisition. The temperature setting for each condition was determined in advance by measuring 

the medium temperature with a wire probe and a digital thermometer (Unique Medical). Cells 

were imaged at 1 min intervals with a 20X phase contrast objective lens (Nikon Instech). Image 

acquisition was performed with Fluoview software with the Z-stack function. Focused images 

taken with the Z-stack function were automatically selected on ImageJ (NIH) in each frame 

correction and then reconstructed into a series of stacking image along the time axis. The 

migration distances of microglia were analyzed using ImageJ and the Manual Tracking and the 

Migration plugin tool. Excel software (Microsoft) was used to calculate the migration distances 

of individual cells. Data defining the migration distances of microglia were collected from at 

least four individual glass bottom dishes and four different preparations by analyzing all cells or 

randomly analyzing 30 cells per dish. Statistical analysis of motility was performed using the 

Wilcoxon/Kruskal-Wallis test followed by the Steel-Dwass method in JMP 14 software. P values 

less than 0.05 were considered significant. 

 

2.7. Elisa Assay 

 

Microglia were shaken off their co-culture layer, and plated at 5 x 105 cells per well in 24-well 

plates containing coated coverslips and microglia medium. Culture medium was changed 2 h 

later to 500 L fresh microglial medium with 100 ng/mL LPS O26:B6 (Sigma-Aldrich), 10 M 

TRAM-34 (Cayman Chemicals), or both or without drugs. Cells were incubated for 48 h at 37°C 
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in a humidified 5% CO2 incubator. Supernatants were collected and used immediately for 

cytokine ELISA assay. Remaining samples were stored at -80°C pending future analysis. 

Mouse IL-1 was assayed using ELISA kits purchased from R&D systems (Minneapolis, MN) 

according to the instructions provided by the manufacturer. Plates were read with a Thermo 

Scientific Labsystems 1500 Multiskan. Statistics for cytokine production was performed using a 

Wilcoxon/Kruskal-Wallis test followed by Steel-Dwass method on JMP 14 software. P values 

less than 0.05 were considered significant. 

 

2.8. Chemicals 

 

Stock solutions were prepared by dissolving TRAM-34 (Cayman Chemicals) in DMSO (Wako). 

ADPR (Sigma-Aldrich) was dissolved in MilliQ water (in order to get 100 mM ADPR), 

aliquoted and stored at -80°C pending future experiments. LPS O26:B6 were purchased from 

Sigma-Aldrich and diluted in MilliQ water (in order to get 100 g/mL LPS), aliquoted and 

stored at -20°C pending future experiments. The aliquoted chemicals were diluted 1:1000 in the 

pipette solution patch-clamp (ADPR) or in the medium for ELISA and time-lapse imaging 

experiments, respectively. The final DMSO concentration did not exceed 0.1%. 

 

2.9. Statistical analysis 

Data are represented as means ± SEM. The distribution of data was first analyzed with the 

Shapiro-Wilk test. Statistical analysis was performed with Origin software (OrginLab) using a 

Student’s t-test or ANOVA with a post hoc Bonferroni test for parametric data. For 

non-parametric data, statistical analysis was performed with JMP 14 software using a 

Wilcoxon/Kruskal-Wallis test followed by the Steel-Dwass method. P values less than 0.05 were 

considered significant. 
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3. Results 

 

3. A. HEK293T cells 

 

1. EC50 of IKCa1 in HEK293T cells 

 

The EC50 values of IKCa1 for Ca2+ were determined in HEK293T cells by using different 

concentrations of Ca2+ in the pipette solution. The Ca2+ concentration range varied between 0 - 

10 M. Our EC50 values were around 450 nM (Figure 4), which agrees with a previous 

publication (Ledoux, J. et al., 2006), and is similar to the EC50 values for CaM (Shen, Y. et al., 

2002). The similarities between IKCa1 and CaM EC50 are understandable because IKCa1 is 

activated following the binding of Ca2+ to the binding site of CaM which is entwined at its 

C-terminus (Figure 3). Accordingly, it was decided to use 500 nM Ca2+ in order to activate IKCa1 

for all the experiments. 

 

2. TRAM-34 is a specific inhibitor of the IKCa1 channel 

 

1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34) is a derivative of the azole 

anti-mycotic clotrimazole and has been shown to be a specific inhibitor of IKCa1. I tested the 

effect of TRAM-34 on IKCa1 expressed in HEK293T cells. After activation of IKCa1 channels 

with 500 nM Ca2+ contained inside the pipette solution, I applied 10 M TRAM-34 

extracellularly (Lallet-Daher. H. et al., 2009). TRAM-34 (10 M) significantly inhibited the 

IKCa1 channels (p-value <0.05) (Figure 5 B-D).  

This result is concordant with previous publications (Lallet-Daher, H., et al., 2009; Brown, B. M, 

et al., 2018) where the binding site of TRAM-34 was mentioned. TRAM-34 binds to the inner 

site of the P-Loop close to threonine 250 (T250) in all of the subunits and blocks K+ ion 

conduction. At the same time, the pyrazole ring (containing the nitrogen) of TRAM-34 is 
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positioned between valine 275 (V275) located in the S6 and forms a hydrogen bond with the 

T250 of one of other subunits (Brown, B. M., et al., 2018). After activation by Ca2+, IKCa1 

channels appear desensitized, which is called “run-down” with high speed (Figure 5 A). This 

run-down has been explained in three ways: 1) the minimum Ca2+ threshold is achieved and all 

Ca2+ ions are already fixed on CaM present on IKCa1; 2) all the Ca2+-binding sites are occupied 

by Ca2+ on CaM; 3) the activated IKCa1 channel closed automatically after being activated 

because the activation is temporary. At the present, there is no definitive explanation for the 

run-down observed on IKCa1 channels. 

 

I next asked whether TRAM-34 had any effect on TRPM2, which is the second channel used to 

assess our hypothesis. For that, TRPM2-expressing HEK293T cells were pre-treated for 30 sec 

with 10 M TRAM-34 before making a whole-cell configuration. TRPM2 is activated by 100 

M ADPR contained in the pipette solution (Eisfeld, J. and Luckhoff, A., 2007). The treatment 

with 10 M TRAM-34 lasted for 1 min, after which the extracellular medium was washed out 

with 2 mM Ca2+ standard bath solution. Based on the results shown in (Figure 6 A-D), there was 

no inhibition of the TRPM2-mediated currents when treated with 10 M TRAM-34 (CONTROL 

= 28.0 ± 6.8 nA vs. TRAM-34 treated = 31.7 ± 7.4 nA). This result indicated that TRAM-34 is a 

specific inhibitor of IKCa1 channels. This pharmacological tool can be used in order to 

discriminate K+ currents induced by IKCa1 channels. 

 

3. ADPR had no effect on the IKCa1 channel 

 

To determine whether ADPR directly activated IKCa1 channels without Ca2+ intake, I did a 

patch-clamp experiment with a pipette solution containing 100 M ADPR. IKCa1-mediated 

currents were not observed in the presence of ADPR in IKCa1-expressing HEK293T cells or in 

mock cells transfected with pcDNA3.1 alone (Figure 6 D-H). The mean normalized peak current 
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density of IKCa1 channels at -60 mV was approximately 0.8 ± 0.1 pA/pF, which was similar to 

those obtained in mock cells (0.8 ± 0.1). 

 

4. Ca2+ influx induced by ADPR-activated TRPM2 activated the IKCa1 channel in 

co-transfected HEK293T cells 

 

In HEK293T cells co-expressing TRPM2 and IKCa1 channels, I established a representative 

current trace (Figure 7 A). ADPR (100 M) contained in the pipette solution activated TRPM2 

channels. The ADPR-activated current was 27.3 ± 7.0 pA/pF at a membrane potential of -60 mV 

with a linear current-voltage (IV) relationship (Figure 7 C). Those results are typical for the early 

stage of activation of TRPM2 (Luo, X. et al., 2018). The reversal potentials (Erev) were = -19.1 ± 

2.3 mV (Figure 7 E). As predicted in our hypothesis, Ca2+ entering the cell via TRPM2 bound to 

CaM and activated the IKCa1 channels. Mean peak current density was 2.1 ± 13.2 pA/pF at -60 

mV and Erev values were shifted toward -56.8 ± 2.9 mV (Figure 7 E). Activation of IKCa1 

channels could explain the shift of Erev toward negative values. 

It is important to note that after the activation of the IKCa1 channels, I observed peak currents 

(values = -367.6 ± 67.1 pA/pF) that likely reflected the maximal activation of TRPM2. Moreover, 

the Erev values were shifted toward -29.0 ± 4.3 mV (Figure 7 A, C, E). These data indicated that 

both TRPM2 and IKCa1 channels were activated. 

To be certain that IKCa1 was activated by the TRPM2-induced calcium influx, I specifically 

inhibited the channel with 10 M TRAM-34. I observed that the currents (120 sec after the peak) 

were significantly smaller in cells treated with 10 M TRAM-34 (= -37.2 ± 9.7 pA/pF) 

compared to non-treated cells (= 28.5 ± 20.0 pA/pF) (Figure 7 B, D) (p-value <0.001). Likewise, 

the Erev values were also significantly different between cells treated with 10 M TRAM-34 and 

non-treated cells (Figure 7 B, D, E) (p-value <0.001). Erev values were -62.2 ± 3.1 mV for 

non-treated cells, whereas Erev values were -25.2 ± 4.6 mV in TRAM-34-treated cells. The Erev 
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values 120 sec after the peak in TRAM-34-treated cells were close to the Erev values of the 

possible initial TRPM2-mediated currents. My interpretation is that IKCa1 was almost completely 

inhibited, and only TRPM2-mediated currents were observed. 

 

5. IKCa1 activation induces shrinkage of HEK293T cells 

 

The increases in K+ efflux through IKCa1 might have been accompanied by water efflux, a 

process that would reduce the cells’ volume. Therefore, I examined the cells’ volume changes 

during the whole-cell patch-clamp experiments under different conditions. First, I compared 

IKCa1-expressing cells and pcDNA3.1-transfected (mock) cells with 500 nM Ca2+ contained in 

the pipette solution. After making a whole-cell configuration in cells expressing IKCa1, there was 

a 22 ± 2 % reduction in cell volume after 5 min and a 35 ± 3 % reduction after 10 min. Those 

values were significantly larger than those in mock cells (Figure 8 A-C) (p-value <0.001). To 

verify that the volume reduction was due to IKCa1 channel activation by the Ca2+ contained in the 

pipette solution, I pre-treated IKCa1-expressing cells with 10 M TRAM-34. Cell shrinkage was 

abolished in the TRAM-34-pre-treated cells and cell volumes were significantly different from 

those in the non-treated IKCa1-expressing cells (Figure 8A-C) (p-value <0.001). 

Then, I analyzed cells co-expressing TRPM2 / IKCa1 channels with 100 M ADPR contained in 

the pipette solution. Shrinkage values were 27 ± 4 % after 5 min and 40 ± 3 % after 10 min after 

making a whole-cell configuration, which was significantly larger than mock cells (Figure 8 

B-D) (p-value <0.001) or cells transfected with TRPM2 alone (p-value <0.001). Taking these 

data together, these results enabled us to conclude that activation of the IKCa1 channel induced 

K+ efflux, followed by a flow of H2O from the cytosol toward the extracellular medium. (Figure 

8). These results agree with previous publications that stated that the flow of K+ is accompanied 

by Cl- and water efflux decreasing cell volume (Hayabuchi, Y. et al., 2017; Takayama, Y. et al., 

2014). 
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3. B. Mouse primary microglia 

 

1. Purity of isolated mouse primary microglia 

 

In order to confirm that the interaction between TRPM2 and IKCa1 also occurred in native cells, I 

examined microglia, which are known to express both TRPM2 and IKCa1. After isolating the 

microglial, I tested the purity of these cells. The microglia were labeled with an anti-Iba-1 

antibody. Iba-1 (ionized calcium-binding adapter molecule 1) is a well-known marker for 

microglial identification (Hopperton, K. E. et al., 2018; Jurga, A. M. et al., 2020). Labeled cells 

were examined to determine their purity (Figure 9 A-B). The purity of the cell culture was 98% 

(Figure 9 C), in agreement with a previous publication (Doering, L. C., 2010; Nishimoto, R. et 

al., 2021; Yildizhan, K. et al., 2020). 

 

2. Activation of TRPM2 by ADPR (with 100 nM Ca2+) induced an influx of Ca2+ that 

activated IKCa1 in mouse primary microglia 

 

I found that a pipette solution containing 100 M ADPR alone activated TRPM2 in wild-type 

(WT) microglia (peak current densities of WT vs. TRPM2 KO were significantly different; 

p-value <0.001). However, the Ca2+ entering the cell through the TRPM2 channels was 

insufficient to activate IKCa1 (Figure 10) (Ferreira, R. and Schlichter, L. C., 2013; Kacik, M. et 

al., 2014). Upon making a whole cell configuration, I did not observe a shift of Erev towards 

negative Erev values expected for IKCa1 activation (Erev values were -4.9 ± 1.1 mV in WT cells 

and -8.8 ± 1.9 mV in TRPM2 KO cells after 5 sec. In comparison, values were -12.1 ± 2.1 mV in 

WT cells and -13.2 ± 2.5 mV in TRPM2 KO cells 90 sec after making a whole-cell 

configuration) (Figure 10). 

It was possible that the Ca2+ threshold to activate IKCa1 channel was not achieved under the 
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experimental condition. Consequently, I supplemented the 100 M ADPR pipette solution with 

100 nM Ca2+. I observed again the activation of TRPM2-mediated currents (Erev = -17.2 ± 2.3 

mV) the peak of which was significantly larger than the currents in TRPM2 KO cells (Figure 11 

A, B) (p-value<0.001). Erev values were shifted towards -56.1 ± 2.2 mV after 90 sec in a 

whole-cell configuration (Figure 11 A, B). In comparison, at this same time point, I did not 

observe a shift in TRPM2 KO cells and the Erev values were -12.2 ± 2.2 mV, which was 

significantly different from the values in WT cells Erev (p-value <0.001) even 5 min after making 

a whole-cell configuration (Figure 10 D). 

In the next step, I used WT microglia in the presence of 10 M TRAM-34 in order to verify that 

this shift of Erev values was due to activation of IKCa1 channels. Possible activation of TRPM2 

was still observed in the presence of TRAM-34 (peak current densities in WT cells were -64,9 ± 

10.8 pA/pF and 37.7 ± 8.1 pA/pF at -60 mV with or without TRAM-34, respectively). IKCa1 

activation seemed to be inhibited, as revealed by the changes in Erev values (Erev values were 

-13.4 ± 1.9 mV and -56.1 ± 2.2 mV with or without TRAM-34, respectively, 90 sec after making 

a whole-cell configuration (p-value <0.001)). The values were significantly different (p-value 

<0.001) even at 5 min (-16.1 ± 2.0 mV and -48.3 ± 3.9 mV with or without TRAM-34, 

respectively) (p-value <0.001). To be sure that the shift observed in (Figure 11A) was derived 

from IKCa1 channel activation, an additional control experiment was performed. I directly 

activated IKCa1 channels in TRPM2 KO mouse primary microglia with 500 nM Ca2+ in the KCl 

pipette solution. I observed (Figure 11E) that 500 nM Ca2+ directly activated IKCa1 channels in 

TRPM2 KO mouse primary microglia, and the Erev values were characteristic for IKCa1 

activation (Erev values were -66.4 ± 3.1 mV and Erev = -16.3 ± 1.7 mV without or with TRAM-34 

at 5 sec, respectively, and -62.6 ± 4.6 mV and -19.5 ± 2.3 mV without or with TRAM-34 at 90 

sec after making a whole-cell configuration, respectively.  
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3. Cell volume changes in a TRPM2-IKCa1-dependent manner occurred in mouse primary 

microglia 

  

To assess volume changes in mouse primary microglia, I examined volume changes as 

previously done for HEK293T cells. During patch-clamp experiments, I added 500 M Calcein 

to the pipette solution. First, I compared WT and TRPM2 KO microglia activated by 100 M 

ADPR contained in the pipette solution. I noted (Figure 12 A-D) that once TRPM2 was activated 

by ADPR, WT primary mouse microglia shrank by around 21 ± 5 % at 5 min (p-value <0.001) 

and 36 ± 6 % at 10 min (p-value <0.001). The decrease in volume was not observed when I 

repeated the same experiments with TRPM2 KO primary microglia (Figure 12 B-D). Moreover, 

the shrinkage of WT primary mouse microglia was abolished when pre-treated extracellularly 

with 10 M TRAM-34, both at 5 min and 10 min (p-values <0.001) (Figure 12 C, D), meaning 

that cell volume changes were due to activation of the IKCa1 channel as previously observed in 

HEK293T cells. To confirm that the cell volume changes were indeed due to the activation of 

IKCa1 channels, I used TRPM2 KO primary mouse microglia and directly activated IKCa1 

channels with 500 nM Ca2+ in the pipette solution. The cells shrank by around 20 ± 1 % at 5 min 

(p-value <0.001) and 37 ± 2 % at 10 min (p-value <0.001) after making a whole-cell 

configuration in cells without TRAM-34 (Figure 12 E-G).  

Taken together, these data indicated the following events. TRPM2 was activated by ADPR and 

Ca2+ entered the cells. The Ca2+ then activated IKCa1 channels that in turn allowed K+ efflux. The 

K+ efflux induced significant cell volume changes in mouse primary microglia. These results are 

consistent with our previous data observed in HEK293T cells and previous analyses of the flow 

of K+ in which it was accompanied by Cl- and water efflux and a decrease in cell volume 

(Hayabuchi. Y. et al., 2017; Takayama, Y. et al., 2014). 
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4. Microglia exhibited temperature- and TRPM2-IKCa1-dependent movement 

 

The cell volume changes suggested that there might be a link with cell migration. Cell migration 

can be described as a repetitive cycle of protrusion of the cell front that is followed by retraction 

of the tail part. In terms of cell volume, this cycle can be modelled as volume gain at the cell 

front and volume loss at the rear of migrating cells. This view is also supported by the 

observation that the protrusion of the lamellipodium and the retraction of the tail part do not 

always occur simultaneously in migrating cells (Schwab, A. et al., 2012). Rather, one of these 

processes temporarily dominates. Cell volume could increase during the protrusion of the 

lamellipodium whereas it decreases during the retraction of the tail portion (Figure 13) (Schwab, 

A. et al., 2012). 

Furthermore, a local volume decrease up to 35% has been visualized in migrating cells in 

previous publications (Happel, P. et al., 2010; Schneider, S.W. et al., 2000; Watkins, S., and 

Sontheimer, H., 2011). These values are similar to the values observed in my experiments, i.e., 

37% (Figure 12). 

 

To asses this hypothesis, I performed time-lapse imaging of WT and TRPM2 KO microglia at 

37C and 40C. The distance traveled by microglia was significantly larger at 40C (176.1 ± 5.1 

m) than 37C (131.9 ± 5.1 m) (p-value <0.001) (Figure 14), meaning that WT primary mouse 

microglia exhibited temperature-dependent movement as I found before (Nishimoto. R. et al., 

2021). The temperature-dependent movement was lost when cells were pre-treated with 10 M 

TRAM-34 both at 37C (97.3 ± 4.1 m) (p-value < 0.001) and 40C (112.4 ± 4.0 m) (p-value < 

0.001) (Figure 14). 

I also observed that TRPM2 KO microglia showed less movement compared to WT microglia 

both at 37C (95.5 ± 4.2 m) and 40C (126.7 ± 4.3 m) (p-value <0.001) (Figure 14). However, 

even with TRPM2 KO cells, the pre-treatment with 10 M TRAM-34 decreased the cell travel 
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distance compared to non-treated microglia at 37C (63.5 ± 3.8 m) (p-value<0.001). Results 

appeared to be similar at 40C, although the difference in distances was not statistically 

significant (126.7.1 ± 4.3 m and 100.1 ± 3.9 m without or with TRAM-34). This result 

suggested that even in TRPM2 KO cells, IKCa1 channels could be activated by Ca2+ through 

other sources such as CRAC (Wulff, H. and Castle, N. A., 2010; Maezawa, I. et al., 2012) and 

ORAI-STIM (Kraft, R., 2015).  

These data suggested that the TRPM2 / IKCa1 channel network contributes to mouse primary 

microglia movement. Furthermore, this motility is impaired when one of these channels was 

deleted or inhibited. 

 

5. TRAM-34 treatment reduced IL-1 cytokine production in WT and TRPM2 KO mouse 

primary microglia 

 

In previous publications, it was shown that both TRPM2 and IKCa1 channels contributed to Il-1 

production (Kashio, M., et al., 2012; Nguyen, H. M., et al., 2017). However, the contribution of 

the TRPM2 / IKCa1 network has not been described. Thus, I investigated whether the TRPM2 / 

IKCa1 network contributed to Il-1 production in mouse primary microglia. I first determined an 

effective concentration of LPS for mouse primary microglia. A dose of 100 ng/mL was adequate 

based on a protocol in the literature (Figure 15). 

Microglia stimulated with 100 ng/mL LPS showed a significant increase in the release of Il-1 in 

the medium compared to the control (Figure 15) (p-value <0.001). A significant increase was 

also observed in 100 ng/mL LPS-stimulated TRPM2 KO microglia compared to the control 

(Figure 15) (p-value <0.001) although the magnitude of the increase was significantly less in the 

TRPM2 KO microglia compared to WT cells (Figure 15) (p-value <0.001). These data suggested 

that TRPM2 mediated Il-1 production in microglia, in agreement with a previous publication 

(Kashio, M., et al., 2012). Then, in order to investigate whether IKCa1 channels were also 
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involved in the Il-1 production pathway, I stimulated WT and TRPM2 KO microglia with 100 

ng/mL LPS in the presence of 10 M TRAM-34 (Figure 15). I observed that LPS-induced Il-1 

production was almost completely abolished when IKCa1 channels were blocked by TRAM-34 in 

WT and TRPM2 KO mouse primary microglia (p-value <0.001). Together, these data suggested 

that LPS-induced Il-1 production requires a TRPM2 / IKCa1-dependent pathway in mouse 

primary microglia. 
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4. Discussion 

 

TRPM2 and IKCa1 channels are widely studied as separate entities, and their interaction has not 

been shown previously. In the present study, I aimed to determine whether TRPM2 interacted 

with the IKCa1 channel and if this network contribute to any physiological processes. I confirmed 

that ADPR is an agonist of TRPM2 and that TRAM-34 is a specific inhibitor of IKCa1. I 

co-expressed both channels in HEK293T cells in order to assess whether TRPM2 / IKCa1 

channels interacted with each other. HEK293T cells are commonly used as tools to investigate 

the function of ion channels because of the low-level expression of transporters and ion channels 

(Gao, J. et al., 2005). Using a patch-clamp method (Figure 6), I clearly showed that ADPR 

activated the TRPM2 channel. It is believed that once the TRPM2 channel is activated, Ca2+ 

enters the cell from the extracellular part and moves into the interior. After Ca2+ binding to CaM, 

this interaction activates the IKCa1 channel and induces K+ efflux. Activation of IKCa1 channels 

induced a shift of Erev values (Figure 7) accompanied by a cell volume change in HEK293T cells 

(Figure 8). Upon activation of the IKCa1 channel by Ca2+ entering the cell through TRPM2 or 

directly with 500 nM of intracellular Ca2+, I observed reductions in cell volume from 35% to 

40% in HEK293T cells. These data agreed with a previous analysis in which K+ efflux induced 

by the IKCa1 channel was followed by Cl- and water efflux from the cytosol and a consequent 

decrease in cell volume (Hayabuchi, Y. et al., 2017; Takayama, Y. et al., 2014). It should be noted 

that voltage-independent Cl- channels (Yu, S. P. and Kerchner, G. A., 1998) and water channels 

(Gao, J. et al., 2005) are expressed in HEK293T cells. These findings suggest that Ca2+ enters 

through TPRM2 or that K+ efflux through IKCa1 may also trigger endogenous channels. In the 

future, it would be interesting to determine which Cl- and water channels are involved in cell 

volume changes in HEK293T cells. 

 

The data that I obtained with HEK293T cells permitted me to determine whether this network 
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was functional in primary cells and to identify the physiological processes in which it 

participated. Towards that end, I conducted a literature search to determine which cell types 

expressed both TRPM2 and IKCa1. According to the literature, these channels are expressed in 

vascular smooth muscle cells (Hayabuchi, Y. et al., 2017; Zhao, Q. et al., 2020), CA1 pyramidal 

neurons (King, B. et al., 2015; Olah, M. E. et al., 2009) and microglia (Brown, B. M., et al., 2018 

and 2019; Sita, G. et al., 2018; Bouhy, D. et al., 2011). I focused on microglia because they 

constitute a primary innate immune population in the CNS and they are capable of migration, 

proliferation and phagocytosis (Marin-Teva, J. L. et al., 2011). Furthermore, I thought that cell 

volume changes previously observed in HEK293T cells could be linked to the migration of 

microglia. Also important, TRPM2 and IKCa1 channels independently participate in cytokine 

production (Kashio, M., et al., 2012; Nguyen, H. M., et al., 2017). 

 

I first assessed the purity of microglia intended for experimentation (Figure 9). Finding it 

sufficient, I then performed patch-clamp experiments with primary mouse microglia to determine 

whether the results would be similar to those I previously observed in HEK293T cells. I 

determined that TRPM2 / IKCa1 interaction was present in primary mouse microglia. However, I 

supplemented pipette solution with 100 nM Ca2+ in order to achieve the physiological Ca2+ 

concentration of mouse primary microglia. Indeed, if the pipette solution contained only 100 M 

ADPR, I observed TRPM2 activation, but not IKCa1 activation. In other words, the Ca2+ flux 

entering through TRPM2 was inadequate to reach the Ca2 thresholds needed for IKCa1 channel 

activation (Figure 10). This is the reason for using a pipette solution supplemented with 100 nM 

Ca2+ (Ferreira, R. and Schlichter, L. C., 2013; Kacik, M. et al., 2014). I observed that ADPR 

activated the TRPM2 channel. The activation of this channel likely induces Ca2+ influx into 

mouse primary microglia. Thus, Ca2+ together with the 100 nM Ca2+ permitted the ion to reach 

the Ca2+ thresholds needed for IKCa1 activation. Once IKCa1 was activated, a shift of Erev values 

toward -56 mV was observed, meaning K+ efflux. At this point, the Erev values were lower 
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compared with the theoretical values calculated with a Nernst equation (Equation A). The 

difference in the Erev values could be partly explained by the function of endogenous Cl- 

channels in microglia (Kolesnikov, D. et al., 2021; Cojocaru, A. et al., 2021; Skaper, S. T. et al., 

2013; Kacik, M. et al., 2014; Ducharme, G. et al., 2007; Hines, D. J. et al., 2009; Thei, L. et al., 

2018).  

 

I observed that the activation of IKCa1 channel led to cell volume changes in microglia (Figure 

12). I observed 36% cell shrinkage in WT microglia when the TRPM2 / IKCa1 network was 

triggered by 100 M ADPR, and 37% cell shrinkage in TRPM2 KO microglia when IKCa1 was 

directly activated with 500 nM intracellular Ca2+. I hypothesized that the flow of K+ was 

accompanied by Cl- and water efflux that decreased cell volume (Hayabuchi, Y. et al., 2017; 

Takayama, Y. et al., 2014). These data also support my previous idea in which the action of 

endogenous Cl- channels explains the difference in the Erev values.  

 

Previously, cell migration was described as a repetitive process in which volume was gained in 

the front part of the cell and lost in the rear portion (Schwab, A. et al., 2012). Thus, I wondered if 

the volume changes observed in microglia might be linked to microglia movement. This concept 

is supported by the observation that the protrusion of the lamellipodium and the retraction of the 

tail part do not always occur simultaneously in migrating cells. Rather, one of these processes 

temporarily dominates. This suggests that the cell volume increases during the protrusion of the 

lamellipodium, whereas it decreases during the retraction of the tail part (Schwab, A. et al., 

2012). Local volume changes in the previous publication were up 35% (Happel, P. et al., 2010; 

Scheinder, S.W. et al., 2000; Watkins, S. and Sontheimer, H. 2011), similar to the 37% shrinkage 

of primary microglia observed here (Figure 12). Those data support the idea that the volume 

changes could be linked to cell migration. My data agree with our previous study in which we 

showed that WT mouse primary microglia exhibit temperature-dependent movement (Nishimoto, 
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R. et al., 2021). Our team also reported that TRPM2 deficiency impaired temperature-dependent 

movement of mouse primary microglia (Nishimoto, R. et al., 2021). In this study, I found that 

temperature-dependent changes in movement in WT mouse primary microglia occurred through 

the TRPM2 / IKCa1 network. When IKCa1 was blocked by TRAM-34, there was no K+ efflux that 

impaired Cl- efflux and prevented water efflux. Those processes hinder the extension-retraction 

cycle and inhibit cell movement. However, temperature-dependent changes in the movement 

were also observed in TRPM2 KO primary mouse microglia, suggesting that IKCa1 is still 

activated while the changes were smaller than in WT. Other channels like CRAC (Wulff, H., and 

Castle, N. A., 2010; Maezawa, I., et al., 2012) or ORAI-STIM (Kraft, R., 2015) expressed in 

microglia could increase the intercellular Ca2+ concentrations. Nevertheless, Ca2+ influx through 

TRPM2 seems to be the most important activator of IKCa1. 

There is another question regarding cell migration. It was mentioned that depolarization of the 

cell membrane potential exerts a modulatory effect on the cytoskeleton (Szaszi, K. et al., 2004; 

Waheed, F. et al., 2010). Indeed, it was shown that depolarisation of the membrane activates the 

ERK ➔ GTP/GDP exchange factor GEF-H1 ➔ Rho ➔ Rho-kinase system, leading to myosin 

light chain phosphorylation (Szaszi, K. et al., 2004; Waheed, F. et al., 2010). However, the 

relationship between IKCa1 and cytoskeleton polymerisation/depolymerization remains unclear. 

Is it only due to membrane depolarisation? Is it possible that the cytoskeleton senses the 

intracellular loss of K+? Are there other intracellular proteins acting as mediators between IKCa1 

and the cytoskeleton? Further studies are necessary to address these questions. 

 

Finally, I wondered if the TRPM2 / IKCa1 network had a role in cytokine production. Microglia 

are described as a specialized population of primary innate immune cells in the CNS 

(Marin-Teva, J. L. et al., 2011). Thus, I investigated the ability of microglia to produce Il-1. It 

was already shown that both TRPM2 and IKCa1 had separate roles in cytokine production 

(Kashio, M., et al., 2012; Nguyen, H. M., et al., 2017). In this study, I showed that WT and 
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TRPM2 KO microglia treated with 100 ng/mL LPS released significantly more Il-1 into the 

medium than did the control (Figure 15). However, LPS induced less Il-1 production in TRPM2 

KO microglia compared to WT microglia. Finally, I observed that Il-1 production was 

abolished in cells co-treated with LPS and TRAM-34 (Figure 15). These data suggest that 

LPS-treated mouse primary microglia produced Il-1 in a TRPM2-I / KCa1-dependent manner. I 

speculate that the production of Il-1 may occur after the NLR family pyrin domain containing 3 

(NLRP3) senses the K+ efflux following IKCa1 activation (He, Y. et al., 2016). Unfortunately, the 

molecular mechanism leading to NLRP3 activation in response to K+ efflux remains unknown. 

However, NEK7 proteins (NIMA-related kinase) act as NLRP3-binding proteins downstream of 

K+ efflux (He, Y. et al., 2016; Chen, Y. et al., 2019). Positive regulation of NLRP3 leads to the 

activation of caspase-1 and maturation of Il-1 (He, Y. et al., 2016) (Figure 16). 

 

In the future, I plan to perform two-photon imaging in vivo using WT and TRPM2 KO mice in 

order to investigate whether cytokine production is associated with microglia motility. Overall, 

my study has shown that TRPM2 and IKCa1 interact with one another. This finding helps us to 

understand different microglial processes working downstream from the TRPM2 / IKCa1 

network. By understanding the mechanisms of microglia movement and cytokine production, 

and understanding how these phenotypes are modulated by temperature, we can identify new 

approaches to the treatment of CNS pathologies. 
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5. Figures and Legends 
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Figure 1. Schematic representation of the TRPM2 gene and its transmembrane topology.  

 

The human chromosome 21 schematic at the top shows the location of the TRPM2 gene 

localized in the q22.31 locus. The full-length of the protein is composed of 1503 amino acids. 

Segments in the N terminus MHD I/II/III and IV regions followed by six transmembrane 

domains (S1-S6) with the pore forming region located between S5 and S6. The C-terminal 

region contains a TRP Box domain (hydrophobic and highly conserved region among TRP 

channels) located downstream of the pore region, coiled-coil motif (CCD) and 

NUDT9-homology region (NUDT9-H). The membrane topology of TRPM2 shows that both 

N-and C-termini are in the cytosol. ADPR binds to the NUDT9-H region and the MHD I/II 

region to induce channel gating and enable Ca2+ and Na+ influx. 

Figure modified from Cheung, J.Y and Miller, B.A, 2017 with permission 

 

 

 

 

 



 

 

 

 

37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

38 

Figure 2. The ligand-binding site of the MHDI/II domain and NUDT9-H for ADPR. Shape 

changes occurring on APDR improves binding for this specific domain  

 

(A) Location of both binding sites of ADPR on TRPM2. (B) Shape of ADPR on MHDI/II 

located at the N-terminal, which is the main binding site for this molecule. (C) Ligand-binding of 

ADPR on MHDI/II. D) Shape of ADPR on NUDT9-H domain located at the C-Terminus. 

(E) Ligand-binding of ADPR on NUDT9-H domain. 

Figure modified from Huang, Y et, 2019 with permission. 
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Figure 3. Transmembrane topology of the intermediate conductance calcium-activated 

potassium channel, IKCa1 

 

Structure and transmembrane topology of intermediate conductance calcium-activated potassium 

channel IKCa1. Six TMD (S1-S6) constituting IKCa1 and prolonged by cytoplasmic N and C 

termini constitute each of the four-monomer forming IKCa1 channel. S4 carrying two arginines 

that give this a positive charge but not enough for voltage dependence. The P-Loop composing 

the pore domain of IKCa1 located between S5 and S6 have a GYG consensus sequence that is a 

potassium-selective filter. CaM is bent to CaM binding domain (CamBD1 HA/HB) by the 

C-lobes. 

(A) In the absence of calcium. If the Ca2+ threshold in the cell is low, the N-lobes of CAM are 

free and positioned near to S2 and S3 intracellular segments. (B) In the presence of calcium. If 

the Ca2+ threshold in the cell is reached, the iii Ca2+-binding site located on N-lobes of CaM will 

bind Ca2+ and induce a conformational change of CaM that allows the fixation of Ca2+ to the 

other site also. This conformational change of CaM also induces pulling by the C-terminal 

because CaM will bind to CamBD2 HC of another subunit of IKCa1. This change induces 

opening and potassium flux of IKCa1 from the intracellular region toward the extracellular 

compartment. 
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Figure 4. EC50 of the IKCa1 channel for Ca2+ 

 

The EC50 for IKCa1 activation by defined intracellular Ca2+ concentration. Data was fitted with a 

Hill function using Origin software. Ca2+ range contained in pipette solution and independent 

trials number n: Ca2+ free (n = 14), 30 nM Ca2+ (n = 8), 50 nM Ca2+ (n = 9), 100 nM Ca2+ (n = 8), 

300 nM Ca2+ (n = 10), 500 nM Ca2+ (n = 13), 700 nM Ca2+ (n = 6), 1 M Ca2+ (n = 12), 5 M 

Ca2+ (n = 11), 10 M Ca2+ (n = 5), 
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Figure 5. TRAM-34 specifically inhibited the IKCa1 channel 

 

(A) Representative whole-cell current traces of IKCa1 channel activation in response to 

intracellular 500 nM Ca2+ concentration with ramp pulses from -100 mV to +100 mV for 500 

msec every 5 sec; holding potential = -60 mV. (n = 13). 

(B) Representative whole-cell current traces of IKCa1 channel activation in response to 

intracellular 500 nM Ca2+ concentration and his inhibition by 10 M TRAM-34 (n = 9). 

(C) Current-voltage (IV) curves at the time points indicated by the triangles (n = 13-9). 

(D) Normalized peak current density of IKCa1 channel with or without 10 M TRAM-34. 

Second time point divided by the first time point. (Means ± SEM (n = 13-9). ***, p < 0.001, 

student t-test).  
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Figure 6. The effect of 10 M TRAM-34 and 100 M ADPR on IKCa1 and TRPM2 channels 

 

(A) Representative whole-cell current traces of TRPM2 channel activation in response to an 

intracellular 100 M concentration of ADPR with ramp pulses from -100 mV to +100 mV for 

500 msec every 5 sec; holding potential = -60 mV (n = 15). 

(B) TRPM2 current after 10 M TRAM-34 application (n = 12). 

(C) Current-voltage (IV) curves at the time points indicated by the triangles. Normalized peak 

current density of TRPM2 channel with (28.0 ± 6.8 nA) or without 10 M TRAM-34 application 

(31.7 ± 7.4 nA). Data were normalized by dividing the second time point by the first time point. 

(D) Representative whole-cell current traces of pcDNA3.1 (mock cells) in 100 M ADPR 

intracellular concentration with ramp pulses from -100 mV to +100 mV for 500 msec every 5 

sec; holding potential = -60 mV (n = 11). 

(E) Representative whole-cell current traces of IKCa1 with 100 M ADPR intracellular 

concentration with ramp pulses from -100 mV to +100 mV for 500 msec every 5 sec; holding 

potential = -60 mV (n = 12). 

(F) Current-voltage (IV) curves at the time points indicated by the triangles for a mock cell 

(pcDNA3.1) (0.8 ± 0.1 nA) and a cell expressing IKCa1 (0.8 ± 0.1 nA) exposed to intracellular 

ADPR (100 M). Normalized peak current density of mock cells and IKCa1 channel with 

application of intracellular ADPR (100 M). Data were normalized by dividing the second time 

point by the first time point. 
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Figure 7. Activation of the IKCa1 channel by Ca2+ that entered via ADPR induced-TRPM2 

in HEK293T cells 

 

(A-B) Representative whole-cell current traces of HEK293T cells expressing the IKCa1 / TRPM2 

channels. TRPM2 was activated with 100 M intracellular ADPR. Ramp pulses from -100 mV 

to +100 mV for 500 msec every 5 sec; holding potential = -60 mV. (A) is without 10 M 

TRAM-34 (n = 16) and (B) is with 10 M TRAM-34 (n = 14). 

(C-D) Current-voltage (IV) curves at the time points indicated by the triangles on (A) and (B). 

(E) Table summarizing the Erev shift throughout the recording for both conditions. CONTROL 

for non-treated cell, TRAM-34 for 10 M TRAM-34 treated cells. Means ± SEM (n = 16 - 14). 

***, p < 0.001 (one-way ANOVA followed by post hoc Bonferroni test for multiple comparison). 
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Figure 8. Effect of K+ flux on volume changes in HEK293T cells 

 

(A-B) Representative cell volume changes in each condition. Blue (n = 12), Orange (n = 14), 

Black (n = 11), Sky Blue (n = 11), Green (n = 11), Gray (n = 11) 

(C) Graph representing the percentage of cell volume throughout the recording for each 

condition. ***, p < 0.001 (one-way ANOVA followed by post hoc Bonferroni test for multiple 

comparisons). 
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Figure 9. Immunofluorescence staining of Iba-1 in microglia to determine the purity of 

culture 

 

(A) Representative image of microglia stained with anti-Iba-1 antibody (from left to right: Bright 

field, DAPI, anti-Iba-1, Merged). 

(B) Control image of microglia without anti-Iba1 antibody staining (from left to right: Bright 

field, DAPI, anti-Iba-1, Merged). 

(C) Percentage of Iba-1/DAPI positive cells showing the purity of microglia after shaking from 

glial culture. We counted the cells labeled with anti-Iba-1/DAPI and cells labeled only with 

DAPI in order to determine the percentage of purity. The results suggested that approximately 

98% of the cells are microglia. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

53 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

54 

Figure 10. Ca2+ influx through TRPM2 activation with 100 M ADPR was insufficient to 

activate the IKCa1 channel 

 

Representative whole-cell current traces of WT and TRPM2 KO mouse primary microglia.  

(A) WT microglia were patched with KCl pipette solution containing 100 M ADPR. TRPM2 

was activated with intracellular 100 M ADPR. Ramp pulses from -100 mV to +100 mV for 500 

msec every 5 sec; holding potential= -60 mV. Means ± SEM (n = 17).  

(B) TRPM2 KO microglia were patched with KCl pipette solution containing 100 M ADPR. 

Ramp pulses from -100 mV to +100 mV for 500 msec every 5 sec; holding potential = -60 mV. 

Means ± SEM (n = 6).  

(C) Table summarizing the Erev throughout the recording for A and B conditions. Means ± SEM 

(n = 17 - 6) 
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Figure 11. IKCa1 channel activation through Ca2+ entering by ADPR induced-TRPM2 in 

mouse primary microglia 

 

Representative whole-cell current traces of WT and TRPM2 KO mouse primary microglia.  

(A) WT microglia were patched with a KCl pipette solution containing 100 M ADPR. TRPM2 

was activated with intracellular 100 M ADPR and the induce Erev shift towards -60 mV shows 

the activation of the IKCa1 channel. Ramp pulses from -100 mV to +100 mV for 500 msec every 

5 sec; holding potential = -60 mV.  

(B) TRPM2 KO microglia were patched with a KCl pipette solution containing 100 M ADPR. 

Because TRPM2 was absent, Ca2+ could not enter through this channel and the IKCa1 channel 

was not activated. The Erev remained around -13 mV. 

(C) WT microglia were patched with a KCl pipette solution containing 100 M ADPR. TRPM2 

was activated with intracellular ADPR at 100 M. However, activation of the IKCa1 channel did 

not occur when cells were treated with 10 M TRAM-34. The Erev shift was not observed. 

(D) Table summarizing the Erev shift throughout the recording for A, B and C conditions. Means 

± SEM (n = 11 - 12). ***, p < 0.001 (one-way ANOVA followed by post hoc Bonferroni test for 

multiple comparison). 

(E) TRPM2 KO microglia were patched with a KCl pipette solution containing 500 nM Ca2+ in 

order to directly trigger the IKCa1 channel. The Erev were around -66 mV and remained around 

this value. 

(F) TRPM2 KO microglia were patched with a KCl pipette solution containing 500 nM Ca2+ in 

order to directly trigger the IKCa1 channel. However, activation of the IKCa1 channel did not 

occur when cells were treated with 10 M TRAM-34. The Erev values were around -16 mV and 

remained fairly constant. 

(G) Table summarizes the Erev values throughout the recording for E and F conditions. Means ± 

SEM (n = 11 - 12). **, p < 0.01; ***, p < 0.001 (one-way ANOVA followed by post hoc 
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Bonferroni test for multiple comparison). 

  



 

 

 

 

59 

 

 

 

 



 

 

 

 

60 

Figure 12. Effect of K+ flux on volume changes in mouse primary microglia 

 

(A-F) Representative cell volume changes in each condition. WT-ADPR represented by the gray 

line (n = 5), TRPM2 KO-ADPR represented by the black line (n = 5), WT-ADPR + TRAM-34 

represented by the green line (n = 6), TRPM2 KO-500 nM Ca2+ represented by the orange line (n 

= 6), TRPM2 KO + 500 nM Ca2+-TRAM-34 represented by the red line (n = 8). (D and G) 

Graphs representing the percentage of cell volume throughout the recording for each condition. 

**, p < 0.01, ***, p < 0.001 (one-way ANOVA followed by post hoc Bonferroni test for multiple 

comparison). 
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Figure 13. Schematic representation of cell volume changes during cell migration 

 

Model summarizing the role of TRPM2 and IKCa1 channels in controlling microglial migration. 

TRPM2 activation through ADPR induces Ca2+ influx. The Ca2+ binds to the N iii CaM domain 

of IKCa1 and pulls the homotetramer subunit, leading to the opening of IKCa1 channels. 

Activation of IKCa1 induces K+ efflux. K+ efflux is accompanied by Cl- efflux and H2O loss 

leading to a shrinkage of the cell at the rear portion of the microglial cell. 
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Figure 14. Mouse primary microglia exhibit TRPM2 / IKCa1-dependent motility in vitro 

 

(A) Representative images of all conditions at 37C and 40C from time-lapse imaging. Images 

taken at time 0 and 2 h are shown on the left and right respectively. Filled colored circles indicate 

x,y coordinates of a representative target and colored lines indicate trajectory. The trajectories 

were superimposed on the images using ImageJ Manual tracking plugin. (Scale bar represents 50 

m). 

(B) Average distances of migrating microglia isolated from WT and TRPM2 KO mice exposed to 

37C and 40C in the presence or absence of 10 M TRAM-34 (for each condition n = 120 cells). 

Horizontal lines indicate means ± SEM. ***, p < 0.001 (non-parametric 

Wilcoxon/Kruskal-Wallis test followed by post hoc Steel-Dwass method comparison all pairs). 
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Figure 15. Cytokine production by mouse primary microglia through the TRPM2 / IKCa1 

network 

 

Plot shows the concentration of IL-1 released by 5 x 105 WT and TRPM2 KO mouse primary 

microglia after 48 h incubation with 100 ng/mL LPS at 37C. ***, p < 0.001 (non-parametric 

Wilcoxon/Kruskal-Wallis test followed by post hoc Steel-Dwass method comparison all pairs). 
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Figure 16. A proposed pathway for cytokine production by primary mouse microglia 

through the TRPM2 / IKCa1 network 

 

Schematic representation of cytokine production by mouse primary microglia through 

IKCa1-induced K+ efflux. NLRP3 senses the K+ efflux. NEK7 shown to directly bind its catalytic 

domain to the LRR domain of NLRP3 and regulates its oligomerization and activation. The 

positive regulation of NLRP3 leads to the activation of caspase-1 and maturation of IL-1. 
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Equations. Nernst equation for IKCa1 equilibrium potential and Goldman-Hodgkin-Katz 

equation for TRPM2 equilibrium potential. 

 

(A) Nernst equation for IKCa1 ion channel in order to determine the Erev. R (gas constant = 

8.3145 J.mol-1.K-1), T (absolute temperature = T(C) + 273.15 K), F (Faraday constant = 98485 

C. mol-1).  

(B) Goldman-Hodgkin-Katz equation for TRPM2 ion channel in order to determine the Erev. R 

(gas constant = 8.3145 J.mol-1.K-1), T (absolute temperature = T(C) + 273.15 K), F (Faraday 

constant = 98485 C. mol-1), Pion (relative permeability). For relative permeability (Turlova, E. et 

al., 2018) 
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6. Abbreviations 

 

Ca2+, Calcium 

K+, Potassium 

Na+, Sodium 

ER, Endoplamic Reticulum 

TMD, Transmembrane domain 

STIM1, Stromal interaction molecule 1 

NAD+, Nicotinamide Adenine Dinucleotide  

ADPR, Adenosine diphosphate ribose 

cADPR, cyclic Adenosine diphosphate ribose 

MHD, Homologous domain 

NUDT9-H, Nucleoside diphosphate-linked moiety X-type motif 9 domain 

AMP, Adenosine diphosphate 

PKA, Protein kinase A 

AMPK, AMP-activated protein kinase 

PI3P, phosphatidylinositol 3-phosphate 

TRAM-34, 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole 

CaM, Calmodulin 

H2O2, Hydrogen peroxide 

HEK293T, Human embryonic kidney 293T 

TRP, Transient receptor potential 

TRPM2, Transient receptor potential melastatin type 2 

IKCa1, intermediate calcium-activated-potassium channels 1 

IL-1, Interleukin-1ß 

NAADP, nicotinic acid adenine dinucleotide phosphate 

ROS, Reactive oxygen species  

PARP, Poly-ADPR polymerase 

PARG, Poly-ADPR glycohydrolase 

ROS, Reactive oxygen species 

CNS, Central Nervous System 

AD, Alzheimer’s disease 

PD, Parkinson’s disease 
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MS, Multiple Sclerosis 

ALS, Amyotrophic lateral sclerosis 

WT, Wild-Type 

Co-IP, Co-immunoprecipitation  

WB, Western Blot 

HA, Hemagglutinin 

DTT, 1.4-Dithiothreitol 

TBS, Tris buffered solution 

TBST, Tris buffered solution Tween 

RT, Room Temperature 

Iba-1, Ionized calcium-binding adapter molecule 1 

ERK, Extracellular signal-regulated kinase 

GEF-H1, Guanine Nucleotide Exchange Factor 

NLRP3, NLR family pyrin domain containing 3  

NEK7, NIMA-related kinase 

LRR, Leucine-rich repeat proteins 
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