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Summary 
Inwardly rectifying potassium (Kir) channels play key roles in 
functions, including maintaining the resting membrane potential 
and regulating the action potential duration in excitable cells. 
Using in situ whole-cell recordings, we investigated Kir currents in 
mouse fungiform taste bud cells (TBCs) and immunologically 
identified the cell types (type I-III) expressing these currents. We 
demonstrated that Kir currents occur in a cell-type-independent 
manner. The activation potentials we measured were -80 to  
-90 mV, and the magnitude of the currents increased as the 
membrane potentials decreased, irrespective of the cell types. 
The maximum current densities at -120 mV showed no significant 
differences among cell types (p>0.05, one-way ANOVA). The 
density of Kir currents was not correlated with the density of 
either transient inward currents or outwardly rectifying currents, 
although there was significant correlation between transient 
inward and outwardly rectifying current densities (p<0.05, test 
for no correlation). RT-PCR studies employing total RNA 
extracted from peeled lingual epithelia detected mRNAs for Kir1, 
Kir2, Kir4, Kir6, and Kir7 families. These findings indicate that 
TBCs express several types of Kir channels functionally, which 
may contribute to regulation of the resting membrane potential 
and signal transduction of taste. 
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Introduction 
 

Taste buds detect taste substances in the oral 
cavity and transmit the information obtained to taste 
nerves (Podzimek et al. 2018). A typical taste bud 
contains 50-150 taste bud cells (TBCs), which are 
classified into four cell types on the basis of their 
morphology and functions: type I-IV (Murray 1973, 
Roper 2013). Type II TBCs express G protein-coupled 
taste receptors for sweet, bitter, and umami, and they 
secrete ATP as a transmitter to taste nerves through 
paracrine signaling (Adler et al. 2000, Chandrashekar  
et al. 2000, Nelson et al. 2002, Nelson et al. 2001). Type 
III TBCs are sensitive to acid substances, and they release 
serotonin through synaptic vesicle-mediated signaling 
(Huang et al. 2008, Kataoka et al. 2008, Yoshida et al. 
2009). Of close relevance to these functional differences 
among respective TBCs types is the fact that ion channels 
also express in a cell-type dependent manner: e.g. most 
outward rectifying currents in type II TBCs are 
insensitive to tetraethylammonium (TEA) and Cs+ ions, 
which are voltage-gated K+ channel blockers, whereas 
they are sensitive to TEA and Cs+ ions in type III TBCs 
(Kimura et al. 2014, Ohtubo et al. 2012). The channels 
insensitive to TEA and Cs+ ions are considered to be 
ATP-permeable channels. Recent studies have indicated 
that calcium homeostasis modulator 1 (CALHM1) and 
CALHM1/CALHM3 complex channels contribute to 
ATP secretion from type II TBCs (Kashio et al. 2019,  
Ma et al. 2017, Ma et al. 2018, Romanov et al. 2018). In 
addition, type III TBCs functionally and selectively 
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express voltage-gated Ca2+ channels for intracellular 
Ca2+-dependent exocytosis (Clapp et al. 2006, DeFazio  
et al. 2006). Therefore, it is likely that clarifying the 
relationship between the cell type and the expression of 
ion channels will help elucidate the signal transduction 
mechanisms of taste. 

Inwardly rectifying potassium (Kir) channels, 
through which more current is allowed to flow inward 
than outward, are expressed in a wide variety of tissue, 
including rodent TBCs (Kimura et al. 2014, Sun and 
Herness 1996). Kir channels are known to have diverse 
physiological functions depending on their type and their 
location. In TBCs, the Kir2.1 subtype functions as the 
acid-sensitive K+ channel to mediate sour taste 
transduction (Ye et al. 2016). Moreover, TBCs express 
ATP-gated K+ (KATP) channels that are co-expressed with 
glucose sensors on type 1 taste receptors 3  
(T1r3)-positive taste cells to function as the  
T1r-independent sweet taste of sugar (Yee et al. 2011). 
However, little is known about the electrophysiological 
properties of Kir channels in each cell type. 

In the present study, we showed that the 
membrane potential generating the Kir currents in our 
study was -80 to -90 mV, irrespective of cell types in the 
physiological conditions, that the current densities of Kir 
channels did not differ significantly between cell types, 
and that several types of Kir channel genes were 
expressed on the peeled lingual epithelia containing 
fungiform taste buds. We discuss the function of  
Kir channels in TBCs. 
 
Methods 
 

All experimental protocols were conducted in 
compliance with the Guiding Principles for the Care and 
Use of Animals in the Field of Physiological Sciences 
approved by the Council of the Physiological Society of 
Japan, and they were permitted by the Animal 
Institutional Review Board of Kyushu Institute of 
Technology, in accordance with the guidelines of the U.S. 
National Institutes of Health. 
 
Preparation of peeled lingual epithelium 

We peeled the lingual epithelium as described 
previously (Furue and Yoshii 1997, Furue and Yoshii 
1998, Ohtubo et al. 2001). Forty ddY-strain male mice 
that were used for a general multipurpose model in Japan 
were purchased from Japan SLC (Hamamatsu, Japan). In 
brief, we sacrificed, by decapitation, 5-6-week-old  

ddY-strain mice anesthetized with CO2, removed the 
tongue, hypodermically injected a collagenase solution 
into the tongue, and incubated the tongue at 25 °C for  
3-4 min. We then used forceps under a stereomicroscope 
to peel off the epithelium containing fungiform papillae. 
Then, the peeled epithelia were mounted on a recording 
platform, with the basolateral membrane side of TBCs 
facing upward. The use of this preparation on the 
recording platform, allowed us to stably perform patch 
clamp recordings or optical recordings from TBCs over 
1-2 h, as reported previously (Furue and Yoshii 1997, 
Furue and Yoshii 1998, Hayato et al. 2007, Ohtubo et al. 
2001). 
 
In situ whole-cell recordings 

We used 24 mice to record voltage-gated 
currents using a conventional patch clamp method 
(Bebarova et al. 2015, Wen et al. 2017). Voltage-gated 
currents of fungiform TBCs were assessed under in situ 
whole-cell voltage-clamp conditions, as described 
previously (Furue and Yoshii 1997, Higure et al. 2003). 
In brief, the peeled epithelia containing TBCs that were 
mounted on the recording platform were placed under 
a microscope (BX50; Olympus corporation, Tokyo, 
Japan) with a 60× water-immersion objective. Recording 
electrodes were attached to the basolateral membranes of 
single TBCs. Under the voltage-clamp condition, voltage-
gated currents were amplified and filtered at 10 kHz 
using a voltage-clamp amplifier (Axopatch 200B; Axon 
Instruments, CA, USA). Data were digitized using an 
A/D converter (Digidata 1322A; Axon Instruments) and 
were then stored using pCLAMP data acquisition and 
analysis software (ver. 9.0; Axon Instruments) on 
a personal computer. The recording electrode was filled 
with an intracellular KCl solution containing 2 mg/ml 
biocytin (Sigma-Aldrich, MO, USA) to identify cell types 
following immunohistostaining. The pipette resistance 
was approximately 5 MΩ in physiological saline. 

Voltage-gated currents were generated with  
40-ms test potentials of -120 to +80 mV in 5-mV steps 
every 1 s from a holding potential of -70 mV as a test 
pulse, unless noted otherwise. We attained a mean current 
of 38-40 ms at -120 mV by subtracting leak currents. The 
magnitude of the leak current at -120 mV was estimated 
by extrapolating the current-voltage relationships 
obtained between -70 and -50 mV. The membrane 
capacitance of TBCs was measured using pCLAMP data 
acquisition and analysis software. The magnitude of the 
maximal and mean currents (pA) through the ion 
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channels were divided by the membrane capacitance (pF) 
of their respective TBCs to obtain the current density 
(pA/pF). Further, we compared the current density thus 
obtained among the respective cell types. 
 
Identification of cell types immunohistochemically 

Following the patch clamp experiments, we 
stained the peeled epithelium with cell-type-specific 
antibodies to identify cell types of electrophysiologically 
recorded TBCs, as described previously (Kimura et al. 
2014, Ohtubo et al. 2012). In brief, the peeled epithelia 
containing the biocytin-injected TBCs were fixed with 
4 % paraformaldehyde in phosphate-buffered saline 
(PBS), and they were then pre-treated with blocking 
solution containing 3 % normal donkey serum, 0.3 % 
Triton X, and 1 % bovine serum albumin in PBS for 4 h 
at 25 °C. Lastly, immunostaining was carried out using 
primary antibodies dissolved in blocking solution for  
24-48 h at 4 °C. After washing with PBS, the epithelia 
were incubated with Alexa Fluor-conjugated secondary 
antibodies and Alexa Fluor 633-conjugated streptavidin 
(1:100, S21375; Molecular Probe, CA, USA) for 24-48 h 
at 4 °C. 

In this immunohistochemical experiment, we 
selected the cell-type markers IP3R3 for type II cells and 
selected synaptosomal-associated protein 25 (SNAP-25) 
for type III cells in accordance with previous reports 
(Clapp et al. 2001, Ohtubo and Yoshii 2011, Yang et al. 
2000). Anti-IP3R3 mouse monoclonal antibody (1:50, 
BD-610312; BD Transduction Laboratories, KY, USA), 
and anti-SNAP-25 rabbit polyclonal antibody (1:1000, 
S9684; Sigma-Aldrich, MO, USA) were purchased from 
respective suppliers and used as primary antibodies. 
Alexa Fluor 488-conjugated donkey anti-rabbit IgG 
(1:400, A21206; Molecular Probe, OR, USA) and Alexa 
Fluor 555-conjugated donkey anti-mouse IgG (1:400, 
A31570; Molecular Probe, OR, USA) were used as 
secondary antibodies for primary antibodies of 
corresponding origin. 

Immunostained epithelial preparations were 
viewed under a confocal microscope (TCS-SL; Leica 
Microsystems, Mannheim, Germany) as described 
previously (Ohtubo and Yoshii 2011). Confocal images 
were averaged from two or three images for each focal 
plane and were obtained over the entire length of the taste 
buds, with sequential acquisition in 1.5-µm steps and at 
optimal wavelengths for respective fluorescent dyes. 
Analysis of the averaged confocal images was performed 
using LAS AF Lite software (ver. 2.6.3; Leica 

Microsystems) and Scion Image software (ver. β4.03; 
Scion Corporation, Frederick, MA, USA). 

The soma of biocytin-injected TBCs were 
observed as fluorescent oval shapes and those of cell type 
markers as immunoreactive rings (Fig. 1D). In the 
overlay image, when either of the cell type markers 
surrounded the soma of a biocytin-injected TBC, we 
identified the TBC as either type II or III. When 
a biocytin-injected TBC was non-immunoreactive to both 
markers and contained apical portions, we identified the 
TBC as a type I cell. 
 
Reverse transcription polymerase chain reaction  
(RT-PCR) 

To screen for Kir channel gene expression, we 
performed reverse transcription polymerase chain 
reaction (RT-PCR) experiments, similar to our previous 
studies (Eguchi et al. 2008, Hayato et al. 2007, Mori  
et al. 2016). In brief, we immediately homogenized 
peeled lingual epithelia containing fungiform taste buds 
in ISOGEN (317-02503; NIPPON GENE, Tokyo, Japan) 
and extracted total RNA from the epithelia in ISOGEN 
according to the manufacturer’s protocol. The extracted 
total RNA was incubated with DNase I solution (2270A; 
Takara Bio Inc., Siga, Japan) to remove any 
contaminating-genomic DNA. The cDNA synthesis and 
PCR were performed using QIAGEN One-Step RT-PCR 
kits (210212; QIAGEN, Hilden, Germany), unless noted 
otherwise. Total RNA (1 μl) was added to each premixed 
RT-PCR solution containing its own primer sets 
(Table 1). Reverse transcription was performed at 55 ℃ 
for 30 min. PCR cycles consisted of an initial step of 
95 ℃ for 15 min and 40 subsequent cycles of 94 ℃ for 
30 s (denaturation), 58 ℃ for 60 s (annealing), 72 ℃ for 
90 s (extension), and a final extension step of 72 ℃ for 
10 min with a thermal cycler (GeneAtlas; ASTEC Co., 
Ltd, Fukuoka, Japan). Amplicons were analyzed using 
2 % of agarose gel electrophoresis, stained with ethidium 
bromide, and visualized using UV illumination. 

Specific primers for genes of TBC markers and 
Kir channels, apart from Kir6.2 (KCNJ11), were 
designed to span at least one intron by using Primr3Plus 
(web interface for primer design; 
http://www.bioinformatics.nl/primer3plus), as shown in 
Table 1. Using total RNAs extracted from brain, heart, 
and skeletal muscle, we confirmed that the designed 
primer sets, apart from Kir3.1 and Kir4.2, yielded a clear 
single band of the correct size. The primer set for Kir3.1 
and Kir4.2 was designed to detect two isoforms. For the 
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Kir6.2 (KCNJ11) gene, which has a single exon, in each 
experiment, we conducted PCR without the RT reaction 
in parallel with RT-PCR to confirm contamination of 
genomic DNA. The experimental conditions for this PCR 
reaction were as follows: total RNA (1 μl) was added to 
premixed PCR solution (KOD-plus-; KOD-201, 
TOYOBO CO., LTD, Japan), and PCR cycles consisted 
of an initial step at 94 ℃ for 2 min, 40 subsequent cycles 

at 94 ℃ for 30 s, 58 ℃ for 60 s, 68 ℃ for 60 s, and  
a final extension step at 68 ℃ for 10 min. We then 
confirmed that amplicons using primer sets for Kir6.2 
yielded no clear single band without RT reaction. The 
housekeeping gene β-actin was used for positive control 
of peeled epithelium, brain, heart, and skeletal muscle. 
PLCβ2 and SNAP-25 were used for TBC markers as  
a positive control. 

 
 
Table 1. Sequences of primer sets used for RT-PCR. 
 

Gene (MGI symbol) Forward primer 5' - 3' Reverse primer 5' - 3' 
Product size 

(bp) 

Kir1.1 (KCNJ1) CCTCAAAGAAGTCGGCCTTT CCCTGATCAGCACTCTGCAC 110 
Kir2.1 (KCNJ2) CTTGCTTCGGCTCATTCTCT AAGATGTCTGCCAGGTACCT 554 
Kir3.1 (KCNJ3) AAAAGCTGGAGCAAAAGCCG GGGCCACCTCTTACCTTTCC 519 (789) 
Kir2.3 (KCNJ4) GACCCTCCTCGGACCTTAC AAGATGTCTGCCATGTAGCG 209 
Kir3.4 (KCNJ5) CTTATCAAGTCCCGGCAGAC CTGGGAAGGTACTGGAGGAG 434 
Kir3.2 (KCNJ6) TTCCCCTCAACCAGACTGAT AGCTGAGCCTATAAGGAGGG 570 
Kir6.1 (KCNJ8) TGGCCACTAGCACCTCTATC CCTGACATTGGTCACACAGA 719 
Kir3.3 (KCNJ9) TTTCTCGTCTCACCTCTCGT CTTTAGCTGTTCCTCGGGAC 578 
Kir4.1 (KCNJ10) CCCGGACAAACCCTTATCTG CACACCACACCAAAGAGGAA 411 
Kir6.2 (KCNJ11) ATAAGGCAGGCTTGTGTGAG TGCCTGAAGTGCATCTTGTA 258 
Kir2.2 (KCNJ12) TCCTTGTCTAGTTCAGGCCA ATGTTGCACTGACCGTTCTT 521 
Kir7.1 (KCNJ13) TCACAGCTGCATTCTCCTTC AGAGTACAGCAGAGACACGA 309 
Kir2.4 (KCNJ14) GACCTGTTCACCACATGTGT CGATCAGTGCCTCCATCAAA 569 
Kir4.2 (KCNJ15) ATAGCAGAGCCCCATGGTAG CACTCCTCTGTGATGGAACG 510 (522) 
Kir5.1 (KCNJ16) TAACCCTTGCAAGCTGAGAG CATATGGCGCCACTTGGTAT 382 
β-actin (Actb) GTAAAGACCTCTATGCCAACAC GTGTAAAACGCAGCTCAGTAAC 289 
PLCβ2 (Plcb2) CTCGCTTTGGGAAGTTTGC GCATTGACTGTCATCGGGT 226 
SNAP25 (Snap25) GGCAATAATCAGGATGGAGTAG AAATTTAACCACTTCCCAGCA 310 

 
 
Solutions 

All solutions were prepared with deionized 
water and analytical grade reagents, which were 
purchased from Wako Pure Chemical Industries (Osaka, 
Japan), unless noted otherwise. The physiological saline 
solution contained 150 mM NaCl, 5 mM KCl, 2 mM 
CaCl2, 0.5 mM MgCl2, 10 mM glucose, and 5 mM 
HEPES-NaOH (pH 7.4; Sigma-Aldrich, MO, USA). The 
intracellular KCl solution contained 120 mM KCl, 
2.4 mM CaCl2, 5 mM MgCl2, 10 mM EGTA (Dojindo 
Laboratories, Kumamoto, Japan), 30 mM KOH, 5 mM 
Na2ATP, 0.3 mM Na3GTP, 10 mM HEPES-KOH 
(pH 7.2; Sigma-Aldrich, MO, USA), and 2 mg/ml 
biocytin (Sigma-Aldrich, MO, USA). The collagenase 
solution consisted of 4 mg/ml collagenase type I  
 

dissolved in physiological saline. PBS contained 137 mM 
NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, and 1.47 mM 
KH2PO4. 
 
Statistics 

Data of current densities obtained from the 
respective cell types (I-III) were analyzed using one-way 
ANOVA following Scheffe’s multiple comparison test. 
Bartlett’s test was used to determine whether the 
population showed equal variances among samples. 
A test for no correlation was used to determine the 
correlation between the current densities. The data are 
shown as means ± standard deviations (SDs), unless 
noted otherwise. 
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Results 
 
Identification of cell types 

To avoid misidentification, we injected biocytin 
into only one TBC in each lingual epithelium during the 
electrophysiological examinations. The injected biocytin 
diffused into the whole subcellular space of TBCs, 
including apical portions and the nuclei (Fig. 1). In 
contrast, the immunoreactive regions for IP3R3 and SNAP-
25 were observed as a ring surrounding the nucleus of 
TBCs. These confocal images were similar to those 
obtained in previous reports (Kimura et al. 2014, Ohtubo et 

al. 2012). When either of the cell type markers surrounded 
the cell body of a biocytin-injected TBC, we identified the 
TBC as either type II or type III (Fig. 1). When a biocytin-
injected TBC was non-immunoreactive to both markers 
and contained apical portions, we identified the TBC as  
a type I cell because type IV cells are oval and do not 
contain apical portions. We successfully injected biocytin 
into 24 TBCs, resulting in the identification of four type I, 
seven type II, and five type III cells following the 
electrophysiological recordings. The cell types of the eight 
remaining TBCs could not be identified because they were 
lost during the immunohistostaining processes. 

 
 

 
 
Fig. 1. Representative traces of voltage-gated currents obtained from a type I cell (non-immunoreactive cell, non-IRC), a type II cell 
(IP3R3-IRC), and a type III cell (SNAP-25-IRC). Row (A): A family of voltage-gated currents obtained from the TBC. The currents are 
generated by test potentials from -120 to +80 mV in 5-mV increments from the holding potential of -70 mV. Row (B): Current-voltage  
(I-V) curves of respective TBCs, as shown in Row A. Symbols: peak transient inward current magnitude (closed circles) and averaged 
outwardly rectifying current magnitude (open squares), as shown in Row A. Row (C): Magnified I-V curves indicating the inwardly 
rectifying K+ currents. Arrow heads indicate the equilibrium potentials of K+ ions under our experimental conditions. Row (D): 
Immunoreactivity of cell type markers (green; SNAP-25, red; IP3R3) and biocytin-injected TBCs (blue), from which these currents were 
recorded. Scale bars, 10 μm. 
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Inward rectifying K+ currents 

TBCs of each cell type generated inward 
rectifying K+ (Kir) currents, in addition to outwardly 
rectifying currents and transient inward currents (Fig. 1). 
The membrane potential generating the Kir currents was 
at -80 to -90 mV, irrespective of cell type, and the 
magnitudes of the currents increased almost linearly with 
decreasing membrane potentials. The mean membrane 
capacitances of respective cell types were 6.0±0.3 pF 
(mean ± S.D, n=4) in type I cells, 5.8±1.0 pF (n=7) in 
type II cells, 5.9±1.1 pF (n=5) in type III cells, which is 
consistent with previous studies on the membrane 
capacitance of TBCs (Iwamoto et al. 2020, Kimura et al. 
2014). There were no significant differences among the 
membrane capacitances of each cell type (p>0.05, one-
way ANOVA). The mean current densities, i.e. the mean 
currents in magnitude divided by membrane capacitance, 
of Kir currents were -20.9±13.0 pA/pF (mean ± S.D, n=4) 
in type I cells, -20.8±15.6 pA/pF (n=7) in type II cells, 
and -19.3±6.0 pA/pF (n=5) in type III cells at -120 mV 
(Fig. 2). Although variance in type I and type II cells 
tended to be larger than that in type III cells, there was 
homogeneity of variance (p>0.05, Bartlett’s test). There 
was no significant difference among cell types (p>0.05, 
one-way ANOVA). These finding indicate that TBCs 
functionally express Kir channels with similar current 
density among cell types, although the current density 
appears to differ between individual cells. 
 
 

 
 
Fig. 2. Comparison of inwardly rectifying potassium current 
densities between cell types. Plotted data are current densities, 
i.e. current magnitude at -120 mV divided by the membrane 
capacitance of respective cells. Horizontal and vertical bars 
indicate means and SDs, respectively. There were no significant 
differences in the current densities between cell types (p>0.05, 
one-way ANOVA). Numerals in parentheses indicate the number 
of TBCs examined. 
 
 

To examine the relationship between the 
functional expression of Kir channels and of other 
voltage-gated channels, we compared the correlation of 
the current densities of ion channels (Fig. 3). There were 
no correlations either between the density of Kir currents 
and that of transient inward currents, or between the 
density of Kir currents and that of outwardly rectifying 
currents. Conversely, there was significant correlation 
between the density of transient inward currents and that 
of outwardly rectifying currents (p<0.05, test for no 
correlation). According to previous pharmacological 
studies, the voltage-gated transient inward currents likely 
arise from the activation of voltage-gated Na+ channels 
(Furue and Yoshii 1997, Higure et al. 2003, Noguchi  
et al. 2003). Therefore, significant correlation between 
voltage-gated Na+ and outwardly rectifying currents 
facilitates the formation of action potentials. 
 
RT-PCR 

A total of 15 Kir subunit genes have been 
identified and classified into seven (Kir 1-7) subfamilies 
(Hibino et al. 2010, Reimann and Ashcroft 1999). To 
study the gene expression of these Kir subunits, we 
performed RT-PCR experiments using total RNA 
extracted from mouse peeled lingual epithelia containing 
fungiform taste buds. The results of RT-PCR revealed the 
expression of KCNJ1, KCNJ4, KCNJ10, KCNJ11, 
KCNJ12, KCNJ13, KCNJ14, and KCNJ15 (Fig. 4). 
Although KCNJ2 and KCNJ3 genes in the control 
experiments were detected by clear bands of the correct 
molecular size, those in the peeled lingual epithelia 
showed multiple bands. Thus, the expression of these two 
genes is unclear. The same results were obtained four 
times in independent experiments. 
 
Discussion 
 

In this study, the main finding is that all type I-III 
cells generate inwardly rectifying K+ (Kir) currents 
activated at -80 to -90 mV in our experimental condition. 
In addition, we have shown that the densities of the 
currents flowing Kir channels do not differ significantly 
between cell types. Therefore, it is likely that the functional 
significance of Kir channels may be in serving common 
roles, e.g. maintenance of the resting potentials, in addition 
to cell-type-specific roles, as contributions to sour and 
sugar taste transduction. To function in these various roles, 
TBCs express multiple types of genes for Kir channels, as 
indicated in both this study and previous studies (Ye et al. 
2016, Yee et al. 2011). 
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Fig. 3. Correlation between densities 
of inwardly rectifying potassium 
currents and other voltage-gated 
currents. There were no correlations 
either between the density of inwardly 
rectifying potassium currents and 
transient inward currents (A), or 
between the density of inwardly 
rectifying potassium currents and 
outwardly rectifying currents (B). 
Conversely, there was significant 
correlation between the density of 
transient inward currents and 
outwardly rectifying currents (C); 
p<0.05, test for no correlation). 
 

 

 
 
Fig. 4. Expression of Kir1, Kir2, Kir4, Kir6, and Kir7 mRNAs in peeled lingual epithelia. (A) Control studies with the primer sets used. 
Total RNAs were extracted from organs, such as mouse brains (br), hearts (he), and skeletal muscles (sk), in which the expression of 
respective Kir mRNAs was reported. Numerals in each line indicate expected product sizes. Examined primer sets, except for Kir3.1 and 
Kir4.2, yielded a clear single band with a correct size. The primer set for Kir3.1 and Kir4.2 was designed to detect two isoforms.  
(B) RT-PCR studies using total RNA extracted from peeled lingual epithelia containing fungiform taste buds detected the mRNAs of 
Kir1.1, Kir2.3, Kir4.1, Kir6.2, Kir2.2, Kir7.1, Kir2.4, and Kir4.2. Identical results were obtained in other RT-PCR experiments. Positive 
controls: β-actin, PLCβ2, and SNAP-25. M denotes molecular size markers. 
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In all cell types, the Kir current was generated at 
-80 to -90 mV, and it increased almost linearly with 
decreasing membrane potentials. The equilibrium 
potential (EK) of K+ ions was approximately -86 mV 
under our experimental conditions. As Kir channels are 
known to generate a large K+ conductance at membrane 
potentials negative to EK, our findings obtained from 
TBCs are consistent with this feature of Kir channels 
expressed in other tissues (Hibino et al. 2010). 

The correlation coefficient between the density 
of Kir currents and transient inward currents was 0.23, 
and that between that of Kir currents and outwardly 
rectifying currents, which are non-correlated (p>0.05, test 
for no correlation), was -0.29. However, there was 
significant correlation between the density of transient 
inward currents and outwardly rectifying currents (-0.59; 
p<0.05, test for no correlation). Irrespective of cell types, 
the transient inward currents are voltage-gated  
Na+ currents based on electrophysiological and 
pharmacological relevant properties, as reported 
previously (Higure et al. 2003, Kimura et al. 2014, 
Ohtubo et al. 2012). Conversely, most of the outwardly 
rectifying currents in type III cells are voltage-gated  
K+ currents and those in type II cells are Cs+-insensitive 
currents, likely ATP-permeable currents (Kimura et al. 
2014, Romanov et al. 2007). As both voltage-gated K+ 
and ATP-permeable currents contribute to the falling 
phase of action potentials, it stands to reason that there is 
significant correlation between the density of transient 
inward currents and that of outwardly rectifying currents. 

Although the resting membrane potential of 
individual TBCs is unclear, the differences in the resting 
membrane potentials of individual type II cells may affect 
the taste signal transduction. Type II cells that detect 

umami, bitter, and sweet substances secrete ATP to taste 
nerve endings as a predominant transmitter via membrane 
depolarization with action potentials. Because the 
equilibrium between closed and inactivated states of 
voltage-gated Na+ channels depends on the membrane 
potentials, the membrane potential just before receiving 
the taste substances may affect the ATP secretion. If 
a TBC has shallower resting membrane potentials, the 
number of inactivated Na+ channels increases. Hence, the 
action potential dependent-ATP secretion in this TBC 
may be decreased. In this study, we detected mRNAs for 
Kir6.2, although the Kir6.2-expressing cell types were 
unclear. Kir6.2 is a subunit of ATP-sensitive K+ channels 
(Hibino et al. 2010, Nichols 2006). It is possible that if 
some type II cells express Kir6.2 channels, individual 
type II cells may have different resting membrane 
potentials, as the intracellular concentration of ATP and 
ADP controls channel activity. These electrophysio-
logical differences in individual type II cells might be 
important for taste signal transduction. Further 
experiments using a combination of patch clamp 
recording and single-cell RT-PCR are necessary to clarify 
the relationships between the resting membrane potentials 
of type II cells, the expression of Kir6.2 channels, and the 
signal transduction of taste. 
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