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Introduction 

Ion channels are transmembrane proteins that span the plasma membrane. The ion channels 

form hydrophile porous and ensure selective transport pathways for different ions. The ions 

flow through the porous with high speed (~ 10
8
 ions/sec) by passive transport. 

The calcium homeostasis is very important, because calcium plays key roles in                                                              

several physiological processes, such as immune response, muscle contraction or hormone 

secretion. Total body calcium is about 1 kg in human adults. The 99% of total calcium is 

stored in the bones, less than 1% in the extra- and intracellular spaces. The calcium 

concentration ([Ca
2+

]) is more than ten thousand times higher in the endoplasmic reticulum 

(ER) or in the extracellular space than in the cytosol. In most cells the cytosolic [Ca
2+

] is ~50-

100 nM, whereas in the ER and in the extracellular solution about 1.2 mM. Both calcium 

entry from the extracellular space and calcium release from the intracellular stores can 

increase cytosolic [Ca
2+

]. These latter processes may mainly occur through stimulation of the 

heterotrimeric G-protein-coupled plasma membrane receptors and tyrosine kinase receptors. 

Different isoforms of the phospholipase C (PLC) enzymes play important roles in these 

signaling pathways. The PLC hydrolyses the inositol bisphosphate molecule of the plasma 

membrane to yield inositol trisphosphate (IP3) and diacylglycerol (DAG). DAG is an activator 

of the protein kinase C (PKC), while the IP3 binds to the IP3 receptors in the ER membrane 

inducing calcium release from the intracellular stores. Following a transient increase in 

cytosolic calcium concentration, Ca
2+

 must be either actively transported out of the cells or 

retaken in the ER. The plasma membrane Ca
2+

-ATP-ase pumps the calcium ions to the 

extracellular space against its electrochemical gradient. Na
+
/Ca

2+
 exchanger exchanges one 

Ca
2+

 for three Na
+
, or the Na

+
/Ca

2+
-K

+
 exchanges one Ca

2+
 and one K

+
 for four Na

+
. The 

sarco-(endo)plasmic reticulum Ca
2+

-ATPase pumps calcium back into intracellular stores. 

The cell surfaces nucleotide receptors are called purinoreceptors. There are two main groups 

of purinoreceptors: P1 and P2 receptors. The P1 receptors contain seven transmembrane 

domains and their endogenous ligand is adenosine. The P2 receptors can be stimulated by 

ATP, ADP, UTP and UDP. P2 receptors can be further subdivided in two subgroups. The 

ionotropic P2X receptors function as ATP-gated ion channels, whereas metabotropic P2Y 

receptors are coupled to heterotrimeric G-proteins.  

Currently, seven P2XRs subtypes have been identified (P2X1-P2X7). These receptors have 

two transmembrane domains, a large extracellular domain and short intracellular N- and C- 



2 
 

termini. Binding ATP to the specific binding site of the extracellular domain induces 

conformational changes leading to the opening of non-selective cation channels. The subunits 

of the P2X receptors might assemble as either homo- or heterotrimeric receptors. The P2X4 

receptor has remarkable calcium permeability. Therefore its activation elicits not only 

membrane depolarization but increases cytosolic [Ca
2+

] as well. Lack of specific inhibitors has 

hampered investigations on P2X4 receptors. In fact, P2X4 receptors are insensitive to the non-

selective inhibitors of P2X receptors, such as suramin and PPADS. The TNP-ATP is non-

selective inhibitor of the P2X4 receptors. The inhibitory effects of the benzodiazepine 

derivate, 5-(3-Bromophenyl)-1,3-dihydro-2H-benzofuro [3,2-e]-1,4-diazepin-2-one (5-

BDBD) have been previously investigated on P2X4 receptors. The IC50 value of the 5-BDBD 

has been found approx. 0,5 µM. However, these data are described in a patent and details of 

the experimental procedures are not available. Thus, in our study we investigated the 

inhibitory effects of 5-BDBD on heterologously expressed human P2X4 receptors in HEK-

293 cells. 

More than 40 years ago Cosens and Manning discovered the mutant Drosophila melanogaster 

that showed a sustained response to bright light, because activated calcium permeable ion 

channels that lead to sustained receptor potential. The responsible gene was named transient 

receptor potential (trp) which encodes proteins with multiple transmembrane domains. TRP 

channels can be classified into seven subfamilies: TRPC (canonical), TRPV (vanilloid), 

TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), TRPA (ankyrin) and the TRPN 

(no mechanoreceptor). Among the TRP channels TRPV5 and TRPV6 are the most highly 

selective for calcium (PCa/PNa>100). Consequently, they are unique in the TRP superfamily, 

and play key role in the calcium homeostasis. 

The TRPV6 receptor contains 725 amino acids, six transmembrane domains and N- and C-

termini. TRPV6 protein was postulated to contribute to store-operated calcium channel (SOC) 

activity. The TRPV5 and TRPV6 channels can form homo- or heterotetramers. In the 

duodenum and the placenta, TRPV6 serves as a major calcium reabsorption pathway. The 

calcium reabsorption occurs through the TRPV5 and TRPV6 channels in the renal tubular 

epithelia. Lack of specific and efficient inhibitors has hampered investigations on TRPV6. 

The 2-APB is known as an inhibitor of IP3 receptors and store-operated calcium channels. 

Therefore, we investigated the effects of 2-APB on TRPV6 channels. 
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Specific aims 

1. Our aim was to investigate the function of heterologously expressed human P2X4 purinerg 

receptors in HEK-293 cells. We also aimed to characterize the inhibitory effects of the 

benzodiazepine derivate, 5-BDBD on human P2X4 receptors detecting changes of 

intracellular calcium concentrations and whole cell ion currents. 

2. Furthermore, we studied the function of heterologously expressed human TRPV6 channels 

in HEK-293 cells. We also investigated the inhibitory effects of 2-APB, a known blocker of 

the store-operated calcium channels. 
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Materials and methods 

Cell culture 

Human embryonic kidney (HEK)-293 cells were grown in plastic tissue culture flasks in 

DMEM/ Ham’s F-12 (1:1) medium supplemented with 5% fetal bovine serum, 100 U/ml 

penicillin and 100μg/ ml streptomycin at 37°C in a cell culture incubator supplied with 5% 

CO2. Cells were subcultivated when confluency reached 90-95%. 

 Construct preparation 

The human P2X4R was amplified from human cDNA. The amplified product was subcloned 

into the pmCherry-N1 vector by using BglII and EcoRI restrictions sites. Amino acid 

sequence of the human P2X4 receptors fully corresponds to the isoform 3 described in gene 

database of the National Institute of Health.  

The human TRPV6 protein was amplified from human cDNA. The amplified product was 

subcloned into the pTagRFP-C1 vector by using SacII and XhoI restrictions sites. 

Transient transfection 

Before the day of transfection, cells were plated on poly-D-lysine coated round glass 

coverslips (25 mm in diameter) at a density of 500,000 cells in 40 mm plastic Petri dishes. 

After 16-24 h, cells were transfected with pmCherry-N1-hP2X4 DNA and of TurboFect™ 

transfection reagent in serum-free medium. The pTagRFP-C1-TRPV6 and Lipofectamine 

2000 transfection reagent were used in another set of experiments. Transfection medium was 

changed to antibiotic-free medium after 4 hours.  

Establishment pmCherry-N1-hP2X4 and pTagRFP-C1-hTRPV6 expressing HEK 293 

cell clones 

After the transfection day the medium was changed with selection antibiotic containing 

medium. The surviving cells were trypsinized and replated in a 96-well plate at such a 

dilution that 1 cell/well density was obtained. After several days, colonies of cells displaying 

red fluorescence were selected as hP2X4 and hTRPV6-expressing positive clones using 

fluorescence microscopy.  
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Cell surface biotinylation and western blotting 

P2X4 and TRPV6 expressing HEK 293 cell clones were plated at 1.000.000 cell density into 

poly-D-lysine coated 60 mm dishes. 24 hours after plating, cells were rinsed with ice-cold 

PBS-Ca-Mg followed by biotinylation of proteins at 4°C. Next, excess biotin was quenched 

and the cells rinsed three times with PBS. Cells were finally lysed in lysis buffer and lysates 

were cleared by centrifugation. Protein concentrations were determined by DC Protein Assay. 

Portion of cell lysates of equivalent amounts of protein (1.33 mg/ml) were equilibrated 

overnight with streptavidin agarose beads at 4°C. Beads were washed three times. 

Biotinylated surface proteins were then released by heating to 95°C with 4x Laemmli buffer. 

Proteins from the intracellular fraction were also heated to 95°C for 5 minutes with 4x 

Laemmli buffer. 

The P2X4 expressing samples were run on a 10% SDS gel with 40 μl protein loaded. Samples 

were transferred onto a PVDF membrane in Towbin’s buffer. Membranes were blocked with 

PBS containing 5% milk at room temperature for 1 hour. Afterwards, samples were incubated 

in blocking solution containing the appropriate primary antibody (Clontech, 632543) at 4°C 

for overnight followed by three washes with PBST. HRP-conjugated antibody was used as 

secondary antibody. After three consecutive washes with PBST and a final wash with PBS, 

the enhanced chemiluminescence (ECL) method was used for detection. For loading control 

the membrane probed with anti-mCherry was stripped and blotted with avidin-HRP. 

The TRPV6 expressing samples were run on an 8% SDS gel with 20 μg protein loaded. The 

samples were transferred onto a PVDF membrane in Dunn’s buffer. Membranes were blocked 

with PBS containing 5% milk. Afterwards samples were incubated in blocking solution 

containing the primary antibody at room temperature for 1.5 h followed by three washes with 

PBST. HRP-conjugated goat anti-rabbit (Santa Cruz SC1616) antibody was used as secondary 

antibody. After three consecutive washes with PBST and a final wash with PBS, the enhanced 

chemiluminescence (ECL) method was used for detection. 

 

Measurement of intracellular calcium levels 

Single cell calcium measurement 

Transiently transfected HEK-293 cells were loaded with Fluo-3/AM (4 μl) in standard 

extracellular solution for 45 min at room temperature. After dye loading, cells were washed 

with standard extracellular solution. Nominally Ca
2+

-free solutions were prepared by simply 
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omitting CaCl2. Measurements were performed with a Axiovert 200 M Zeiss LSM 510 Meta 

(Carl Zeiss, Jena, Germany) confocal laser scanning microscope equipped with a 20x Plan 

Apochromat (NA=0.80) DIC objective. For the excitation, 488-nm argon-ion laser was used. 

The emitted light was collected with BP 505-570 band pass filter. Data were obtained at a rate 

of 0.5 Hz. Changes in [Ca
2+

]i are displayed as the percentage of fluorescence relative to the 

intensity at the beginning of each experiment. The baseline fluorescence (100%) was 

calculated from the average fluorescence of ROIs while bathing the cells with standard 

extracellular solution. Background fluorescence was subtracted from fluorescence intensity by 

measuring a cell-free area on every coverslip. Agonists and antagonists were administered 

directly to the solution at the desired concentrations. All experiments were done at room 

temperature (22-24°C). 

 

Fluorescence [Ca
2+

]i measurement 

The change [Ca
2+

]i of the cell culture changes in Fura-2-acetoxy-methyl ester (Fura-2 AM) 

was measured. Non-transfected and transfected cells on the same piece of coverslip were 

loaded with 5 µg/ml Fura-2 AM (stock solution 5 µg/ml) for 1 h at 37°C in serum-free 

medium in a cell culture incubator. Thereafter, cells were placed into modified, nominally 

calcium-free Krebs–Ringer HEPES (KRH) for 20 min. Fluorescence measurements were 

performed on a Nikon Eclipse TiU inverted microscope. Cells were visualized with a Nikon 

40x S Fluor objective. Images were taken with a Hamamatsu Orca-EG cooled, monochrome 

CCD camera. Image acquisition and analysis were done with SimplePCI 6.2 from CImaging. 

 

Fluorescence ion measurement experiments using FLIPRTetra 

Cells were trypsinized and plated at 40,000 cells/well density in 100 μl volume onto 96-well 

black plates coated with poly-D-lysine 36 hours before the experiments. 36 hours later the 

medium was replaced with modified Krebs buffer. Cells were then incubated in the loading 

buffer at 37°C for one hour. Cells were excited using a 470-495 nm LED module, and the 

emitted fluorescence signal was filtered with a 515-575 nm emission filter. 

 

Measurement of calcium entry with manganese „quench” technique  

The HEK-293 cells were loaded with Fura-2 AM. For the excitation of the Fura-2 359 nm 

laser was used. Following administration of MnCl2 intensity of the emitted light depends on 

Mn
2+

 entry. The degree of reduced light intensity was determined from the slope of tangents 

drawn to the curves. In these experiments MnCl2 was administered to EGTA-free solutions. 
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Electrophysiology 

Voltage-clamp recordings were carried out in the standard whole-cell configuration using an 

Axopatch 200B amplifier. Micropipettes were pulled by a P-97 Flaming-Brown type 

micropipette puller from borosilicate glass capillary tubes. The tip resistance was 3–6 MΩ 

when filled with pipette solution. Solutions were delivered by continuous perfusion. 

Command protocols and data acquisition were controlled by pClamp 6.03 software. 

 

Data presentation 

Areas under the curve (AUC) values were calculated using the trapezoidal rule by SigmaPlot 

12.0 software. To estimate P2X receptor function, non-expressing cell responses were 

subtracted from the AUC values obtained in P2X4R expressing cells on the same coverslip. 

Results were presented as means ± SEM. Statistical significance was determined using paired 

Student’s t-test for parametric, whereas one-way ANOVA followed by Mann-Whitney U test 

for non-parametric variables. Differences were considered statistically significant when 

p<0.05. Non-linear curve fitting was performed using the SigmaPlot 12.0 program. 
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Results 

Investigation of the hP2X4 ion channels 

Cell surface biotinylation and western blotting justified the expression of P2X4Rs in the 

plasma membrane. ATP (0.1-300 µM) elicited increasing maximal current amplitudes in cells 

expressing P2X4Rs. Cells lacking P2X4R expression failed to respond to ATP (100 µM). 

Ivermectin (IVM) potentiated currents induced by ATP (0.5 μM) in a concentration-

dependent manner. These data show that the plasma membrane hP2X4 receptors function as 

cation permeable ion channels in transfected HEK-293 cells. 

In native HEK-293 cells, ATP (0.5-100 µM) caused transient increases in cytosolic calcium 

concentrations whereas lower doses of the agonist (0.1-0.25 µM) elicited no change in 

calcium levels. In nominally calcium-free buffer, ATP (0.1-100 µM) caused similar effects as 

described above. Thus, we concluded that in native HEK-293 cells the calcium signal was due 

to activation of P2Y receptors and calcium release occured from the intracellular stores. In 

cells stably expressing P2X4Rs, ATP (0.1-0.25 μM) elicited changes in cytosolic [Ca
2+

]. 

These signals were abolished in Ca
2+

-depleted medium. These results indicate that Ca
2+

 

entered the cells from the extracellular space. Higher concentrations of ATP (≥ 1 μM) caused 

sustained Ca
2+

 signals. The P2X4 receptor-specific positive allosteric modulator IVM (20 μM) 

potentiated the ATP-induced (0.25 μM) Ca
2+

 entry. These data indicate that using low 

concentrations of ATP (≤0.25 μM) allows assessment of P2X4R-mediated Ca
2+

 signals 

independent of P2Y receptor activation. Next, we studied the effects of the benzodiazepine 

derivative 5-BDBD in the presence of 0.25 μM ATP. Under these conditions 5-BDBD (2-20 

μM) significantly inhibited P2X4R-mediated Ca
2+

 entry. We obtained similar inhibitory 

effects of 5-BDBD when cells were stimulated by 0.5 μM ATP. 5-BDBD (1-20 μM) had no 

effects in native HEK-293 cells suggesting that endogenously expressed P2Y receptors were 

not inhibited. 

In cells lacking P2X4R expression, administration of  0.1 μM and 0.5 μM ATP evoked small 

peak increases without sustained Ca
2+

 signals. In cells expressing P2X4Rs, the magnitude of 

Ca
2+

 peaks induced by 0.1 μM and 0.5 μM ATP were significantly higher than in non-

expressing cells. Further increasing ATP concentrations (1 μM), a considerable rise in 

cytosolic Ca
2+

 peak was observed in cells lacking P2X4R expression. In contrast, the sustained 

component of the Ca
2+

 signal induced by 1 μM ATP did not significantly differ from that 

elicited by 0.5 μM ATP in P2X4R expressing cells. Consequently, as P2XR: P2YR mediated 

Ca
2+

 response ratio was the highest at 0.5 μM ATP, in subsequent experiments this 
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concentration was chosen to investigate single cell Ca
2+

 signals. In Ca
2+

-depleted medium, the 

Ca
2+

 signal was only transient suggesting that Ca
2+

 entry was due to functional expression of 

P2X4Rs. To further characterize the sustained Ca
2+

 signal, we pretreated the cells with IVM 

(10 μM) 5 min prior the application of ATP. Our results showed that ATP-induced Ca
2+

 

plateau was significantly elevated in P2X4R expressing but not in non-expressing cells. 

 Next, we tested the effects of 5-BDBD on ATP-induced (0.5 μM), P2X4R-mediated 

Ca
2+

 entry. We found that the sustained calcium signal was significantly reduced. We 

observed 50% reduction of the AUC values in the presence of approx. 2 μM 5-BDBD. We 

also studied inhibitory effects of TNP-ATP. TNP-ATP reduced ATP-induced (0.5 μM) 

sustained Ca
2+

 signal in a concentration-dependent manner. Taken together, these data 

indicate that ATP-induced sustained Ca
2+

 signals were inhibited by both 5-BDBD and TNP-

ATP in HEK-293 cells transfected with P2X4Rs. 

 We also tested the inhibitory effects of 5-BDBD in HEK-293 cells using the whole 

cell configuration of the patch clamp technique. Under these circumstances, 5-BDBD 

inhibited P2X4R-mediated inward currents dose-dependently. Application of two different 

concentrations of 5-BDBD (2 μM and 20 μM) caused a rightward shift in ATP dose-response 

curve. Since the magnitude of maximal stimulation did not change, these data suggest that 5-

BDBD may competitively inhibit the P2X4 receptors. 

 

Investigation of the hTRPV6 channels 

 The hTRPV6 expression was examined by using biotinylation and Western blot 

techniques. We found that hTRPV6 was expressed only in our selected transfected HEK-293 

clones, but not in native HEK-293 cells. Furthermore, hTRPV6 was expressed in the 

membrane as shown by biotinylation experiments. Next, we tested the Ca
2+

 influx through 

hTRPV6 channels. Our data showed that in nominally calcium-free buffer the basal 

intracellular calcium concentrations were not elevated in HEK-293 cells expressing hTRPV6 

proteins compared to native cells. However, when 1 mM calcium was added to the 

extracellular solution, following a large transient increase, cytosolic calcium levels stabilized 

at a much higher level in hTRPV6 expressing cells. Thus, our data suggest, that the hTRPV6 

channels are calcium permeable. 

 We also tested the inhibitory effects of 2-APB, a widely used store-operated calcium 

channel (SOC) blocker on hTRPV6. In nominally calcium free buffer, 2-APB had inhibitory 

effects neither in control, nor hTRPV6-expressing cells. In the presence of extracellular 
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calcium 2-APB significantly decreased the calcium influx both in control and hTRPV6-

expressing cells. 

 In addition, Mn
2+

 entry was significantly more robust in hTRPV6 expressing cells 

compared to control cells indicating that this approach is suitable to test the effect of 2-APB 

on hTRPV6 activity. Our data showed that Mn
2+

 entry was significantly decreased in cells 

pretreated with 2-APB suggesting, that hTPV6 activity was inhibited. 
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Conclusions 

 

Our results suggest that when submicromolar ATP concentrations (≤ 0.25 µM) are applied, 

measurement of intracellular Ca
2+

 concentrations is useful method to investigate 

pharmacological properties of P2X receptors antagonists in HEK-293 cells. 5-BDBD and 

TNP-ATP have similar inhibitory potencies on the human recombinant P2X4Rs, although 

their mechanisms of action are different. 5-BDBD caused a rightward shift in ATP dose-

response curve meanwhile the magnitude of maximal stimulation did not change. These data 

suggest that 5-BDBD may competitively inhibit the P2X4Rs. 

 

The hTRPV6 proteins function as a consitutively active, divalent cation permeable ion 

channels at the plasma membrane. 2-APB is a realible, but non specific inhibitor of hTRPV6 

channels. Our results also demonstrate that 2-APB inhibits hTRPV6 ion channels in the same 

concentration range as it blocks the SOCs. However, our data do not answer the question of 

whether hTRPV6 is part of the store-operated calcium channel complex. We speculate that 2-

APB and compounds with similar chemical structures might play an important role in the 

pharmacological inhibition of hTRPV6 channels. 
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