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ABSTRACT 

The ion channel BLINaC (Brain Liver Intestine Na+ Channel) is a member of the DEG/ENaC 

gene family of unknown function. Elucidation of the physiological function of BLINaC 

would greatly benefit from pharmacological tools that specifically affect BLINaC activity. 

Guided by the close molecular relation of BLINaC to acid sensing ion channels (ASICs), we 

discovered in this study that rBLINaC and mBLINaC are inhibited by micromolar 

concentrations of diarylamidines and nafamostat, similar to ASICs. Inhibition was voltage-

dependent, suggesting pore block as the mechanism of inhibition. Furthermore we identified 

the fenamate flufenamic acid (FFA) and related compounds as agonists of rBLINaC. 

Application of millimolar concentrations of FFA to rBLINaC induced a robust, Na+-selective 

current, which was partially blocked by amiloride. The identification of an artificial agonist of 

rBLINaC supports the hypothesis that rBLINaC is opened by an unknown physiological 

ligand. Inhibition by diarylamidines and activation by fenamates defines a unique 

pharmacological profile for BLINaC, which will be useful to unravel the physiological 

function of this ion channel. 
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Introduction 

Members of the DEG/ENaC superfamily are amiloride-sensitive Na+ channels which are 

activated and regulated by diverse stimuli and mechanisms, like protons (Waldmann et al., 

1997), peptides (Dürrnagel et al., 2010; Golubovic et al., 2007; Lingueglia et al., 1995) or 

solely via their surface expression level (Abriel et al., 1999). They are involved in a variety of 

physiological processes, including Na+ homeostasis (Canessa et al., 1993), 

mechanotransduction (O'Hagan et al., 2005), acid-evoked nociception (Jones et al., 2004) and 

higher brain function such as learning and fear conditioning (Wemmie et al., 2002). The block 

by the diuretic amiloride is a common feature of the DEG/ENaC ion channels as well as their 

structure with two transmembrane domains forming a Na+-selective pore, a large extracellular 

domain and short N- and C-termini (Canessa et al., 1994; Jasti et al., 2007). 

Of the eight DEG/ENaC genes present in the rodent genome, three code for the 

subunits of the constitutively active epithelial Na+ channel (α, β, γENaC) (Canessa et al., 

1994) and four code for acid-sensing ion channels (ASIC1-4) (Kellenberger and Schild, 2002; 

Waldmann et al., 1997). One gene codes for the brain liver intestine Na+ channel (BLINaC) 

(Sakai et al., 1999). The function of this channel is completely unknown. The predominant 

expression of BLINaC in non-neuronal tissues like liver, intestine, kidney and lung suggests a 

possible role in epithelial transport. In a previous study, we showed that BLINaC from rat 

(rBLINaC) is inactive, whereas BLINaC from mouse (mBLINaC) is constitutively active 

when expressed in Xenopus oocytes (Wiemuth and Gründer, 2010). rBLINaC is blocked by 

physiological concentrations of extracellular Ca2+ whereas mBLINaC has a drastically 

decreased Ca2+ affinity, which renders mBLINaC constitutively open. In addition, mBLINaC 

is more selective for Na+ and has a higher amiloride affinity than rBLINaC. These profound 

species differences were somewhat surprising since rBLINaC and mBLINaC share 97% of 

their amino acid sequence. We identified a single amino acid, which accounts for the species 

differences (Wiemuth and Gründer, 2010). These findings suggest that mBLINaC is a 
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constitutively open epithelial Na+ channel whereas rBLINaC is opened by an unknown ligand 

(Wiemuth and Gründer, 2010). 

Despite these recent findings on BLINaC, its physiological function remains unclear. 

This is partly due to a lack of pharmacological tools that specifically affect the channel. A 

BLINaC-specific blocker is currently unknown. Diarylamidines, a class of compounds with 

an anti-protozoal effect, were recently identified as potent blockers of ASICs (Chen et al., 

2010b), the acid-sensing ion channels. Since BLINaC is closely related to ASICs (Golubovic 

et al., 2007), we tested if the diarylamidines pentamidine, 4′,6-diamidin-2-phenylindol 

(DAPI), diminazene, hydroxystilbamidine (HSB) and the related substance nafamostat, 

another blocker of ASIC activity (Ugawa et al., 2007), affect BLINaC as well. When applied 

in low micromolar concentrations all of the tested diarylamidines and nafamostat reversibly 

inhibited BLINaC currents.  

Removal of extracellular Ca2+ opens rBLINaC. However, in Xenopus oocytes Ca2+ 

removal also induces a large conductance that may be carried by hemi-gap-junctional 

channels (Zhang et al., 1998) or by Ca2+ inactivated Cl- channels (CaIC) (Weber et al., 1995a; 

Weber et al., 1995b) or by both. When using low concentrations of extracellular Ca2+ with 

Xenopus oocytes, we routinely inhibit this endogenous conductance by flufenamic or niflumic 

acid (FFA or NFA). Interestingly, while performing these experiments, we found that FFA 

not only inhibited the endogenous conductance but also strongly activated rBLINaC, whereas 

mBLINaC was not affected.  

Taken together we identified in this study diarylamidines as potent inhibitors of 

rBLINaC and mBLINaC and fenamates, FFA in particular, as agonists of rBLINaC. These 

compounds provide a new set of pharmacological tools, useful to unravel the physiological 

function of BLINaC. 
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Materials and Methods 

Molecular biology. Cloning of mBLINaC (GenBank accession No. NM_0021370) and 

rBLINaC (GenBank accession No. NM_022227) and generation of cRNA were described 

previously (Wiemuth and Gründer, 2010).  

Electrophysiology. Electrophysiological studies in Xenopus oocytes using the Two-Electrode 

Voltage Clamp technique were performed as previously reported (Wiemuth and Gründer, 

2010). In brief, stage V or VI oocytes of Xenopus laevis were injected with 0.08 to 0.16 ng 

RNA of mBLINaC, 0.3 to 8 ng RNA of rBLINaC, or 0.16 ng of αβγENaC, respectively, and 

kept in low Na+ OR-2 medium (in mM: 5 NaCl, 77.5 N-methyl-d-glucamine, 2.5 KCl, 1.0 

Na2HPO4, 5.0 HEPES, 1.0 MgCl2, 1.0 CaCl2, and 0.5 g/liter polyvinylpyrrolidone) at 19°C 

for 24 – 48 h after injection. Whole cell currents were recorded at room temperature with a 

TurboTec 03X amplifier using an automated, pump-driven solution exchange system (npi 

electronic, Tamm, Germany), allowing a fast (300 msec) exchange of the bath solution (Chen 

et al., 2006). Data acquisition and solution exchange were managed using CellWorks version 

5.1.1 (npi electronic). Data were filtered at 20 Hz and acquired at 1 kHz. Holding potential 

was -70 mV if not stated otherwise. The bath solution for Two-Electrode Voltage Clamp 

contained 140 mM NaCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 10 mM HEPES. Low Ca2+ bath 

solutions contained 140 mM NaCl, 10 mM HEPES, 2 mM EDTA and adequate amounts of 

CaCl2. 

Data analysis. Data were collected and pooled from at least two preparations of oocytes 

isolated on different days from different animals, if not stated otherwise. Data were analyzed 

with the software IgorPro (WaveMetrics, Lake Oswego, OR) and are presented as means ± 

S.E.M. Statistical significance was calculated using Student's unpaired t-test. 

At a holding potential of -70 mV, the apparent inhibitory constants (Ki) for the 

different inhibitors were calculated using the following equation: 

I = I0/(1 + ([B]/Ki)
n)   (eq. 1) 
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where [B] is the concentration of the blocker, I is the remaining current in the presence of the 

blocker, I0 is the current in the complete absence of the blocker, and n is the Hill-coefficient.   

Since for mBLINaC the Hill-coefficient n for diminazene, nafamostat, and amiloride 

at a holding potential of -70 mV was close to 1 (n ranging from 0.98 to 1.13), we fixed n to 1 

and estimated Ki at different holding potentials with the following simplification of equation 

1: 

Ki = [B] * I/I0 - I   (eq. 2) 

The voltage dependence of the block was then analyzed using the Woodhull model for 

channel block (Woodhull, 1973):   

 Ki (V) = Ki(0) exp(z'FV/RT)   (eq. 3) 

where Ki(0) is the apparent inhibitory constant at 0 mV, z' is the product of the valence of the 

blocking ion and the fraction of the transmembrane electric field (δ) acting on the ion, and V 

is the membrane potential. F, R and T have their usual meanings. 

Chemicals. FFA, diclofenac, NFA, diminazene, pentamidine, DAPI, HSB and amiloride were 

purchased from Sigma–Aldrich (Munich, Germany). Structures presented in figures 1 and 4 

were drawn using CS ChemDraw Ultra (CambridgeSoft, Cambridge, UK) based on structures 

available from PubChem (http://pubchem.ncbi.nlm.nih.gov/). 
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Results 

Diarylamidines are potent inhibitors of BLINaC activity. As previously reported 

(Wiemuth and Gründer, 2010), expression of mBLINaC in Xenopus oocytes resulted in robust 

currents with an amplitude of several μA. Application of 100 μM of nafamostat and the 

diarylamidines hydroxystilbamidine (HSB), diminazene, pentamidine and 4′, 6-diamidin-2-

phenylindol (DAPI) inhibited the current, with the following rank order diminazene = 

nafamostat > DAPI > HSB > pentamidine (Fig. 1A, n = 10). The weak constitutive current of 

rBLINaC was also inhibited by nafamostat and the diarylamidines (see below).    

We determined the concentration-dependence for the two most potent inhibitors, 

diminazene and nafamostat (Fig. 1C, D); Fig. 1B shows the chemical structures of amiloride, 

diminazene and nafamostat. Increasing concentrations of diminazene and nafamostat were 

applied to oocytes expressing mBLINaC or rBLINaC. The amplitude of BLINaC currents was 

estimated by replacing Na+ with NMDG+, and the current inhibited by diminazene or 

nafamostat was then normalized to the amplitude of the current decrease in the presence of 

NMDG, representing the current carried by Na+. The BLINaC current was almost completely 

blocked by concentrations of 100 μM diminazene or 200 μM nafamostat, respectively (Fig. 

1C, D). The inhibitory constants (Ki), calculated using equation 1 (see Methods), were not 

significantly different between mBLINaC and rBLINaC and between diminazene and 

nafamostat (Fig. 1C, D). For rBLINaC, Ki was 3.5 ± 0.6 μM (n = 12) for diminazene and 5.5 

± 1 μM (n = 12) for nafamostat. For mBLINaC, Ki was 2.1 ± 0.3 μM (n = 12) for diminazene 

and 3.8 ± 0.5 μM (n = 12) for nafamostat. This is in contrast to observations made for 

amiloride. While mBLINaC is inhibited by low micromolar concentrations of amiloride, 

inhibition of rBLINaC requires millimolar concentrations of amiloride (Wiemuth and 

Gründer, 2010). Hill coefficients for diminazene and nafamostat were larger for mBLINaC 

than for rBLINaC (1.13 ± 0.04 vs. 0.54 ± 0.09, and 0.98 ± 0.06 vs. 0.54 ± 0.06, n = 10; p < 
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0.01). 

The block of BLINaC by diminazene and nafamostat is voltage dependent. The block of 

DEG/ENaC channels by the diuretic amiloride is voltage dependent (Palmer, 1984) with 

stronger block at more negative membrane potentials. The voltage dependence of amiloride 

arises from its monovalent cationic nature and its binding site within the ion pore. 

Diminazene and nafamostat are divalent cations carrying two amidine groups. We therefore 

addressed whether the block of BLINaC by diminazene and nafamostat is also voltage 

dependent and determined the current-voltage relations of mBLINaC in the absence and the 

presence of the blockers (100 μM). In the absence of the inhibitors, mBLINaC had a linear 

current-voltage relation with a reversal potential of +12 ± 0.5 mV (n = 15). In the presence of 

the inhibitors, however, the current-voltage relation was slightly outwardly rectifying. At 

negative membrane potentials all three blockers strongly inhibited mBLINaC currents. At 

positive membrane potentials, however, the efficiency of the block declined, this effect being 

more pronounced for diminazene and nafamostat than for amiloride (Fig. 2A). The blockers 

did not affect the reversal potential. Based on the relative block we estimated the apparent 

inhibitory constants Ki of diminazene, nafamostat and amiloride at different membrane 

potentials according to equation 2 (see Methods). This analysis revealed voltage dependence 

for all three blockers. Ki varied from values in the low micromolar range at negative holding 

potentials to up to 30-fold higher values at positive holding potentials (Fig. 2B). Assuming 

that the voltage dependence arises from binding of the blocker within the pore of the channel, 

one can calculate the fraction of the electric field sensed by the blocking ion according to 

Woodhull´s model (Woodhull, 1973). By fitting the data to equation 3 (see Methods) we 

estimated the fraction of the transmembrane electric field sensed by diminazene and 

nafamostat to be ≈ 25% (δ = 0.26 ± 0.04 and 0.27 ± 0.03, respectively; n = 15). The estimated 

fraction of the transmembrane field sensed by amiloride was slightly but significantly larger 

(δ = 0.35 ± 0.02; n = 15; p < 0.05), suggesting that diminazene and nafamostat do not bind as 
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deeply within the pore as amiloride. 

Competition of diminazene and amiloride for the same binding site in the pore region. It 

is well accepted that amiloride blocks ENaC by binding within the pore. By homology, the 

same mechanism is assumed to account for block of ASICs and BLINaC by amiloride. Using 

a computational approach, Chen et al., however, predicted that diarylamidines bind to a site at 

the outer surface of the ECD of ASIC1a (Chen et al., 2010b). In fact, voltage dependence of 

block can also arise from the electric field acting on the channel to alter the affinity or 

availability of the binding site of the blocker (Hille, 2001). Therefore, to find additional 

evidence that diminazene and nafamostat indeed function as pore blockers, we tested whether 

amiloride and diminazene compete for the same binding site on BLINaC and determined the 

concentration-dependent inhibition of diminazene for mBLINaC in the presence of 10 μM 

amiloride (Fig. 3). Compared to the inhibition of diminazene in the absence of amiloride (Ki, 

2.1 ± 0.2 μM, n = 12), the concentration-response curve for diminazene in the presence of 10 

μM amiloride was significantly shifted to the right as shown in Fig. 3 (Ki, 10 amil = 9.7 ± 0.9 

μM, n = 12, p < 0.05). The inhibitory constant Ki of diminazene in the absence (Ki, dimi) and 

the presence of amiloride (Ki, app) can be related by the following equation: 

Ki, app = Ki, dimi (1 + [amil]/ Ki, amil)   (eq. 4) 

Using Ki, dimi = 2.1 μM, Ki, amil = 2.7 μM (n = 12, data not shown), and [amil] = 10 μM, a 

theoretical value Ki, app = 9.9 μM can be calculated that is virtually identical to the value 

determined experimentally. Thus, our results suggest that diminazene and amiloride compete 

for an overlapping site in the pore of mBLINaC.  

Rat BLINaC is strongly activated by FFA and related drugs. Fenamates such as FFA and 

NFA are known modulators of a wide spectrum of ion channels (Dai et al., 2010; Fernandez 

et al., 2008; Lee and Wang, 1999; McCarty et al., 1993; Ottolia and Toro, 1994; Peretz et al., 

2005; Wang et al., 1997; White and Aylwin, 1990). We routinely use 100 μM FFA or NFA to 
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block the large endogenous conductance that is induced in Xenopus oocytes by removal of 

extracellular Ca2+ (Wiemuth and Gründer, 2010). Using FFA on BLINaC expressing oocytes, 

we became aware that it has an activating effect on rBLINaC. As described in previous 

studies (Sakai et al., 1999; Wiemuth and Gründer, 2010), rBLINaC expressed in Xenopus 

oocytes generated currents only slightly above the background currents observed in 

uninjected oocytes. These currents were in the range of 0.5 - 1.1 µA and blocked only by high 

concentrations of amiloride (4 mM). The extracellular application of 1 mM FFA, NFA or 

diclofenac to uninjected oocytes did not alter the magnitude of the background current (not 

shown). However, application of 1 mM FFA to oocytes expressing rBLINaC induced a large 

peak inward current (19.6 ± 1.7 µA, n = 12) that rapidly decreased to a lower steady state 

level (79.7 ± 1.7% of peak current, n = 12). The application of 1 mM NFA or 1 mM 

diclofenac also increased the current amplitude but to a lesser extent (1.7 ± 0.2 µA and 3.5 ± 

0.4 µA, respectively, n = 12); a peak current was not observed (Fig. 4A). The onset of the 

current increase was very rapid and the activation of rBLINaC by all three compounds tested 

was reversible. In contrast to FFA and NFA, diclofenac induced a biphasic current: a fast 

current increase was followed by a slow increase. FFA, NFA and diclofenac increased current 

amplitudes by a factor of 20, 4 and 2, respectively (Fig. 4B). Due to its low solubility in 

water, FFA was predissolved in ethanol and subsequently dissolved in standard bath solution, 

diclofenac and NFA were dissolved in DMSO. rBLINaC current amplitude was not affected 

by the vehicle alone (1% ethanol or DMSO; results not shown), however, suggesting that the 

activation of rBLINaC was specifically elicited by the drugs. 

Although mBLINaC is 97% identical to rBLINaC, the channel is constitutively open 

due to its low affinity for extracellular Ca2+, has a high affinity for amiloride (Ki = 2.7 ± 0.3 

µM), and furthermore it is selective for Na+ over K+ (Wiemuth and Gründer, 2010). We tested 

whether mBLINaC also reacts differently to fenamates than rBLINaC. Interestingly, none of 

the three compounds that affected rBLINaC, had any effect on the current amplitude of 
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mBLINaC (Fig. 4A). We also tested whether αβγENaC is affected by fenamates. While NFA 

and diclofenac had no effect, FFA weakly inhibited the activity of the channel (Fig 4A).  

FFA increases the BLINaC response to Ca2+-removal. rBLINaC is almost completely 

inhibited by physiological concentrations of extracellular Ca2+ with an IC50 of ~10 μM 

(Wiemuth and Gründer, 2010); removal of Ca2+ activates the channel. We next addressed the 

question whether extracellular Ca2+ also inhibits the FFA-induced rBLINaC current. In 

oocytes injected with a 1:25 dilution of rBLINaC cRNA, decreasing the concentration of 

extracellular Ca2+ from 1.8 mM down to 10 nM strongly increased the current amplitude 8.4-

fold from 0.5 ± 0.1 μA to 4.2 ± 0.4 μA (Fig. 5A and B; n = 8), similar to what we observed 

previously (Wiemuth and Gründer, 2010). The application of 1 mM FFA at 1.8 mM 

extracellular Ca2+ increased the current amplitude to 4.6 ± 0.4 μA. When applied at 10 nM 

extracellular Ca2+, 1 mM FFA increased the current further to 34.5 ± 4.9 μA. Hence in the 

presence of FFA, decreasing the Ca2+ concentration from 1.8 mM to 10 nM increased the 

current 7.5-fold, very similar to the increase in the absence of FFA. Thus, 1.8 mM Ca2+ 

inhibited the current to the same extent in the absence and in the presence of FFA. Moreover, 

since at 10 nM, Ca2+ no longer inhibits rBLINaC (Wiemuth and Gründer, 2010), these results 

show that FFA activates rBLINaC in a Ca2+-independent manner, ruling out for example 

chelation of Ca2+ as the mechanism by which FFA activates rBLINaC. 

Dose-dependence of BLINaC activation by FFA. FFA potentiated rBLINaC activity more 

strongly than NFA and diclofenac. Due to low solubility of diclofenac and NFA, we only 

determined the concentration-dependence of the FFA-induced current (Fig. 6A). FFA was 

only soluble up to 2 mM in our standard bath solution precluding a precise determination of 

the EC50. Fit of the data to the Hill equation yielded an estimate of the apparent EC50 value of 

2.4 ± 0.7 mM (Fig. 6B). Furthermore we determined the concentration-dependence of the 

FFA-induced current in the presence of 10 nM extracellular Ca2+. In our standard bath 
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solution containing 10 nM Ca2+, FFA was only soluble up to 1 mM. Fit of the data to the Hill 

equation yielded an estimate of the apparent EC50 of 1.5 ± 0.9 mM (Fig. 6B), which was not 

significantly different to the value with 1.8 mM Ca2+ (p < 0.6). Thus, as with other ion 

channels, FFA affects rBLINaC in millimolar concentrations. Furthermore our data suggest 

that the affinity for FFA is independent of the extracellular Ca2+ concentration. 

When FFA (1 mM) was applied to rBLINaC in normal extracellular Ca2+, co-

application of 100 µM diminazene and nafamostat (Fig. 7A) strongly reduced the FFA-

induced current; the inhibition was reversible. The FFA-induced current was also reduced by 

1 mM amiloride but to a lesser extent. The apparent inhibitory constant Ki of rBLINaC for 

diminazene in the presence of FFA was 4.2 ± 0.4 μM (n = 10) (Fig. 7B), similar to the Ki in 

the absence of FFA and to the Ki of constitutively active mBLINaC (Fig. 1B).  Sensitivity of 

the FFA-induced current to diminazene and nafamostat further confirms that the FFA-induced 

current originates from rBLINaC.  

FFA increases Na+ selectivity of rBLINaC. rBLINaC is characterized by an unselective ion 

pore and upon relief of the Ca2+-block the channel becomes more selective for Na+ (Wiemuth 

and Gründer, 2010). We previously proposed that rBLINaC has at least two states: one state 

of low activity and an unselective ion pore and one of high activity and a Na+ selective ion 

pore (Wiemuth and Gründer, 2010). Since FFA activated rBLINaC, we investigated whether 

it also increases the Na+ selectivity of rBLINaC and determined the reversal potential in the 

absence and presence of 1 mM FFA. The reversal potential of oocytes expressing rBLINaC in 

the absence of FFA was -11.5 ± 1.8 mV (n = 12), similar to what we reported before 

(Wiemuth and Gründer, 2010), indicating an unselective pore. In the presence of FFA, the 

reversal potential of rBLINaC shifted by 20 mV to the right to +9.6 ± 1.5 mV (n = 12; Fig.  

8A), indicating that similar to the removal of extracellular Ca2+, selectivity is altered and the 

channel becomes more selective for Na+. Due to the comparatively low affinity of diminazene 

and nafamostat at positive membrane potentials and their low solubility in the presence of 
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FFA, we could not determine the leak current in those measurements. Therefore, we cannot 

exclude that the apparent increase in Na+-selectivity was partly due to a larger ratio of 

BLINaC to leak conductances. 

 Finally, we tested whether the selectivity of rBLINaC in low extracellular Ca2+ is 

further increased by FFA. The reversal potential of rBLINaC in 10 nM extracellular Ca2+ was 

+14.7 ± 2.1 mV (n = 12), similar to what we reported previously (Wiemuth and Gründer, 

2010). Application of FFA shifted the reversal potential slightly but significantly (p < 0.001) 

further to the right to +20.9 ± 2.3 mV (n = 12; Fig. 8B), indicating an increased selectivity for 

Na+ in the presence of FFA. In summary, both in low (10 nM) and normal (1.8 mM) 

extracellular Ca2+ FFA increased the Na+ selectivity of rBLINaC. 
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Discussion 

In this study we elaborated on the pharmacological profile of BLINaC from mouse and rat. 

We identify diarylamidines and nafamostat as potent inhibitors of mBLINaC and rBLINaC 

and fenamates, in particular FFA, as activators of rBLINaC. These results will help to identify 

the BLINaC current in native cells and tissues and thereby contribute to a better 

understanding of the physiological function of BLINaC. 

The predominant expression of BLINaC in nonneuronal tissues (Sakai et al., 1999; 

Schaefer et al., 2000) suggests that it might be involved in epithelial transport, like ENaC 

(Wiemuth and Gründer, 2010). mBLINaC is characterized by a large constitutive activity and 

a high Na+ permeability (Wiemuth and Gründer, 2010), properties which are very similar to 

ENaC. The apparent inhibitory constant for block by amiloride is also similar, although 5 

to10-fold larger for BLINaC than for ENaC. The highly similar properties of currents carried 

by mBLINaC and ENaC make their distinction difficult. In this study, however, we found that 

BLINaC is highly sensitive to diarylamidines and nafamostat. ENaC, in contrast, is 

insensitive to these drugs (Chen et al., 2010b), providing an easy means to distinguish 

between BLINaC and ENaC currents in native tissues. 

There are a few reports in the literature of Na+-selective currents that are sensitive to 

amiloride and that cannot be unequivocally attributed to ENaC expression. Those currents 

include a Na+-selective channel from rabbit proximal tubules (Gögelein and Greger, 1986; 

Jacobsen et al., 1988), which is sensitive to Ca2+ (Blokkebak-Poulsen et al., 1991), and a Na+-

channel in LLC-PK1 cells (Raychowdhury et al., 2004), a cell line with proximal tubule 

characteristics derived from pig kidney. Furthermore, several studies describe an amiloride-

insensitive and thus ENaC-independent pathway for Na+-entry in epithelial cells of various 

organs, such as lung (Shlyonsky et al., 2005), colon (Inagaki et al., 2004) and  esophagus 

(Awayda et al., 2004). Since its affinity for amiloride is low, rBLINaC might be a candidate 

responsible for these currents. Future studies will show whether BLINaC underlies some of 
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those conductances in epithelial cells. 

In contrast to ENaC, ASICs share inhibition by diarylamidines and nafamostat with 

BLINaC (Chen et al., 2010b; Ugawa et al., 2007). This common pharmacology of ASICs and 

BLINaC is in agreement with their close evolutionary relationship, on a common branch 

within the DEG/ENaC gene family (Golubovic et al., 2007); ENaC, however, is on a different 

branch. Peptide-gated Na+ channels from Hydra, the HyNaCs, are on the same branch as 

ASICs and BLINaC (Golubovic et al., 2007) and indeed are also sensitive to diarylamidines 

(S. Dürrnagel & SG, unpublished results), further confirming that the common pharmacology 

might reflect close sequence homology. 

We show that inhibition of BLINaC by the diarylamidine diminazene and by 

nafamostat is voltage-dependent, and that diminazene competes with amiloride for binding to 

the channel. Assuming that amiloride binds within the pore of BLINaC, as is generally 

accepted for ENaC, these results suggest that diminazene and probably nafamostat also bind 

within the pore of BLINaC. Our results indicate that they do not bind as deeply in the pore as 

amiloride, which is readily explained by their larger size. It is important to mention, however, 

that a variety of factors, e.g. surface charges at the entry of the ion pore, may influence the 

fraction of the transmembrane electric field apparently acting on the ion. Such factors could 

render the localization of the binding site solely based on the Woodhull model imprecise.  

Although we investigated voltage-dependence only for diminazene and nafamostat, 

given the similar structures of different diarylamidines (Chen et al., 2010a), it is likely that the 

other diarylamidines (that is HSB, pentamidine, and DAPI) inhibited BLINaC by binding 

within the pore, too. The mechanism of ASIC inhibition by diarylamidines is unknown. On 

the basis of a computational “docking” approach, however, a binding site on the outer surface 

of the extracellular domain (ECD) of ASICs was proposed (Chen et al., 2010b). Among other 

limitations, such a docking approach may be limited by the fact that the crystal structure of 

chicken ASIC1, which was used in this approach, represents the desensitized conformation, 
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whereas diarylamidines apparently inhibit open ASICs (Chen et al., 2010b). Assuming that 

the closely related BLINaC shares the mechanism of inhibition with ASICs, it should be 

considered that the binding site of diarylamidines on ASICs is not on the ECD but within the 

ion pore.  

In contrast to mBLINaC, which is constitutively active, rBLINaC is tightly blocked by 

physiological concentrations of extracellular Ca2+ (Wiemuth and Gründer, 2010). This led us 

to speculate that rBLINaC is activated by an unknown ligand. Moreover, we proposed a two-

state model for rBLINaC with one state of low activity that has Ca2+ tightly bound and an 

unselective ion pore and a second state of high activity that has no Ca2+ bound and a Na+ 

selective ion pore (Wiemuth and Gründer, 2010). The putative ligand would shift the 

equilibrium distribution between these two states (Wiemuth and Gründer, 2010). Our 

discovery that FFA activates rBLINaC is in agreement with the idea that FFA shifts the 

equilibrium distribution towards the state of high activity. Moreover, FFA increases the Na+-

selectivity of the pore as expected if the high-activity state would become more populated. 

For mBLINaC, the majority of channels are already in the high-activity state, explaining why 

FFA was ineffective for mBLINaC. Thus, FFA behaves like an artificial ligand for rBLINaC. 

The discovery of an artificial ligand for rBLINaC confirms our two-state model and renders 

the existence of a natural ligand that activates rBLINaC even more likely. This natural ligand 

may have structural similarities to FFA. Due to the insolubility of FFA at higher 

concentrations, we could not determine the apparent affinity of FFA precisely. But it was of 

rather low affinity, being in the low millimolar range. The putative natural ligand will 

probably have a significantly higher affinity. 

Fenamates affect various other ion channels. On the one hand, they inhibit CFTR 

(McCarty et al., 1993), Ca2+-activated-Cl--channels of Xenopus oocytes (White and Aylwin, 

1990), kidney ClC-K Cl--channels (Liantonio et al., 2006), and the voltage-gated K+-channel 

Kv2.1 (Lee and Wang, 1999). On the other hand, they activate the large conductance Ca2+-
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activated K+-channels (Ottolia and Toro, 1994) and modify the gating of Kv4.3 (Wang et al., 

1997) and KCNQ2/3 (Peretz et al., 2005). Furthermore they increase the activity of hERG1 

(Fernandez et al., 2008) and strongly activate the Na+-activated K+ channel Slo2.1 (Dai et al., 

2010). In most of these cases, effective concentrations of fenamates were in the millimolar 

range, similar to the activation of rBLINaC.  

The FFA-induced BLINaC current was time-dependent: an initial peak current 

declined to a smaller steady-state level. Upon washout, the current then briefly increased 

again before channels deactivated (Fig. 4). Such a behavior is most easily explained by a dual 

effect of FFA on BLINaC: besides activating the channel, FFA apparently also inhibited the 

channel. Activation was stronger, probably because activation had a higher affinity than 

inhibition. Activation at lower concentrations than inhibition could also explain why the low-

potency agonists NFA and diclofenac did not induce currents with a similar time-dependence 

as FFA. At higher concentrations, which we could not achieve due to the limited solubility of 

the drugs, they may well do. A dual effect of fenamates with activation and inhibition has 

previously also been reported for ClC-K Cl--channels (Liantonio et al., 2006; Liantonio et al., 

2008). 

In a recent study, Macianskiene et al. discovered that FFA induced an unselective 

cation current in cardiomyocytes from sheep and pig (Macianskiene et al., 2010). The 

molecular nature of the channel responsible for this current was not unraveled; DEG/ENaC 

channels were excluded as candidates because the current was not sensitive to 10 μM 

amiloride. The ion selectivity and pharmacology of BLINaC from sheep and pig is unknown, 

but if they had the same properties as rBLINaC it would be possible that the FFA-induced 

current observed by Macianskiene et al. might be carried by BLINaC. This hypothesis is 

supported by RT-PCR results from Sakai et al. (Sakai et al., 1999), who observed a weak 

expression of rBLINaC in heart. Further experiments are necessary to address the relation of 

the FFA-induced current in cardiac myocytes to BLINaC. 
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In summary, we identify diarylamidines as potent inhibitors of BLINaC and fenamates 

as activators of rBLINaC. These drugs define a unique pharmacological profile for BLINaC 

that will allow the identification of BLINaC currents in native cells and tissues, which is an 

important step towards unraveling the physiological function of this channel. 
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Legends for figures 

Fig. 1. Nafamostat and diarylamidines reversibly inhibit BLINaC. A) representative 

current trace of an oocyte expressing mBLINaC. Nafamostat (NAFA), hydroxystilbamidine 

(HSB), diminazene (DIMI), pentamidine (PEN) and 4′,6-diamidin-2-phenylindol (DAPI) 

were applied at a concentration of 100 μM, amiloride at 10 μM. B) Chemical structures of the 

BLINaC inhibitors amiloride, diminazene and nafamostat in their uncharged form. (C) 

Concentration-dependent inhibition of mBLINaC and rBLINaC by diminazene. Left, 

representative current traces; right, concentration-response curves. D) Concentration-

dependent inhibition of mBLINaC and rBLINaC by nafamostat. Left, representative current 

traces; right, concentration-response curves. Currents were normalized to the total current 

carried by Na+. Holding potential was -70 mV. Error bars represent S.E.M., curves were fitted 

to the Hill equation (eq. 1; n = 10). 

 

Fig. 2. The inhibition of BLINaC by diarylamidines is voltage dependent. A) Averaged 

current-voltage relationships (n = 10) of mBLINaC in the absence (grey curves) and the 

presence (black curves) of 100 μM of the inhibitors diminazene, nafamostat and amiloride. 

Holding potential was increased continuously from -100 to +60 mV in 9 seconds. B) The 

apparent inhibition constant Ki for diminazene (black circles), nafamostat (open circles) and 

amiloride (black squares) is plotted against the holding potential. Ki values were estimated 

according to equation 2. Fit of the data to equation 3 is represented by the solid lines and gave 

δ values of 0.26 ± 0.02, 0.27 ± 0.02,  and 0.35 ± 0.01 (n = 15) for diminazene, nafamostat and 

amiloride, respectively. 

 

Fig. 3. Apparent affinity of mBLINaC for diminazene is shifted in the presence of 

amiloride.  Concentration-dependent inhibition of mBLINaC by diminazene in the presence 

(open circles) of 10 μM amiloride. The dose-response curve for diminazene in the absence of 
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amiloride (grey circles) from figure 1B is shown for comparison. IC50 was 2.1 ± 0.2 μM (n = 

12) in the absence of amiloride and 9.7 ± 0.9 μM (n = 12) in the presence of 10 µM amiloride. 

Currents were normalized to the total current carried by Na+. Lines represent a fit to the Hill-

equation. Holding potential was -70 mV. Error bars represent S.E.M..  

 

Fig. 4. Fenamates activate rBLINaC. A) Representative current traces from oocytes 

expressing rBLINaC, mBLINaC (upper insert) or αβγENaC (lower insert). Application of 1 

mM NFA, diclofenac and FFA rapidly and reversibly induced inward currents in rBLINaC 

expressing oocytes, but not in mBLINaC expressing oocytes. FFA generated the highest 

rBLINaC current amplitude. αβγENaC showed a weak inhibition upon application of FFA. 

rBLINaC currents were partly blocked by 4 mM amiloride and mBLINaC currents were 

strongly reduced by application of 100 μM amiloride. rBLINaC cRNA was injected 

undiluted, mBLINaC and αβγENaC cRNA were injected 50-fold diluted; currents were 

recorded in 1.8 mM extracellular Ca2+, holding potential was -70 mV. B) Comparison of 

maximal current amplitudes of rBLINaC expressing oocytes induced by the application of 

NFA, diclofenac, or FFA, respectively (1 mM each; n = 12; ∗, p < 0.05; ∗∗, p < 0.005). C) 

Chemical structures of the BLINaC activators niflumic acid, diclofenac and flufenamic acid 

in their uncharged form.  

 

Fig. 5. Ca2+-removal increases the FFA-induced BLINaC current. A) Representative 

current trace of rBLINaC in 1.8 mM and 10 nM extracellular Ca2+ and different 

concentrations of FFA. B) Comparison of the maximal current amplitudes of rBLINaC 

expressing oocytes induced by decreasing the extracellular Ca2+ concentration to 10 nM and 

by applying 1 mM FFA (n = 8; ∗∗, p < 0.005), alone or in combination. 
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Fig. 6. Dose-dependence of the activation of rBLINaC by FFA. A) Representative current 

trace of rBLINaC activated repetitively by application of increasing concentrations of FFA. 

B) Concentration-response curves for FFA in 1.8 mM extracellular Ca2+ (circles) and 10 nM 

extracellular Ca2+ (squares). Error bars represent S.E.M. and dotted lines fits to the Hill 

equation. Peak current amplitudes were normalized to the peak amplitude obtained for 1 mM 

FFA (n = 8). Maximum solubility of FFA was reached at 2 mM in standard bath solution 

containing 1.8 mM Ca2+ and at 1 mM in standard bath solution containing 10 nM Ca2+ and 2 

mM EDTA.  

 

Fig. 7. FFA-induced BLINaC currents are sensitive to diarylamidines and amiloride. A) 

Representative current traces of oocytes expressing rBLINaC. The current induced by 0.5 mM 

FFA is inhibited by additional application of 100 μM diminazene or nafamostat. Application 

of 1 mM amiloride (lower panel) reduced the FFA-induced current only weakly. B) 

Concentration-dependent inhibition of FFA-activated rBLINaC by diminazene. Left, 

representative current trace; the current induced by 1 mM FFA is inhibited by co-application 

of increasing concentrations of diminazene; right, concentration-response curve. Currents 

were normalized to the maximal current in the absence of diminazene. Holding potential was 

-70 mV. Error bars represent S.E.M. and the line a fit to the Hill equation (eq. 1; n = 10). 

 

Fig. 8. FFA increases Na+ selectivity of rBLINaC. A) Normalized mean current-voltage 

relationships (n = 12) of peak currents of rBLINaC in 1.8 mM extracellular Ca2+ (black 

squares) and in 1.8 mM Ca2+/1 mM FFA (grey squares). B) Normalized mean current-voltage 

relationships (n = 12) of peak currents of rBLINaC in 10 nM extracellular Ca2+ (black 

squares) and in 10 nM Ca2+/1 mM FFA (grey squares). The holding potential was increased 

stepwise from -120 to +60 mV (20 to 30 mV steps). 
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