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Abstract
Despite the identification of cholangiocytes in the liver and unipolar brush cells in the cerebellum as sites of expression, the
physiological function of the bile acid-sensitive ion channel (BASIC) remains unknown. Rat BASIC (rBASIC) and mouse
BASIC (mBASIC) share 97% of their amino acid sequence but show strikingly different biophysical properties. rBASIC is
inactive at rest while mBASIC is constitutively active, when expressed in Xenopus oocytes. This conundrum rendered the
identification of the physiological function even more difficult. In this study, we investigated the electrophysiological and
pharmacological properties of BASIC from rat, mouse, and human in Hek293 cells using the patch clamp technique.
Surprisingly, in Hek293 cells, rBASIC and mBASIC showed almost completely identical properties. Both are blocked by
extracellular Ca2+ and thus are inactive at rest; both are selective for Na+, show similar affinities for extracellular Ca2+, were
inhibited by diminazene, and activated by various bile acids. This is in contrast to previous results derived from Xenopus oocytes
as expression system and suggests that the cell type is important for shaping the biophysical properties of BASIC. Furthermore,
we compared hBASIC with rBASIC and mBASIC and observed similar properties between these channels with one exception:
the bile acid sensitivity profile of hBASIC is different from rBASIC and mBASIC; hBASIC is more sensitive to bile acids which
are abundant in human bile but not in rodent bile. Taken together, these results suggest similar physiological roles for BASIC in
different species.
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Abbreviations
ASIC Acid-sensing ion channel
BASIC Bile acid-sensitive ion channel
CA Cholic acid
CDCA Chenodeoxycholic acid
DCA Deoxycholic acid
ENaC Epithelial Na+ channel
HDCA Hyodeoxycholic acid
LCA Lithocholic acid
UDCA Ursodeoxycholic acid

Introduction

The bile acid-sensitive ion channel (BASIC) is a member of
the DEG/ENaC family of ion channels [13, 14, 25]. The fam-
ily is comprised of several subfamilies from different species
with different expression patterns and a large variety of func-
tion ranging from mechanosensation in C. elegans [2, 6], and
peptide-driven neuronal signal transmission in mollusks [16]
and Hydra [1, 7] to epithelial reabsorption [4] and pain sensa-
tion in higher animals [24]. In higher animals, the neuronal
proton-gated acid-sensing ion channels (ASICs) form the larg-
est DEG/ENaC subfamily, followed by the epithelial Na+

channel (ENaC) subfamily. BASIC represents the third sub-
family [25]. DEG/ENaC channels form homo- or
heterotrimeric channels, each subunit is characterized by two
transmembrane segments which are linked on the extracellular
side by a large glycosylated domain. The N- and C-terminus
protrude into the cytosol [12, 30].
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BASIC is mainly found in the brain, liver, and intestinal
tract but to a weaker extent also in the testes, lung, and kidney
[17, 19]. In the liver, BASIC expression is restricted to
cholangiocytes [25, 28], the epithelial cells, which line the bile
duct and modify bile composition. In the brain, BASIC is
expressed in a subset of unipolar brush cells in the cerebellum
[3]. The function of BASIC neither in the liver nor in the brain
is known [3, 28]. As the name bile acid-sensitive ion channel
suggest, bile acids are natural activators of BASIC. Milimolar
concentrations of various bile acids can robustly and revers-
ibly activate BASIC [25, 28, 29]. This stimulatory effect of
bile acids on BASIC is putatively not direct but rather an
indirect bile acid-dependent alteration of the channel’s mem-
brane surrounding, which induces the opening of the channel
[20, 21]. Consequently, specific membrane properties of dif-
ferent cell types, which express BASIC, may determine the
physiological function of the channel in this particular cell
type. Another study proposed that the degenerin region within
the transmembrane domain of hBASIC is involved in bile acid
sensitivity [11].

BASIC from rat and mouse share 97% sequence iden-
tity [17] but despite this similarity, they are characterized
by different electrophysiological and pharmacological
properties. When expressed in Xenopus oocytes, rBASIC
and hBASIC show a weak constitutive activity. In this
low activity resting state, the channels are not selective
for Na+ over K+ [26]. mBASIC on the other hand is high-
ly active at rest and selective for Na+ over K+. This dif-
ference is due to one amino acid change between rBASIC
and mBASIC. At position 387, rBASIC contains a serine,
mBASIC an alanine. This amino acid difference leads to
drastic changes in their affinity for extracellular Ca2+ [26].
While rBASIC has a high affinity for Ca2+, which blocks
the channel at physiological concentrations of extracellu-
lar Ca2+, mBASIC has a very low affinity for Ca2+ and is
not blocked by physiological concentrations of Ca2+ex.
Interestingly, hBASIC, just like mBASIC, contains an al-
anine at this crucial position; however, the channel shows
the same biophysical properties like rBASIC: weak rest-
ing activity due to a high affinity block by Ca2+. Another
difference between rBASIC, hBASIC, and mBASIC is
their different affinity for the diuretic amiloride, a general
blocker of DEG/ENaC channels. While rBASIC is only
partly inhibited by amiloride with a low affinity, mBASIC
is inhibited by amiloride with a dramatically higher ap-
parent affinity [26]. Another inhibitor of DEG/ENaCs is
the diarylamidine diminazene [27]. Interestingly, no dif-
ference in apparent affinity for diminazene is observed
between rBASIC and mBASIC.

Because most studies on BASIC were performed
using Xenopus oocytes as heterologous expression sys-
tem [17, 19, 26–28], we aimed to verify these data
using a different heterologous system. We expressed

rBASIC, mBASIC, and hBASIC in Hek293 cells and
screened various typical electrophysiological and phar-
macological features of BASICs. While some results
for rBASIC and hBASIC were expected and similar to
results from Xenopus oocyte experiments, the results we
obtained for mBASIC were surprising and strikingly
different than expected. mBASIC behaved very similar
to rBASIC and hBASIC. We conclude that the expres-
sion system strongly affects key properties of these
channels and suggest that the membrane composition
is responsible for this difference.

Materials and methods

Molecular biology

cDNA of rBASIC (GenBank™ accession no. NM_022227),
mBASIC (GenBank™ accession no. NM_022227), and
hBASIC (GenBank™ accession no. NM_017419) were
cloned into the vector pDNA3.1.

Whole cell patch clamp recordings

Whole cell patch clamp measurements on Hek293 cells were
conducted as described previously [21]. Patch pipettes of 4–
6 MΩ resistance filled with (in mM) 10 NaCl, 121 KCl, 2
MgCl2, 5 EGTA, 2 Na2-ATP, 10 HEPES, and pH 7.25 were
used. The bath solution contained (in mM) 128 NaCl, 5.4
KCl, 1 MgCl2, 2 CaCl2, 5.55 glucose, 10 HEPES, and
pH 7.4 with NaOH. Osmolarity was adjusted with sucrose to
280 mosmol/l for the pipette solution and to 290 mosmol/l for
the extracellular solution. Data were acquired using an Axon
Digidata 1440A and an Axon Axopatch 200B and recorded,
filtered at 2 kHz and digitized at 20 kHz and analyzed using
the pClamp software (Axon Instruments, Molecular Devices,
Sunnyvale, CA). All experiments were conducted at room
temperature.

Chemicals

Taurocholic acid (CA), taurodeoxycholic acid (DCA),
taurochenodeoxycholic acid (CDCA), taurolithocholic
acid (LCA), and taurohyodeoxycholic (HDCA) acid
were purchased from Sigma Aldrich (Germany).
Tauroursodeoxycholic (UDCA) acid was purchased from
Merck (Germany). Bile acids induce unspecific currents
in Xenopus oocytes when applied at solubilizing con-
centrations. To avoid unspecific currents the maximal
concentrations used in this study were 1 mM for DCA
and CDCA; 2 mM for CA, HDCA, and LCA; and
7.5 mM for UDCA.
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Data analysis and statistics

Data were analyzed using the software IgorPro (WaveMetrics,
Lake Oswego, OR) and are presented as means ± S.E.
Statistical significance was calculated using Student’s un-
paired t test.

Concentration-response curves for [Ca2+]ex, UDCA and
diminazene were fitted with a Hill function:

I ¼ Imax–I0= 1þ EC50= c½ �ð Þn½ � ð1Þ
where Imax is the maximal current, I0 is the residual current, [c]
is the concentration of the substance, n is the Hill-coefficient,
and EC50 is the concentration at which half-maximal response
occurs.

Results

BASIC from different species is inactive at rest
and inhibited by physiological concentrations
of extracellular Ca2+

The heterologous expression of BASIC from rat, mouse, and
human revealed complete inactivity at rest and activation upon
removal of extracellular divalent cations (−Ca2+) (Fig. 1). The
resulting currents did not desensitize and were reversed upon
increase of the extracellular −Ca2+-concentration. Current am-
plitudes where similar between rat, mouse, and human BASIC
(rBASIC, 556 ± 83 nA; mBASIC, 525 ± 116 nA; and
hBASIC 509 ± 70 nA) (Fig. 1b). This result was somewhat
unexpected since mBASIC is active at rest when expressed in
Xenopus oocytes und suggested that the cellular surrounding

of the channel is important for its electrophysiological
properties.

Next, we aimed at defining the apparent affinity of all three
channels for extracellular −Ca2+. Decreasing concentrations
of extracellular −Ca2+ were applied to Hek293 cells express-
ing the respective channel, increasing the BASIC conducted
inward current (Fig. 2a). The apparent EC50 for [Ca

2+]ex was
38 ± 2 μM (n = 8) for rBASIC, which is approximately four-
fold lower compared to expression in Xenopus oocytes
(10 μM) [26] (Fig. 2b). For hBASIC, the apparent EC50 for
[Ca2+]ex was 12 ± 0.5 μM (n = 8), which is also similar to
results obtained with expression Xenopus oocytes (18 μM)
[15]. Different to expression in Xenopus oocytes, mBASIC
in Hek293 cells showed the highest apparent affinity for
[Ca2+]ex (EC50, 6 ± 0.01 μM, n = 8) (Fig. 2b). Taken together
physiological concentrations of extracellular divalent cations
almost completely inhibit all three orthologs, suggesting that
extracellular divalent cations stabilize their inactive resting
state when heterologously expressed in Hek293 cells. Only
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Fig. 1 rBASIC, mBASIC, and hABSIC are activated by removal of
extracellular Ca2+. a Representative current traces of Hek293 cells
expressing rBASIC (blue), mBASIC (green), or hBASIC (red) and
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70 mV. b Quantitative analysis of current amplitudes from a.
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Fig. 2 rBASIC, mBASIC, and hABSIC are inhibited by physiological
concentrations of extracellular Ca2+. a Representative current traces of
Hek293 cells expressing rBASIC (blue), mBASIC (green), and hBASIC
(red) activated by decreasing concentrations of extracellular Ca2+. b
Concentration-dependent inhibition of rBASIC, mBASIC, and hABSIC
by [Ca2+]e. Currents were normalized to the maximum current in the
presence of 10 nM [Ca2+]ex; n = 8. Error bars, S.E
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under non-physiological concentrations of [Ca2+]ex, the three
channels were active.

Rat and mouse BASIC have similar pharmacological charac-
teristics Rat BASIC is strongly activated by millimolar con-
centrations of various bile acids. Among those bile acids,
ursodeoxycholic acid (UDCA) is one of the most potent acti-
vators. In contrast, mBASIC is not affected by bile acids when
expressed in Xenopus oocytes [28]. To analyze the sensitivity
of rBASIC and mBASIC in Hek293 cells, we tested the effect
of UDCA in the absence and presence of [Ca2+]ex.

We applied increasing concentrations of UDCA on
Hek293, which resulted for both rBASIC and mBASIC in a
reversible dose-dependent increase in current amplitude
(Fig. 3a). The apparent affinity for UDCA of rBASIC and
mBASIC was in a similar range; however, the EC50 of
UDCA for rBASIC was slightly but significantly lower than
for mBASIC (rBASIC 2.7 ± 0.1 mM, mBASIC 4.5 ±
0.03 mM, n = 8). Surprisingly, the current amplitude of
rBASIC at all concentrations of UDCA was dramatically
higher compared to mBASIC suggesting that the efficacy of
UDCA is higher for rBASIC than for mBASIC (Fig. 3a).

We repeated the experiment in the absence of divalent cat-
ions. The apparent affinity of UDCA for both rBASIC and
mBASIC was not significantly affected by the absence of

divalent cations (rBASIC 1.7 ± 0.1 mM, mBASIC 3.5 ±
0.03 mM, n = 9) (Fig. 3b). However, we did not observe a
difference in efficacy of UDCA for rBASIC and mBASIC.
The maximum current amplitudes at 7.5 mM UDCA of both
rBASIC andmBASICwere similar (rBASIC 2.8 nA ± 0.8 nA,
mBASIC 2.7 ± 0.6 nA, n = 9). Taken together, despite some
variations in apparent affinity for UDCA and UDCA efficacy,
rBASIC and mBASIC expressed in Hek293 cells behave
more similar in response to UDCA than when expressed in
Xenopus oocytes.

Diminazene is a potent inhibitor of ASICs [5, 22] and
BASIC [27]. All three channels were almost completely
inhibited by 100 μM diminazene when activated either by
extracellular Ca2+-removal or 5 mM UDCA (rBASIC,
mBASIC) or DCA (hBASIC) respectively (Fig. 4). Next, we
determined the apparent affinity of rBASIC and mBASIC for
diminazene (Fig. 5). Increasing concentrations of diminazene
were applied inducing a dose-dependent decrease in current
amplitude (Fig. 5a, c). Similar to Xenopus oocytes, the appar-
ent affinities of rBASIC and mBASIC for diminazene were in
a similar micromolar range (IC50 [-Ca2+]ex rBASIC, 7.9 ±
1.9 μM; mBASIC, 16.8 ± 5.6 μM; IC50 UDCA rBASIC, 5
± 1.6 μM; mBASIC, 3.7 ± 0.4 μM; n = 9) (Fig. 5b, d).

rBASIC expressed in Xenopus oocytes is characterized by
an unselective ion pore in its low activity resting state [26] and
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when activated by bile acids [28]. However, upon relief of the
Ca2+-block, the channel becomes more selective for Na+ [26].
hBASIC shows similar characteristics [15]. However,
mBASIC is more selective for Na+ over K+ [26]. We analyzed
the selectivity of rBASIC and mBASIC by determining the
current-voltage relation of rBASIC and mBASIC when acti-
vated by relief from the Ca2+-block or 5 mM UDCA. Both,
rBASIC and mBASIC, showed similar current-voltage rela-
tions either upon activation by removal of extracellular diva-
lent cations (Fig. 6a) or by application of UDCA (Fig. 6b).
The reversal potential was in the range of + 25 to + 30 mV
(rev. pot.: rBASIC[-Ca2+]ex, 27.3 ± 3.9 mV; mBASIC[-Ca2+]ex,
24.6 ± 3.5 mV; rBASICUDCA, 32.5 ± 2.8 mV; mBASICUDCA,
28.3 ± 3.2 mV; n = 8). This indicates that rBASIC and
mBASIC are selective for Na+ over K+ and is in line with
previous results for mBASIC and rBASIC, when activated
by extracellular divalent removal.

Taken together, in Hek293 cells, rBASIC and mBASIC
show similar electrophysiological and pharmacological fea-
tures, which is in contrast to expression in Xenopus oocytes.
This suggests that the expression system and possibly the

plasma membrane may affect biophysical properties of these
highly similar ion channels differently.

The bile acid sensitivity profile of hBASIC is different
from rBASIC and mBASIC

The composition of bile acids varies between species. Rat and
mouse bile is mainly composed of cholic acid (CA), β-
muricholic acid (βMCA), and hyodeoxycholic acid (HDCA)
[18]. Human bile on the other hand contains mainly CA,
deoxycholic acid (DCA), and chenodeoxycholic acid
(CDCA) [8, 23]. In Xenopus oocytes, hBASIC was most po-
tently activated by CDCA, one of the most abundant bile acids
in humans. UDCA or HDCA only weakly activated hBASIC
[28]. rBASIC on the other hand was most potently activated
by HDCA and UDCA [28]. Here, we re-evaluate the differ-
ences in bile acid profiles for rBASIC, mBASIC, and hBASIC
in Hek293 cells. All six bile acids tested resulted in robust
responses. For rBASIC, the strongest response was induced
by HDCA and UDCA. CA, LCA, DCA, and CDCA induced
similar responses. For mBASIC, different bile acids induced
similar responses (Fig. 7). hBASIC showed a distinctly differ-
ent bile acid sensitivity profile. CA, UDCA, HDCA, and LCA
induced only weak responses, while DCA and CDCA strong-
ly activated hBASIC (Fig. 7). The effects of DCA and CDCA
were of similar potency as UDCA and HDCA for rBASIC,
although they were applied at 1 mM and not at 2 mM, thus the
potency of DCA and CDCA for hBASIC activation is proba-
bly underestimated. However, the adverse effect of DCA and
CDCA on Hek293 at concentrations above 1 mM renders a
more precise analysis difficult.

Taken together, rBASIC, mBASIC, and hBASIC
responded differently to various bile acids, a finding which
is similar to previous results obtained in Xenopus oocytes.
The difference in bile acid sensitivity might represent an ad-
aptation to the bile acid composition of different species.

Discussion

Despite a high degree of sequence similarity, the electrophys-
iological and pharmacological properties of BASIC from
mouse, rat, and human differ strongly when studied in
Xenopus laevis oocytes [15, 17, 26]. The relevance of these
differences for their possible physiological function remains a
complete puzzle. In this study, we revisited the properties of
BASICs but employed Hek293 cells as expression system.

Our study has two novel findings: (1) when expressed in
Hek293 cells the previously described discrepancies between
BASIC from mouse and rat diminish, rBASIC and mBASIC
show almost identical properties. (2) Human BASIC also
shows the same characteristics as rat and mouse BASIC;
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however, it shows a difference in responsiveness to different
bile acids.

In line with our previous studies, rBASIC shows some
typical electrophysiological and pharmacological characteris-
tics when expressed in Hek293 cells: it is inactive at rest,
which is due to a block by physiological concentrations of
extracellular calcium. Consequently, removal of extracellular
calcium induces an activation of the channel. Furthermore, it
is activated by various bile acids and inhibited by diminazene.
Contrary to previous results, mouse BASIC is also inactive at
rest and not constitutively active as in oocytes. Just like

rBASIC, mBASIC is blocked by similar concentrations of
extracellular calcium. Furthermore, it is inhibited by
diminazene and activated by a range of different bile acids.
This finding was somewhat surprising and suggests that the
cellular context seems to be important for shaping the proper-
ties of the channel. Since BASIC was shown to be sensitive to
its membrane surrounding, we speculate that different mem-
brane properties of Xenopus oocytes and Hek293 cells may be
important for the biophysical properties of the channels.

Is constitutive activity of mBASIC an oocyte artifact? It is
puzzling how and why such drastic differences of mBASIC

a

-Ca
2+

Dimi [µM]
0.5 10 100

1 50

0.1 nA

10 sec

b 1.0

0.8

0.6

0.4

0.2

0.01 0.1 1 10 100

[Dimi] (µM)

I/
I m

a
x

rBASIC

mBASIC

c

UDCA

Dimi [µM]
0.5 10 100

1 50

1 nA

10 sec

d 1.0

0.8

0.6

0.4

0.2

0.01 0.1 1 10 100

[Dimi] (µM)

I/
I m

a
x

rBASIC

mBASIC

Fig. 5 Apparent affinity of
rBASIC and mBASIC for
diminazene. a Representative
current traces of Hek293 cells
expressing rBASIC (blue) and
mBASIC (green) activated by re-
moval of extracellular divalent
cations (−Ca2+) and inhibited by
increasing concentrations of
diminazene. b Concentration-
dependent inhibition of rBASIC
and mBASIC by diminazene.
Currents were normalized to the
maximum current in the absence
of diminazene; n = 8. Error bars,
S.E. c Representative current
traces of Hek293 cells expressing
rBASIC (blue) and mBASIC
(green) activated by 5 mM
UDCA and inhibited by increas-
ing concentrations of diminazene.
d concentration-dependent inhi-
bition of rBASIC and mBASIC
by diminazene. Currents were
normalized to the maximum cur-
rent in the absence of diminazene;
n = 8. Error bars, S.E

-1.0

-0.6

0.2

-80 -40 40

-1.0

-0.6

0.2

-80 -40 40

I/I
(-100mV)

 

 )Vm( V )Vm( V

I/I
(-100mV)

 

rBASIC

mBASIC

ba

rBASIC

mBASIC

-Ca
2+

ex

UDCA

Fig. 6 BASICs are Na+-selective
channels when expressed in
Hek293 cells. a, b Normalized
mean current-voltage relation-
ships of the maximum currents of
rBASIC (blue) and mBASIC
(green) induced by removal of
extracellular divalent cations
(−Ca2+) (a) or 5 mM UDCA (b).
The holding potential was in-
creased stepwise from − 100 to +
60 mV in 20-mV steps. Error
bars, S.E.; n = 8

334 Pflugers Arch - Eur J Physiol (2019) 471:329–336



features occur depending on the cellular expression system.
Since BASIC is expressed in different organs and tissues such
as cholangiocytes in the liver [28] and unipolar brush cells
(UBCs) in the cerebellum [3], it is tempting to speculate that
the different cell types lead to different channel properties and
thus physiological functions. It would therefore be interesting
to study the channel in other heterologous expression systems
as well as in cholangiocytes and UBCs of the cerebellum.
Unfortunately, these approaches were not successful so far.
Therefore, it remains unclear whether constitutive activity of
mBASIC inXenopus oocytes is a non-physiological artifact or
whether it is of physiological relevance. Another explanation
for the variation of the electrophysiological characteristics of
mBASIC may be the regulation by additional proteins, which
might be present in Xenopus oocytes and absent from Hek293
cells. However, since rBASIC and mBASIC are 97% identi-
cal, this conclusion is not very likely, as an interaction with
other proteins would likely occur for both channels.

In our study we have tested six different bile acids.
Interestingly, rBASIC and mBASIC showed a similar activa-
tion profile while hBASIC was insensitive to some bile acids,
which are present in rodents and sensitive to bile acids pre-
dominantly found in humans. This supports the hypothesis
that bile acid sensitivity might have adapted to the bile acid
pool present in humans. Neither Xenopus oocytes nor
Hek293 cells are under physiological conditions in contact
with bile acids, which are natural detergents affecting the
cell’s membrane. Bile acid sensitivity of BASIC might there-
fore be an artifact of these expression systems. However,
control experiments with oocytes or Hek293 cells not ex-
pressing BASIC rather suggest that the observed effects are
specific to BASIC.

We have shown previously that bile acid activation of
BASIC is mediated indirectly by a modification of membrane
properties due to a bile acid adsorption to the plasma mem-
brane [20]. These membrane modifications are sensed by
BASIC and translated into activity. Since different bile acids
are structurally very similar and therefore can be expected to

have similar effects on the plasma membrane, the fact that
various bile acids affect hBASIC differently, may support
the notion that bile acids modify BASIC by direct interaction.
This is in line with studies describing the possible binding site
for bile acids for ASIC, ENaC and hBASIC to be located
within the degenerin site [9–11].

Taken together, our data show that BASIC from rat, mouse,
and human show similar characteristics and suggest that they
serve similar physiological roles in these species.
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