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Lack of current observed in HEK293 cells expressing NALCN channels
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Abstract
The sodium leak channel NALCN is poorly understood, but is reported as a Naþ-permeable, nonselective cation leak channel which regulates
resting membrane potential and electrical excitability. Previous work has indicated that NALCN currents can be stimulated by activation of
several G protein coupled receptors, including the M3 muscarinic receptor. We undertook a study using voltage clamp electrophysiology to
investigate NALCN currents. We compared currents elicited from untransfected control HEK239 cells in response to M3R agonists muscarine or
Oxotremorine M to currents elicited from cells transfected with M3R only or the M3R plus NALCN and cDNA encoding accessory proteins
UNC-80 and Src. Currents with similar properties were observed in all three groups of cells in response to muscarine agonists, in similar
proportions of cells tested, from all three groups of cells. Our findings do not support previous electrophysiological studies suggesting that
heterologously expressed NALCN functions as a Naþ leak channel in HEK293 cells. More research will be required to determine the molecular
requirements for successful expression of the NALCN channel.
© 2018 The Authors. Published by Elsevier B.V. on behalf of Société Française de Biochimie et Biologie Moléculaire (SFBBM). This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The NALCN (sodium leak channel, non-selective) gene
product is thought to form a voltage-independent, non-selective
cation leak channel [1]. Other related proteins include voltage-
gated Naþ and Ca2þ channels [1,2]. NALCN function appears
to require an intracellular scaffolding protein, UNC-80, and is
facilitated by cytoplasmic Src [3]. NALCN mRNA is highly
expressed in neurons of the central nervous system but can also
be found in some secretory glands and heart tissue [4]. NALCN
is thought to influence resting membrane potential of excitable
cells and contribute to tonic depolarization facilitating sponta-
neous activity in some cell types [5,6] An essential role for of
Abbreviations: NALCN, sodium leak channel, non-selective; ERS,

external recording solution; IRS, internal recording solution; M3R, M3

muscarinic receptor.
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NALCN is demonstrated in knockout mice, where NALCN�/-

mice die within hours of birth [1,7]. Abnormal function of
human NALCN has been linked to ataxia, osmoregulation, and
metabolism disorders [8e10].

Ion currents through NALCN channels have been investi-
gated in neurons and heterologous systems. Activation of
tachykinin receptors appears to activate NALCN currents in a
G-protein-independent mechanism in neurons [11]. The acti-
vation of CaSR, a GPCR that acts as an extracellular Ca2þ

sensor, is also thought to stimulate NALCN activity under low
[Ca2þ]e conditions in cultured neurons [12]. Activation of the
M3 muscarinic receptor (M3R), with involvement of activated
Src has also been suggested to stimulate NALCN Naþ currents
in pancreatic b cells, transfected HEK293 cells and Xenopus
oocytes [13]. NALCN currents are resistant to tetrodotoxin
(TTX) and Csþ, but have been reported to be blocked by
10 mM Gd3þ and by replacement of extracellular Naþ with N-
methyl-D-glutamine (NMDG) [1,13].

The notion that NALCN is a voltage-independent, leak
channel has been challenged [2,14,15]. Ren and colleagues [1]
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indicated that HEK293 cells transfected with NALCN
exhibited seals less than 1 GU after break-in and attributed this
to leakage through NALCN, however others were unable to
replicate these leakage currents in transfected HEK293 cells
[2]. Moreover Spafford's group [14] used patch clamp to
investigate currents from HEK293 cell with poor seals and
recorded currents closely resembling those Lu et al. [1]
attributed to NALCN. However, Spafford's group also re-
ported that application of Gd3þ, replacement of extracellular
Naþ with NMDG, and reduction of [Ca2þ]e, altered currents
from leaky patches to resemble so-called pharmacological
blockade of NALCN channels [1]. The conclusion was that
currents reported by Lu et al. [1] and others were not attrib-
utable to NALCN, but instead to current caused by a weak
membrane-glass seal during patch clamp recordings [14].

In this report we set out to investigate the properties of ion
currents stimulated by activation of M3R in NALCN trans-
fected HEK293 cells. We recorded ion currents from
untransfected HEK293 cells, cells transfected with M3R, and
M3R plus NALCN, UNC80 and Src, similar to Swayne et al.,
[13]. We observed that application of muscarinic agonist to
cells elicited a fundamentally similar ion current from each
experimental group, suggesting that NALCN expression did
not produce a M3R-sensitive ion current in transiently trans-
fected HEK293 cells.

2. Materials and methods
2.1. Cell culture and transfection
Plasmids encoding NALCN/eGFP (in a bicistronic pTracer
expression vector, CVM promoter, Invitrogen), UNC80 and
Src (in a pcDNA3 vector, Invitrogen) were kindly provided by
D. Ren (University of Pennsylvania, Philadelphia). Plasmids
encoding eGFP and human M3R (pcDNA3.1 vector) were
purchased from Genescript (Piscataway, NJ). All cDNAs were
confirmed by sequencing. pcDNA3 and pcDNA3.1 utilize the
CMV promoter, as did the pcDNA5 expression vectors of
Swayne et al. [13].

HEK 293 cells were grown on 35 mm culture dishes in
Dulbeco's modified eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and incubated at 37�C in 5%
CO2. Cells were grown to ~80% confluency and transfected
using 7.5 mL of Lipofectamine 2000 transfection reagent and
0.75 or 1.5 mg of plasmid. Cells were transfected with plasmids
encoding either eGFP alone (0.375 mg), M3R and eGFP
(0.375 mg each; hereinafter M3R) or M3R, NALCN, Unc80,
and Src (0.375 mg each; hereinafter M3R þ NALCN/Unc80/
Src) as previously reported [1]. Following overnight incubation,
transfected cells were re-plated at low densities onto poly-L-
lysine coated glass bottom dishes and allowed to attach to the
dish for at least 1 h before electrophysiological experiments.
2.2. Electrophysiology
HEK293 cells were visualized using an Olympus BX51
microscope equipped with DIC optics and epifluorescence.
Whole cell voltage clamp experiments were performed at
room temperature using a HEKA EPC10 patch clamp ampli-
fier running PatchMaster V2x7.3 or V2x8.0 software. The
extracellular recording solution (ERS) was composed of (in
mM) 125 NaCl, 5 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 2.5 CaCl2,
10 glucose, 20 HEPES, pH 7.2, 290 mOsM. Electrodes had
resistance between 2 and 5MU when filled with internal
recording solution composed of (in mM) 122 CsMeSO4, 10
EGTA, 0.3 NaGTP, 4 Na2ATP, 10 HEPES, 6 MgCl2, and 14
phosphocreatine, pH 7.2, 285 mOsm.

ERS was perfused through the culture dish at a rate of
~1 mL/min. The muscarinic agonists muscarine iodide or
Oxotremorine M (Oxo-M; Tocris) in ERS were applied at
100 mM for 60 s. Cells were held at �20 mV and current was
recorded during depolarizing voltage ramps from �80 mV to
þ20 mV over 1000 ms.
2.3. Data analysis
Data were analyzed using OriginPro V9.1. Cells that
exhibited a 50% increase in current at 20 mV after drug
application were considered responsive.

3. Results

Cultures used for experiments were either untransfected, or
exhibited a transfection efficiency greater than 50% (by
expression of eGFP). For experiments we chose only brightly
fluorescent cells that were not contacting other cells, were well
attached to the dish, and demonstrated apparent membrane
integrity. Additionally, only cells exhibiting seals tighter than
1GU after break in were used for experiments. After break in,
mean seal resistance for untransfected cells, eGFP cells, M3R
cells and M3R þ NALCN/Unc80/Src cells were not signifi-
cantly different (3.17 ± 0.21GU, 2.6775 ± 0.5 GU
2.45 ± 0.29GU, and 2.82 ± 0.31GU respectively, p > 0.05 one
way ANOVA).

Swayne et al. [13] observed rapidly activating, large in-
ward currents in HEK293 cells transfected with NALCN and
M3R in response to application of acetylcholine (ACh). To
investigate the currents induced by activation of M3R in
HEK293 cells, currents elicited by voltage ramps were
recorded before, during and after application of muscarinic
agonists to untransfected, eGFP, M3R and M3R þ NALCN/
Unc80/Src cells. Bath application of agonist increased cur-
rent at �80 mV and þ20 mV in some cells from all three
groups, with the current recovering after 3e5 min of
washout (Fig. 1AeD). The time course of the ramp currents
activated by agonist in all four groups was similar upon
visual inspection.

To determine the characteristics of the agonist induced
currents, the amplitude at þ20 mVof the voltage ramps during
response were compared for all three groups using two-way
mixed-design ANOVA followed by Bonferroni post hoc
tests. We observed significant increases in current at þ20 mV
following agonist application for each of the groups (within-
subject effects) when considering both all cells tested



Fig. 1. Representative currents elicited by voltage ramps (�80 mV to þ20 mV

over 1000 ms) from (A) untransfected cells, (B) eGFP cells (C) M3R cells, and

(D) M3R þ NALCN/Unc80/Src cells before application of muscarinic re-

ceptor agonist (100 mM muscarine iodide or Oxo-M). Control, response and

recovery indicated by arrows.
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(Fig. 2A) and only the subset deemed responsive (Fig. 2B).
Moreover, the mean amplitude of the agonist-induced current
was not significantly different between untransfected, eGFP,
M3R and M3R þ NALCN/Unc80/Src cells (between subject
effects, p > 0.05; Fig. 2A and B) We observed that a similar
proportion of cells responded to agonist, with 54.6% (6/11) of
untransfected cells, 47% (8/17) eGFP cells, 75.0% (9/12) of
M3R cells, and 55.2% (16/29) of M3R þ NALCN/Unc80/Src
cells responding (Fig. 2C; Chi-square, p ¼ 0.51). Additionally,
the mean reversal potential of the agonist induced current in
untransfected, eGFP, M3R and M3R þ NALCN/Unc80/Src
cells was �15.8 mV ± 0.9,-13.5 mV ± 1.6, �14.7 mV ± 1.0,
and �14.8 mV ± 0.4 respectively (p ¼ 0.27, one way
ANOVA; Fig. 2D).

4. Discussion

Swayne et al. [13], reported robust NALCN expression in
MIN6 cells, and observed robust inward currents elicited
upon application of ACh. Activation of the current was
blocked by atropine and an M3R antagonist but not M4R
antagonist, and the amplitude of the current was decreased
after reduction of NALCN mRNA by lentivirus-mediated
RNA interference. Additionally, they demonstrate that
NALCN and M3R form a complex in MIN6 cells and
transfected HEK293 cells. Swayne et al., also describe cur-
rents in HEK293 cells and Xenopus oocytes with properties
similar to those observed in MIN6 cells. However in the
present study, the currents we observed in response to
application of M3R agonists in M3R þ NALCN/Unc80/Src
HEK293 cells were not significantly different from
untransfected, eGFP or M3R transfected cells, either in terms
of frequency of cells responding, current amplitude upon
activation, or reversal potential. These data indicate that, in
our hands, transfection of HEK293 cells with NALCN con-
structs does not result in a novel cation current as previously
published [1,13].

Senatore el at [2] and Sandstrom [15] were also unable to
replicate NALCN currents in HEK293 cells as reported
previously [1,13]. Boone et al. [14] suggested that the re-
ported NALCN currents were the result of a weak membrane
glass seal during patch clamp experiments. In this study we
set out to investigate the currents induced by M3R activation
in M3R and NALCN/Unc80/Src transfected HEK293 cells
with the notion that perhaps M3R activation is required.
When no significant differences were observed in NALCN-
transfected cells from control cells, we concluded that
NALCN was not responsible for the observed currents in our
experiments, in spite of NALCN RNA expression (confirmed
by qPCR, however protein expression not investigated).
Instead, we hypothesize that NALCN may not in fact form a
functional ion channel when heterologously expressed in
HEK293 cells.

HEK293 cells endogenously express M3 muscarinic
receptors coupled to phospholipase C pathways that generate
inositol 1,4,5 trisphosphate (IP3) and diacylglycerol (DAG)
[16]. HEK293 cells have also been found to express a variety
of transient receptor potential (TRP) channels including
TRPC1, 3, 4, 6, and 7, TRPM 4 and 7, TRPV1, 3, and 5,
TRPML1, 2, and 3, and TRPP1 [17e19]. Of these, TRPC3, 6
and 7 can be activated by DAG and TRPM4 can be activated
by intracellular calcium [20]. Activation of these endogenous
TRP channels likely explains the currents presently observed
in response to muscarinic receptor agonists, although we have
not investigated this further. The currents observed are not
likely M-currents, as this current is absent from native
HEK293 cells [21,22]. The observation that the agonist
induced current was not significantly different between the
four cell groups indicates that expression of M3R may not by
the limiting factor in determining the proportion of cells
expressing the current or the current amplitude.

NALCN is thought to interact with a number of other
proteins including UNC80, UNC79, Src, and NLF-1 [1].
While there is little doubt as to a critical role of the NALCN
protein in regulating electrical activity of vertebrate and
invertebrate neurons, our inability and the inability of others
[14] to detect NALCN currents from transfected HEK293 cells
indicates that further research is be required to fully under-
stand the complete molecular requirements for successful
heterologous expression of NALCN channels. However,
NALCN expression is detected in numerous cell systems
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Fig. 2. Currents observed in M3R and M3R þ NALCN/Unc80/Src cells exhibited similar properties to currents observed in untransfected cells and eGFP

transfected cells. (A) The amplitude of the current at þ20 mV before and after application of muscarinic receptor agonist (muscarine iodide or Oxo-M) at 100 mM

for all cells tested. There was a significant main effect between the current amplitude before and after agonist (within-subject effect in a two-way mixed-design

ANOVA, DF ¼ 1, p ¼ 7.0 � 10�7, followed by Bonferroni post hoc tests; where * indicates p < 0.05). There were no significant differences between the current

amplitudes of untransfected, eGFP, M3R or M3R þ NALCN/Unc80/Src cells (between subject effects; DF ¼ 3, p ¼ 0.53). (B) The amplitude of the current at

þ20 mV before and after application of muscarinic receptor agonist (muscarine iodide or Oxo-M) at 100 mM for only responsive cells. There was a significant main

effect between the current amplitude before and after agonist (within-subject effect in a two-way mixed-design ANOVA, DF ¼ 1, p ¼ 9.1 � 10�6, followed by

Bonferroni post hoc tests; where * indicates p < 0.05). There were no significant differences between the current amplitudes of untransfected, eGFP, M3R or

M3R þ NALCN/Unc80/Src cells (between subject effects; DF ¼ 3, p ¼ 0.55). (C) Percentage of untransfected, eGFP, M3R and M3R þ NALCN/Unc80/Src cells

considered responsive to muscarinic receptor agonist application were not significantly different (p ¼ 0.51, Chi-square test). (D) Mean reversal potentials for

currents elicited from responsive untransfected, eGFP, M3R and M3R þ NALCN/Unc80/Src cells were not significantly different (p ¼ 0.49, one way ANOVA). All

error bars represent ±SEM.
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including MIN6 cells [13] and primary neurons [6,22e25];
these are presently the best systems available for study of
NALCN properties.
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