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Abstract

Anterior pituitary endocrine cells that release hormones such as growth hormone
and prolactin are excitable and fire action potentials. In these cells, several studies
previously showed that extracellular sodium (Na™) removal resulted in a negative
shift of the resting membrane potential (RMP) and a subsequent inhibition of the
spontaneous firing of action potentials, suggesting the contribution of a Na* back-
ground conductance. Here, we show that the Na™ leak channel NALCN conducts a
Ca®"- Gd**-sensitive and TTX-resistant Na* background conductance in the GH;
cell line, a cell model of pituitary endocrine cells. NALCN knockdown hyperpolar-
ized the RMP, altered GHj cell electrical properties and inhibited prolactin secretion.
Conversely, the overexpression of NALCN depolarized the RMP, also reshaping the
electrical properties of GH; cells. Overall, our results indicate that NALCN is func-
tional in GHj; cells and involved in endocrine cell excitability as well as in hormone
secretion. Indeed, the GHj cell line suitably models native pituitary cells that display
a similar Na* background conductance and appears as a proper cellular model to
study the role of NALCN in cellular excitability.
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Abbreviations: 2-APB, 2-Aminoethoxydiphenil borate; Ca,, voltage-gated calcium channel; eGFP, enhanced Green Fluorescent Protein; FDR, false
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glucamine; PRL, prolactin; RMP, resting membrane potential; TRH, thyrotropin-releasing hormone; TRP, Transient Receptor Potential; TTX, tetrodotoxin;

Vm, membrane Potential.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

The FASEB Journal. 2021;35:¢21400.
https://doi.org/10.1096/£).20200084 1RR

wileyonlinelibrary.com/journal/fsb2 10of 17


www.wileyonlinelibrary.com/journal/fsb2
https://orcid.org/0000-0002-3346-7059
https://orcid.org/0000-0002-9431-032X
https://orcid.org/0000-0003-2517-4210
https://orcid.org/0000-0002-1638-7604
mailto:﻿
https://orcid.org/0000-0003-1632-7318
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:arnaud.monteil@igf.cnrs.fr

IMPHENG ET AL.

20f17 =
—I_FASE‘BJOURNAL
1 | INTRODUCTION

Anterior pituitary cells are excitable cells and express a
large panel of ion channels involved in electrical activ-
ity and subsequent hormone release.’ This includes high
(L-, N-, P/Q-, and R-types) and low (T-type) voltage-gated
calcium channels (Ca,), voltage-gated potassium channels
(K,), and calcium-activated potassium channels (SK, IK,
BK). These cells also express high and low tetrodotoxin
(TTX)-sensitive voltage-gated Na™ (Na,) channels.>” In
addition to these conductances, several studies also re-
vealed the existence of a TTX-resistant background inward
current carried by Na* in primary corticotrophs, gonad-
otrophs, lactotrophs, melanotrophs, and somatotrophs as
well as in immortalized pituitary cells."" Indeed, a Na*
background conductance was suggested to belong to a
common core set of ionic currents between the different
subtypes of anterior pituitary endocrine cells." This cur-
rent maintains a relatively depolarized resting membrane
potential (RMP) as demonstrated by the membrane hyper-
polarization when Na* is replaced by large organic mon-
ovalent cations such as N-methyl-D-glucamine (NMDG)
or Tris or choline.®!? However, the molecular identity
of this background inward Na* current remains to be de-
termined. An expected candidate to support this conduc-
tance is the Nat leak channel NALCN, a four-domain ion
channel related to Na, and Ca, channels.'® This channel
was found to conduct a Gd**-sensitive and TTX-resistant
Na™ background conductance in several types of neurons
from different species and its knockout or knockdown in-
duced a membrane hyperpolarization.17'25 Conversely, a
gain-of-function mutation of NALCN resulted in a more
depolarized RMP and an increase in the firing frequency
of mouse deep mesencephalic nucleus neurons.”® In the
present study, we used the pituitary GH; cell line model
to examine the contribution of NALCN in the previously
described TTX-resistant Na* background conductance in
this cell type.6’10'12 Our results showed that, in addition to
NALCN, GHj; cells endogenously express the other known
components of the “NALCN channelosome” referred to as
UNC79,UNC80, and FAM155A (alsoreferred toas NLF-1).
These components favor NALCN expression level, surface
expression and function.”” Genetic manipulation of the
NALCN expression level was then set up and coupled to
electrophysiological recordings. This led us to demonstrate
that NALCN is a functional Na* leak channel in GHj, cells
and significantly contributes to their RMP and electrical
activity as well as prolactin (PRL) secretion. Thus, our
work provides the molecular basis of a background Na*
current previously described in anterior pituitary endocrine
cells. Overall, our data suggest that GH; cells represent a
reliable cell model to study NALCN function/dysfunction
in cell excitability.

2 | MATERIALS AND METHODS

2.1 | DNA constructs

The cloning of the human complementary DNA (cDNA) encod-
ing wild-type NALCN was previously described.”® Subcloning
of the NALCN-encoding cDNAs in the lentiviral plasmid pLV-
EF1a-IRES-Neo, a gift from Tobias Meyer (Addgene #85139),
was performed using standard molecular biology techniques.
The eGFP was used as a control for the overexpression ex-
periments. A microRNA-adapted shRNA based on miR-30 for
specific NALCN silencing cloned in the lentiviral pGipz plas-
mid and targeting the 5-GCAACAGACTGTGGCAATT-3’
region of the rat NALCN-encoding RNA was obtained from
a commercial source (Dharmacon #V2LMM_90196). A non-
silencing control was used in our experiments (Dharmacon
#RHS4346). Both controls for overexpression and knockdown
displayed identical results in every experiment and are hence-
forth be referred to as Control.

2.2 | Cell culture

Rat pituitary GH; cells (ATCC® CCL-82.1"") were grown in
Ham's F-12K (Kaighn's) medium (Thermo Fisher Scientific;
#21127022) supplemented with 2.5% dialyzed fetal calf
serum (Thermo Fisher Scientific; #10270106), 15% dia-
lyzed horse serum (Thermo Fisher Scientific; #16005012),
and 1% penicillin/streptomycin (Thermo Fisher Scientific;
#15140122) at 37°C in a humidified atmosphere of 5% CO,-
95% air. The cells were passed once a week (split 1:3) with
one additional feeding between passages.

2.3 | Lentivirus production and cell
transduction

HIV-1 derived lentiviral particles were produced in HEK-
293T cells and titrated as described.”’ GHj; cells with 70%-
80% of confluency were transduced with lentivirus (24 pg
of P24) in 35 mm culture dishes then selected with G418
(700pg/mL;Sigma-Aldrich#A1720)orpuromycin (5 pg/mL;
Sigma-Aldrich #P8833) for 1 month. The selection process
resulted in the obtention of different cell lines: Control GH;
cells, NALCN- (ie, knockdown) GHj; cells and NALCN+
(ie, overexpression) GHj cells, referred to as Control,
NALCN-—, and NALCN+ in the text and the figures.

2.4 | Immunoblotting

Cells were lysed on ice for 20 minutes with NP-40 buffer
containing 10 mmol/L Tris-HCl, pH 7.4, 120 mmol/L
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NaCl, 1% NP-40, and proteases inhibitors (Roche Applied
Science #04693124001). Cell lysates were spun at 10,000 g
for 30 minutes at 4°C. Sixty micrograms of proteins were
mixed with a 4x Laemmli buffer and then loaded on SDS-
PAGE. Proteins resolved onto 4%-20% polyacrylamide
gels (Bio-Rad #4561096) were transferred to Hybond C
nitrocellulose membranes (GE Healthcare; #10600016).
Membranes were immunoblotted with primary antibod-
ies (rabbit anti-NALCN, 1:100028; rabbit anti-o-actinin,
clone D6F6, 1:3000, Cell Signaling #6487), and then,
with anti-rabbit horseradish peroxidase (HRP)—conjugated
secondary antibody (1:10 000, GE Healthcare #NA934).
Immunoreactivity was detected with an enhanced chemi-
luminescence substrate for detection of HRP (SuperSignal
West Pico Chemiluminescent Substrate, Thermo Fisher
Scientific #34080).

2.5 | Determination of prolactin (PRL)
levels release

GH; cells (1 x 10° viable cells) were cultured in 6-well
plates with 2 mL of medium/well. After a 4-day preculture
(~90% confluency), the culture medium was changed into
serum-free Ham's F-12K (Kaighn's) medium (Thermo Fisher
Scientific #21127022). Cells were treated with thyrotro-
pin releasing hormone, 100 nmol/L (TRH; Sigma-Aldrich
#P1319) when indicated. A 100 pL of cell supernatant was
collected for prolactin (PRL) measurements at indicated
times. The levels of prolactin in the supernatant were deter-
mined by rat-specific Enzyme Immunometric Assay (Bertin
Technologies #A05101) according to the manufacturer's
protocol. Cell protein was determined using the BCA pro-
tein assay kit (Thermo Fisher Scientific #23225). The results
were expressed as ng of PRL per mg of total cellular protein
after protein extraction.

2.6 | Electrophysiological recordings

Macroscopic currents were recorded at room temperature
using an Axopatch 200B amplifier (Molecular Devices).
Borosilicate glass pipettes (Sutter Instrument Co #BF1
50-86-15) had a resistance of 3 to 5 MQ when filled with an
internal solution containing (in mmol/L): 150 K-Gluconate,
10 NaCl, 5 HEPES, 1.1 EGTA (pH adjusted to 7.34 with
NaOH, ~300 mOsm) with freshly added 0.6 GTP and 3 ATP
before use. The extracellular solution contained (in mmol/L):
142.6 NaCl, 5.6 KCl, 2 CaCl,, 0.8 MgCl,, 5 Glucose, and 10
HEPES (pH adjusted to 7.35 with NaOH, ~310 mOsm). All
the chemicals were purchased from Sigma-Aldrich. When
indicated, extracellular Na™ was replaced with N-Methyl-
D-glucamine (NMDG, Sigma-Aldrich #M2004) at the
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same concentration. The recording chamber was constantly
perfused (~100 pL/min) with the control (Na*-containing)
solution using a gravity-driven homemade perfusion de-
vice, which allowed extracellular medium change and drug
application. TTX and Gd** were purchased from Latoxan
(#L8503) and Sigma-Aldrich (#G7532), respectively.
Spiking cells were referred to as cells exhibiting spontaneous
action potential. Conversely, silent cells were referred to as
cells that do not exhibit any spontaneous electrical activity.

2.7 | Quantitative PCR (qPCR)

Total RNA was extracted from cell cultures and rat tissues
using the RNeasy Plus universal mini kit (Qiagen #74134).
One pg of total RNA was reverse transcribed to cDNA using
the iScript kit (Bio-Rad #1708891) according to the manufac-
turer's protocol. Reverse transcribed products were diluted 10
times with H,O and stored at —20°C until use. Real-time PCR
was performed in 384 well plates in a final volume of 10 pL
using SYBR Green dye detection on the LightCycler480 sys-
tem (Roche-Diagnostic#04887352001). The primer pairs were
designed using the Primer 3 input software, and their speci-
ficity and efficacy were experimentally validated. The Cq for
individual genes was determined using the second Derivative
Max tool of the LightCycler480 software. The relative RNA
expression was calculated using the RNA helicase Ddx17 as
a reference gene. Relative expressions were calculated using
the AACq method.>" Primers used in this study were: rat-
NALCN-sense 5S“CAGAGGAGGAAGTCGACAGG-3/, rat-
NALCN-antisense 5-GCTTATTGGTTTGGGAGCTG-3’,
rat-Unc80-sense 5'-CTCTGTGGATCGCCTGTCTT-3’, rat-
Unc80-antisense 5-GACAGCGCTGGTGAACTTG-3’, rat-
Unc79-sense 5-“CAACCACACACGAACTCCAC-3/, rat-Unc79-
antisense 5-GCTGGCGGATGTCACAGT-3’, rat-NLF1-sense
5-CGGTGAAGTCCTGTCCTGA-3’, rat-NLF1-antisense 5-
TTAAACTGTGTGACTTCAAAATACTGG-3’, rat-Ddx17-
sense 5-AAGTTGATGCAGCTTGTGGA-3’, rat-Ddx17-
antisense 5-GAAGTAGTCCGGTATCGTGAGC-3".

2.8 | Data analysis

Data were analyzed using pPCLAMP 9 (Molecular Devices)
and Igor Pro 8 (WaveMetrics) softwares. Results are pre-
sented as mean + SEM or as violin plots; n is the number
of cells and N the number of independent experiments. All
the results presented in this study were obtained from at
least three independent experiments. Statistical analyses
were performed using GraphPad Prism (9.0). Depending on
whether residuals followed or not a normal distribution, re-
sults were analyzed using either parametric or nonparametric
tests. Additionally, depending on the experimental design,
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they were analyzed using either s-test, or one-, two-, or
three-ways ANOVA Cells types (ie, Control, NALCN+, and
NALCN-), and Treatment were used as between subjects’
factors and Time as within subjects, repeated-measure fac-
tor. The test used in each dataset analysis is specified in the
figure's legend. Post hoc analyses for multiple comparisons
were performed with Benjamini, Krieger, & Yekutieli False
Discovery Rate (FDR) corrections.

3 | RESULTS

3.1 | The GH; cell line endogenously
expresses the NALCN channelosome-encoding
mRNAs

To determine whether the sodium leak channel NALCN could
be involved in the Na* background conductance previously
described in GHj cells, we first checked for its expression by
RT-qPCR (Figure 1). We also extended our investigation to
previously identified ancillary subunits. Indeed, several stud-
ies revealed the existence of at least three ancillary subunits
named UNC79, UNC80 and FAM155A. These subunits in-
teract with NALCN and are involved in the expression level,
the cellular localization, the plasma membrane expression of
the complex, as well as NALCN activation by the src kinase.”’
All the identified components of the NALCN channelosome
were found to be expressed in GHj; cells at the mRNA level.
Unfortunately, we were not able to confirm this finding at
the protein level because of the lack of commercially reli-
able antibodies with high sensitivity in our hands. However,

0.87

Relative mRNA expression Level/Ddx17

Unc79

FIGURE 1

RT-gqPCR results indicate that NALCN could be a candidate
to contribute to excitability in this cell type. Therefore, we
set up an experimental approach combining the manipula-
tion of NALCN expression level with electrophysiological
recordings using the patch-clamp technique to validate this
hypothesis (Figure S1). In our experimental conditions, we
were able to achieve a knockdown of ~ 80% for endogenous
rat Nalcn in GH; cells at the mRNA level as assayed by RT-
qPCR (NALCN- GHj;; Figure S2A). Conversely, heterolo-
gous overexpression of human NALCN was detected at both
the mRNA and protein levels in this cell line (NALCN+
GH;; Figure S2B,C).

3.2 | The NALCN expression level
impacts the electrical activity of GHj; cells

Similar to native endocrine pituitary cells, GH; cells are
known to exhibit spontaneous Ca2+—dependent action po-
tentials.***® This spontaneous electrical activity depends on
a background Na* conductance as it is fully abolished after
the replacement of extracellular Na* by large organic mono-
valent cations.*''> Thus, we have performed recordings
of the spontaneous electrical activity of our GHj; cell lines
using the patch-clamp technique in the whole-cell configura-
tion (Figure 2). Spontaneous action potentials were detected
in the three groups of GHj cells (ie, Control, NALCN+,
and NALCN—; Figure 2A). Silent cells were also observed
and we found the ratio of spiking versus silent cells to be
different between the groups (Figure 2B). Indeed, the per-
centage of firing cell was clearly lower in both NALCN+

© <& L © & S

& N & & I &
2'5\ L & 2'5\ L &

Unc80 Fam155a

The GHj; cell line endogenously expresses the NALCN channelosome-encoding mRNAs. RT-qPCR performed with total RNA

extracted from GHj cells, rat adult brain and rat adult liver showing that Nalcn, Unc79, Unc80, and Faml155a, are expressed in GH; cells. Brain
and liver were used as positive and negative controls, respectively. The gene encoding the RNA helicase Ddx17 was used as a housekeeping gene
to determine the relative expression level (Nalcn: 0.3 + 0.05; Unc79: 0.38 + 0.03; Unc80: 0.23 + 0.01; Fami55a: 0.16 + 0.04; N = 4 independent
experiments)
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FIGURE 2 The NALCN expression level impacts the electrical activity of GHj; cells. A, Representative traces of membrane potential
recordings for the three conditions (eg, Control, NALCN+, and NALCN—). The RMP of representative traces represent the average RMP of
spiking cells in each condition. B, Summary of the ratio of active versus silent cells for each condition. The percentage of active cell was notably
lower in NALCN+ GHj cells and slightly lower in NALCN— GHj cells compared to the Control condition, respectively (Control: 95.9%,

n = 50; NALCN+: 47.1%, n = 90; NALCN—: 82%, n = 39). C, Analysis of the firing frequency for GH; active cells in the three groups (control,
NALCN+, and NALCN-). Results showed, respectively, significant higher and lower values for the NALCN+ and the NALCN— conditions
compared to the Control condition, respectively (Control: 0.95 + 0.05 Hz, n = 48; NALCN+: 1.68 + 0.15 Hz, n = 45; NALCN—: 0.46 + 0.06 Hz,
n = 32). Statistical analysis: Kruskal-Wallis with FDR corrected post hoc tests; ****P < .0001 compared to Control
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FIGURE 3 The NALCN expression level impacts the RMP of GH; cells. A, Representative traces of membrane potential recordings for the
three conditions (Control, NALCN+, and NALCN-), during which extracellular Na* was completely replaced with NMDG for 20 to 50 seconds
(see black bars above each recording. Action potentials in GH; cells are carried by Ca®* 32 Extracellular Na* removal resulted in the silencing

of most of the cells and sometimes in a strongly reduced spiking activity. B, RMP in the presence of extracellular Na* is more depolarized in the
NALCN+ group and more negative in the NALCN— group compared to the Control condition (Control: —=39.6 + 0.5 mV, n = 65; NALCN+:
—27.9 + 1.2mV, n =96; NALCN—: —44.9 + 1.1 mV, n = 44). Statistical analysis: Kruskal-Wallis with FDR corrected post hoc tests; ***P < .001,
##E%kP <0001 compared to Control. Because the determination of RMP cannot be reliably assessed by direct measurement on chart recordings

of spontaneously firing cells, its mean value was calculated from the membrane potential distribution, as reported.50 C, RMP variation in the
presence and absence of extracellular Na* (Control: —41.2 + 0.8 vs —44.4 + 0.7 mV, n = 25; NALCN+: —26.6 + 1.7 vs =37.7 + 1.5 mV, n = 57,
NALCN—: —45.4 + 0.8 vs —48.8 & 1.3 mV, n = 22). Statistical analysis: for each cell type, paired t test; ¥**P < .01, ****P < 001, compared to
Na* 142.6 mmol/L. D, ARMP (ie, RMP with extracellular Na*minus RMP in Na*-free condition) when NALCN is overexpressed compared of the
control condition (Control: —2.+0.6 mV, n = 25; NALCN+: -9 + 0.9 mV, n = 57; NALCN—: —3.4 + 1.1, n = 22). Statistical analysis: Kruskal-
Wallis with FDR corrected post hoc tests; ****P < .0001 compared to Control

GH; and NALCN— GHj; cells compared to the control con-
dition (Control: 95.9%, n = 50; NALCN+: 47.1%, n = 90;

control group when rat NALCN was knocked down (Control:
0.95 + 0.05 Hz, n = 48; NALCN+: 1.68 + 0.15 Hz, n = 45,

NALCN-: 82%, n = 39). Interestingly, the firing frequency
of spiking cells was found to be higher (~1.7-fold increase)
when human NALCN was heterologously expressed
and conversely to be lower (~1.8-fold decrease) than the

P < .0001; NALCN-: 0.46 + 0.06 Hz, n = 32, P < .0001;
Figure 2C). Altogether, these results demonstrated an impor-
tant role of NALCN in regulating the spontaneous electrical
activity of GHj cells.
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3.3 | The NALCN expression level
impacts the RMP of GHj cells

Since NALCN is involved in the regulation of the neuronal
RMP,'"2° further analysis of the membrane potential (Vm)
in our cell lines was then carried out (Figure 3). Replacing
extracellular Na* by NMDG resulted in rapid and reversible
membrane hyperpolarization and ending of spontaneous ac-
tion potentials in the three conditions in the majority of the

(A)

Control NMDG TTX

OpA ===mmmcccc e e e e e e e e e e ————
NALCN+

cells (Figure 3A). The RMP in presence of extracellular Na*
was found to be more depolarized and less depolarized in
NALCN+ GH; and NALCN— GHj cells, respectively, com-
pared to the control condition (Control: —39.6 + 0.5 mV,
n = 65; NALCN+: -27.9 + 1.2 mV, n = 96, P < .0001;
NALCN—-: —44.9 + 1.1 mV, n =44, P < .001; Figure 3B).
As expected, the most depolarized NALCN+ GH; cells cor-
respond to the electrically silent ones (Figure S3). However,
there was not any significant difference in the RMP between

(B)
Control Gd*
OPA cccccccccmmncnnmc e e e e e ————-
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FIGURE 4 NALCN mediates a TTX-resistant and Gd**-sensitive sodium background conductance. A, Representative traces obtained on

cells held at —84 mV (HP) during application/wash of an extracellular Na*-free solution (replaced with NMDG) followed by an application/wash
of TTX for a control GH; cell (top), a NALCN overexpressing GH; cell (NALCN+, middle), and a knockdown GHj; cell (NALCN—, bottom).
Red and purple bars (above each recording) indicate when extracellular Na* was replaced with NMDG and when TTX (1 pmol/L) was applied,

respectively. B, Representative traces obtained on cells held at —84 mV (HP) during application of Gd** for a control GHj; cell (top), a NALCN
overexpressing GH; cell (NALCN+, middle), and a knockdown GH; cell (NALCN—, bottom). Black bars (above each recording) indicate when
Gd>* (200 pmol/L) was applied. C, Density of the external Na*-dependent background current (Na*-free) for Control GHj cells (—1.3 + 0.1 pA/pF,
n =45), NALCN+ GHj; cells (—2.3 + 0.1 pA/pF, n = 52) and NALCN— GHj; cells (NALCN—: —0.4 + 0.06 pA/pF, n = 29). Statistical analysis:
Kruskal-Wallis with FDR corrected post hoc tests; ***P < .001, ****P < 0001 compared to Control. The Na* background current density was
deduced after subtracting the current trace during NMDG application from the control current. D, Density of the Gd**-sensitive current for Control
GH; cells (0.4 + 0.1 pA/pF, n = 9), NALCN+ GH; cells (=2.9 & 1 pA/pF, n = 9) and NALCN— GHj; cells (=0.1 + 0.05 pA/pF, n = 17).
Statistical analysis: Kruskal-Wallis with FDR corrected post hoc tests; *P < .05 compared to Control. The Gd**-sensitive background current

density was deduced after subtracting the current trace during Gd** application from the control current

silent and spiking cells in the NALCN— condition (Figure
S3). A significant and reversible hyperpolarization of the
RMP was also observed with the three GHj; cells groups when
extracellular Na* was substituted with NMDG (Control:
—41.2 + 0.8 mV vs =444 + 0.7 mV, n = 25, P < .0001;
NALCN+: —26.6 + 1.7 mV vs =35.7 + 1.5 mV, n = 57,
P <.0001; NALCN—: —45.4 + 0.8 mV vs —48.8 + 1.3 mV,
n =22, P < .01; Figure 3A,C). A further analysis showed a
significant increase of the ARMP (ie, RMP with extracellular
Na' minus RMP in Na't-free condition) when NALCN was
overexpressed compared of the control condition (Control:
—2.5+ 0.6 mV, n = 25; NALCN+: -9 + 0.9 mV, n = 57,
P < .0001; Figure 3C). However, the ARMP was not signifi-
cantly changed when NALCN was knocked down compared
to the control condition (NALCN—: =34 + 1.1 mV, n = 22,
P = .7). Nonetheless, our results demonstrated that NALCN
contributed to the RMP of GHj cells.

34 | NALCN mediates a TTX-
resistant and Gd>*-sensitive sodium
background conductance

We next switched to a voltage-clamp mode to determine a
contribution of NALCN in a Na™ background conductance
in GHj; cells (Figure 4). We first performed experiments to
examine the holding current and the effect of external Na*
removal (ie, NMDG-substituted) when cells were held at
—84 mV. Indeed, this value corresponds to the calculated
equilibrium potential for K™ ions in our experimental condi-
tions thus preventing any contamination by K* current from
occurring (Figure 4A). The holding current density was found
to be significantly different in the three conditions. Indeed, it
was found to be higher and lower in NALCN+ and NALCN—
GHj; cells, respectively, compared to the control condition
(Control: —2.1 + 0.2 pA/pF, n = 45; NALCN+: -34 + 0.2
pA/pF, n = 52, P < .0001; NALCN—-: —0.7 + 0.05 pA/pF,
n =29, P < .001; Figure S4A). Furthermore, replacing ex-
ternal Na™ with the impermeant cation NMDG in the three

GHj; cell lines resulted in a significant decrease of the hold-
ing current in cells. Importantly, NMDG application revealed
that this holding current carried by Na* ions, designated by
Na* background current, was significantly larger (~1.7-fold
increase) in cells overexpressing human NALCN compared
to the control group (Control: —1.3 + 0.1 pA/pF, n = 45;
NALCN+: —2.3 + 0.1 pA/pF, n =52, P < .0001; Figure 4C).
Conversely, the Na* background current was significantly
smaller (~2.8-fold decrease) in the knockdown condition
compared to the control group (NALCN—: —0.5 + 0.06 pA/
pF, n =29, P < .001). These results showed that the expres-
sion level of NALCN in GHj; cells impacts the Na* back-
ground conductance. This Na* background conductance was
not inhibited by TTX (1 pmol/L; Figure 4A, Figure S4B).
Indeed, we observed that TTX slightly increased the holding
current in some cells. We next examined the sensitivity of
the current to Gd** (200 pmol/L; Figure 4B). We found that
Gd** significantly reduced the holding current density of the
background conductance in the three conditions (Figure 4D).
This reduction was significantly higher in the NALCN+ con-
dition but was significantly lower in the NALCN— condition
compared to the control group (Control: —0.4 + 0.1 pA/pF,
n=9; NALCN+: -2.9+ 1 pA/pF,n=9, P =.02; NALCN—:
—0.1 + 0.05 pA/pF, n = 17, P = .02). Taken together, our
data showed that NALCN behaves as a TTX-resistant and
Gd**-sensitive Na* leak channel in GHj; cells.

3.5 | The Na* background conductance
exhibits a linear current-voltage relationship in
GH; cells

The current-voltage relationship of the Na* background
conductance was examined for membrane potentials rang-
ing from —100 to =30 mV in both control and NALCN+
GH; cell lines (Figure 5). To do so, we used a voltage step
protocol on cells held at —30 mV in the presence and the
absence of extracellular Na* (Figure 5A). The subtracted cur-
rent reflecting the Na™-dependent background conductance
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FIGURE 5 The sodium background conductance exhibits a linear current-voltage relationship in GHj; cells. A, Representative current traces
elicited by a membrane voltage step protocol (test pulses of 250 ms from — 30 to —110 mV with 10 mV decrements) with cells held at =30 mV,

in the presence and absence of extracellular Na* for a control GHj; cell (top), a NALCN+ GHj; cell (middle), and a NALCN— GH; cell (bottom).
Traces were subtracted to isolate the Na*-dependent component of the NALCN current for both control and NALCN+ GH; cells. B, Current-
voltage relationship for the Na* background current in Control (n = 13), NALCN+ (n = 12) and NALCN— (n = 14) GHj; cells. A linear regression
analysis indicated an extrapolated reversal potential E ., of 40.12, +7.05 and —13 mV in control, NALCN+, and NALCN— GH; cells, respectively.
The mean slope conductance value of 39.8 + 7.2 pS/pF, 69.4 + 10.1 pS/pF and 6.7 + 1.5 pS/pF, in Control, NALCN+, and NALCN— GH; cells,
respectively, was deduced from individual linear regression analyses for each cell. C, Current-voltage relationship for the NMDG-resistant current
in Control (n = 13), NALCN+ (n = 12) and NALCN— (n = 14) GHj; cells. A linear regression analysis indicated an extrapolated reversal potential
E,., of =32.09 mV, —28.82 and —33.65 mV in control, NALCN+, and NALCN— GH; cells, respectively. The mean slope conductance value of
72.1 +£ 9.2 pS/pF, 129.7 + 15.9 pS/pF and 20.3 + 2.4 pS/pF, in Control, NALCN+, and NALCN— GHj cells, respectively, was deduced from
individual linear regression analyses for each cell. Statistical analysis for both (B and C): two-ways ANOVA with Cell types as between subjects’
factor and Time as within subjects, repeated measures factor; FDR corrected post hoc tests; *P < .05, **P < .01, ***P < .001, compared to Control
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was then used to determine its current-voltage relationship
(Figure 5B). We found a linear current-voltage relation-
ship within the range of —110 to —30 mV with an extrapo-
lated reversal potential E, of +0.1, +7.1 and —13 mV in
Control, NALCN+, and NALCN— GHj cells, respectively
(Figure 5B). The corresponding slope conductance of this
NMDG-sensitive current was 39.8 + 7.2 pS/pF, 69.4 + 10.1

pS/pF and 6.7 + 1.5 pS/pF, in Control, NALCN+, and
NALCN- GHj cells, respectively. Compared to the Control
condition, current densities were found to be significantly
lower in the NALCN— condition and significantly higher in
the NALCN+ condition at all tested potentials. These results
are consistent with a linear (ohmic) Na+—dependent back-
ground conductance as previously described in this cell type6
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FIGURE 6 The NALCN current is regulated by extracellular Ca’in GHj; cells. A, Representative traces obtained on cells held at —84 mV
(HP) during successive application/wash of an extracellular low Ca>* solution (ie, 0.1 mmol/L) and an extracellular Na*-free solution (replaced
with NMDG) for a control GHj; cell (top), a NALCN-overexpressing GH; cell NALCN+, middle) and a NALCN-knocked-down GHj cell
(NALCN-, bottom). B, Increase of the background conductance when lowering the Ca** concentration from to 2 to 0.1 mmol/L (Control:

1.04 + 0.1 pA/pF vs 1.6 + 0.2 pA/pF, n = 19; NALCN+: 2.5 + 0.3 pA/pF vs 5.3 + 0.7 pA/pF, n = 36; NALCN—: 0.7 + 0.1 pA/pF vs 1 + 0.1 pA/
pF, n = 21). Statistical analysis: for each cell type, paired t test; ***P < .001, ****P < 0001, compared to Ca®" 2 mmol/L. The Na* background
current density in extracellular Ca®* 2 and 0.1 mmol/L was obtained by subtracting the current trace during NMDG application from the control
current at the considered extracellular Ca®* concentration. C, AICaZJ’_ScnSmVC (ie, InmpG-sensitive With extracellular Ca* 0.1 mmol/L minus Inmpe-
sensitive With extracellular Ca®" 2 mmol/L) when NALCN was overexpressed compared to the control condition (Control: —0.6 + 0.1 pA/pF, n = 19;
NALCN+: —2.8 + 0.6 pA/pF, n = 36; NALCN—: —0.2 & 0.05 pA/pF, n = 21). Statistical analysis: Kruskal-Wallis with FDR corrected post hoc

tests; *P < .05, ¥**¥**P < 0001 compared to Control

in every condition, Control, NALCN+, and NALCN— cell
lines, suggesting that the Na*-dependent background in GH,
cell line is mainly carried out by NALCN channel. However,
in the low external Na* (NMDG-substituted) condition a,
leak current was still observed in the Control and NALCN+
conditions (Figure 5A,C), with a slope conductance value of
72.1 + 9.2 pS/pF, 129.7 + 15.9 pS/pF, and 20.3 + 2.4 pS/pF,
in Control, NALCN+, and NALCN— GHj cells, respectively,
for this NMDGe-resistant current. This NMDG-resistant leak
current was significantly reduced in the NALCN— condition
within the —110 to —50 mV range and conversely, signifi-
cantly increased in the NALCN+ condition within the —80 to
—60 mV range. This suggests that NALCN is not a pure Na™
channel in GH; cells and might conduct other ions such as K*
and Ca*" as previously suggested.'” Additional experiments
will be required in the future to investigate with greater detail
the permeation properties of NALCN in GHj; cells.

3.6 | The NALCN current is regulated by
extracellular Ca** in GH; cells

An important feature of NALCN is its negative regulation
by extracellular Ca’*" in native neurons as well as when it is
heterologously expressed in cell lines such as the HEK-293T
and neuronal NG108-15 cell lines, 83438 Indeed, these stud-
ies have shown that switching from a Ca* concentration of 2
to 0.1 mmol/L resulted in a significant increase in the current
amplitude generated by NALCN. Thus, we checked whether
this property could be conserved in our pituitary cell model
(Figure 6). Using voltage-clamp recordings at a holding po-
tential of —84 mV, we found that a decrease of the Ca’* con-
centration from to 2 to 0.1 mmol/L resulted in a significant
increase in the background conductance in the three condi-
tions, Control, NALCN+, and NALCN— GHj; cells (Control:
—1.04 + 0.1 pA/pF vs —1.6 + 0.2 pA/pF, n =19, P < .001;
NALCN+: —2.5 + 0.3 pA/pF vs —=5.3 + 0.7 pA/pF, n = 36,
P <.0001; NALCN—: —0.7 + 0.07 pA/pF vs —1 + 0.1 pA/pF,
n =21, P <.0001; Figure 6A,B). A further analysis showed
a significant increase of the AICa2+—sensitive (ie, INMDG-sensitive
with extracellular Ca** 0.1 mmol/L minus Iyypg.sensitive With

extracellular Ca** 2 mmol/L) when NALCN was heterolo-
gously expressed compared to the control condition (Control:
—0.6 + 0.1 pA/pF, n = 19; NALCN+: —2.8 + 0.6 pA/pF,
n =36, P < .0001; Figure 6C). Conversely, the AICa2+_SenSmVC
was reduced in NALCN— GHj cells (0.2 + 0.05 pA/pF,
n =21, P = .04; Figure 6C). Our results demonstrated that
NALCN is negatively modulated by extracellular Ca’* in
GH; cells.

3.7 | Extracellular Ca>* modulates both
electrical activity and the RMP in GHj; cells

We next examined how extracellular Ca®* could modulate
the RMP of GHj; cells through NALCN (Figure 7). Indeed, a
regulation of the RMP by extracellular Ca®" was previously
described in lactotrophs, somatotrophs as well as in the pitui-
tary GC cell line.”” As expected, since voltage-gated Ca’*
channels are involved in GH; action potentials,32’39 reduc-
ing extracellular Ca®* from 2 to 0.1 mmol/L prevented action
potential firing in all conditions (Figure 7A). Importantly,
our data revealed a marked and reversible depolarization of
the Vm of GHj; cells when extracellular Ca’* was reduced in
the three conditions (Control: —39 + 0.9 vs —26.6 + 1.4 mV,
n=26, P <.0001; NALCN+: =334+ 1.4vs =17+ 1.3 mV,
n=230, P <.0001; NALCN—: —45.1 + 1 vs =32.6 = 1.9 mV,
n =15, P <.0001; Figure 7A,B). A further analysis showed
a significant increase of the AVm (ie, Vm with extracellu-
lar Ca** at 2 mmol/L minus Vm with extracellular Ca®* at
0.1 mmol/L) when NALCN was overexpressed compared
to the Control condition (Control: —12.4 + 1 mV, n = 26;
NALCN+: —17.4 + 0.8 mV, n = 30, P = .0015; Figure 7C).
In addition, the time to reach half-maximum depolarization
following extracellular Ca®" decrease was ~ twofold reduced
when NALCN was overexpressed, compared to the Control
condition (Control: 11.8 + 0.7 seconds, n = 26; NALCN+:
5.6 + 0.6 seconds, n = 30, P < .001; Figure 7D). However,
in the NALCN- condition, there was not any significant
difference compared to the Control condition for both the
AVm (NALCN—: —12.5 + 1.3 mV, n = 15, P = .99) and
the time to reach half-maximum depolarization (NALCN—:
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FIGURE 7 Extracellular Ca** modulates both electrical activity and RMP in GHj cells. A, Representative traces of membrane potential
recordings for the control, NALCN+, and NALCN— conditions. Extracellular Ca* was transiently switched from 2 to 0.1 mmol/L (see the

red dashed bars above each recording for duration). B, Summary of the RMP change when Ca”* was switched from 2 to 0.1 mmol/L (Control:
-39+ 0.9mV vs —26.6 + 1.4 mV, n =26; NALCN+: =334+ 14mV vs =17+ 1.3 mV, n =30; NALCN—: —45.1 + I mV vs =32.6 + 1.9 mV,
n = 15). Statistical analysis: for each cell type, paired t test; ****P < 0001, compared to Ca”* 2 mmol/L. C, ARMP (ie, RMP with extracellular
Ca”* at 2 mmol/L minus RMP with extracellular Ca>* at 0.1 mmol/L) when NALCN is overexpressed or knocked down compared of the control
condition (Control: —=12.4 + 1 mV, n = 26; NALCN+: —17.4 + 0.8 mV, n = 30; NALCN—: —12.5 + 1.3 mV, n = 15). Statistical analysis: One-
way ANOVA with FDR corrected post hoc tests; ***P < .001 compared to Control. D, Half-time to reach the plateau phase of the RMP following
extracellular Ca”* decrease (Control: 11.8 + 0.7 sec, n = 26; NALCN+: 5.6 + 0.6 sec, n = 30; NALCN-: 13 + 1.6 sec, n = 15). Statistical analysis:
One-way ANOVA with FDR corrected post hoc tests; ***P < .001 compared to Control. This value was calculated as the time to reach 50% of the
maximum depolarization following application of an extracellular solution with Ca”* 0.1 mmol/L
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13 + 1.6 seconds, n = 15, P = .5). These data suggested that,
although NALCN can contribute to the regulation of the Vm
by extracellular Ca2+, its contribution is too low in GHj; cells
to be sufficient to play a major role in this process.

3.8 | NALCN regulates prolactin
secretion of GHj; cells

Somatolactotroph GH; cells spontaneously secrete both
Growth Hormone (GH) and Prolactin (PRL).**" This se-
cretion depends on the electrical activity and is positively
modulated by application of Thyrotropin releasing hormone
(TRH).'"*** Since NALCN regulates excitability of GHj;
cells, we hypothesized its knockdown could impair hor-
mone release. To address this point, we measured both basal
and TRH-stimulated PRL secretion in the culture medium
using an Enzyme Immunometric Assay (see the Materials
and Methods section; Figure 8). We found that basal PRL
secretion was significantly reduced (~1.7- to 2-fold) in the
NALCN- condition compared to the Control condition at all
tested times of incubation (5 minutes: Control, 4.7 + 0.58 ng/
mg, NALCN—, 2.3 + 0.23 ng/mg, N = 3, P = .01; 15 min-
utes: Control, 6.55 + 0.6 ng/mg, NALCN—, 3.7 + 0.5 ng/mg,
N = 3, P = .004; 60 minutes: Control, 12.16 + 1.1 ng/mg,
NALCN-, 6.97 + 0.85 ng/mg, N = 3, P < .0001; Figure 8).
As expected, TRH (100 nmol/L) significantly increased (~1.4
to 1.8-fold) PRL release in Control GH; cells when meas-
ured at 15 and 60 minutes, but not at 5 minutes, following
application (5 minutes: 6 + 0.74 ng/mg, N = 3, P = .08;
15 minutes: 9.52 + 0.8 ng/mg, N = 3, P = .003; 60 minutes:
21.22 + 1.3 ng/mg, N = 3, P < .0001). The TRH-stimulated
PRL secretion was significantly reduced (~2.2- to 2.9-fold) in
the NALCN— condition (5 minutes: 2.65 + 0.3 ng/mg, N = 3,
P =.0019; 15 minutes: 3.62 + 0.15 ng/mg, N =3, P <.0001;
60 minutes: 7.44 + 0.61 ng/mg, N =3, P < .0001). PRL secre-
tion was not even significantly different from the NALCN—
condition without TRH application (5 minutes: N =3, P = .2;
15 minutes: N = 3, P = .2; 60 minutes: N = 3, P = .2). Taken
together, these results demonstrated that subsequently to its
regulation of cell excitability, NALCN contributes to both
basal and stimulated PRL secretion of GH; cells.

4 | DISCUSSION
4.1 | A role of NALCN in pituitary
endocrine cell excitability

The data presented in this study demonstrate that the sodium
leak channel NALCN as well as its ancillary subunits are en-
dogenously expressed in GHj; cells at least at the mRNA level.
We show that in this pituitary cell line, NALCN conducts a
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FIGURE 8 NALCN regulates prolactin secretion of GH;

cells. The involvement of NALCN in prolactin (PRL) secretion

was determined in both basal and Thyrotropin releasing hormone
(TRH)-stimulated conditions using an Enzyme Immunometric

Assay. Results are presented as ng of hormone released per mg of
cellular protein + SEM. Basal level of secreted PRL was found to

be significantly decreased in the NALCN- condition compared to

the Control condition (5 min: Control, 4.7 + 0.58 ng/mg, NALCN-,
2.3 +0.23 ng/mg, N = 3; 15 min: Control, 6.55 + 0.6 ng/mg,
NALCN-, 3.7 + 0.5 ng/mg, N = 3; 60 min: Control, 12.16 +

1.1 ng/mg, NALCN-, 6.97 + 0.85 ng/mg, N = 3). Application of
TRH significantly increased PRL release in Control GH; cells when
measured at 15 min and 60 min (5 min: 6 + 0.74 ng/mg, N = 3;

15 min: 9.52 + 0.8 ng/mg, N = 3; 60 min: 21.22 + 1.3 ng/mg, N = 3).
The TRH-induced increase in PRL secretion was significantly reduced
in the NALCN- condition (5 min: 2.65 + 0.3 ng/mg, N = 3; 15 min:
3.62 + 0.15 ng/mg, N = 3; 60 min: 7.44 & 0.61 ng/mg, N = 3).
Statistical analysis: three-ways ANOVA with Cell types and Treatment
(ie, TRH) as between subjects’ factors and Time as within subjects
repeated measures factor; FDR corrected post hoc tests; *P < .05,
*#*P < .01, #*P < .001 compared to Control

Na‘t background current, which regulates the RMP and the
electrical activity of GHj cells. Our findings are in good
agreement with the described properties and cellular roles of
NALCN in neurons.'’?® In addition to the central nervous
system, the NALCN-encoding mRNA was also detected in
heart and endocrine tissues, including the pituitary gland.zg’44
Importantly, a Na* background conductance was described
in several cell types of the anterior pituitary gland, includ-
ing in the somatolactotroph GHj cell line.'> An important
finding of this study is that the excitability properties of GH;
cells rely on the expression level of NALCN. We report that
the overexpression of NALCN depolarized the RMP while
its knockdown led to a more negative RMP of GHj; cells.
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Also, considering the electrically active GH; cells in each
condition, the firing frequency was increased in GHj cells
overexpressing NALCN and decreased in GHj; cells knocked
down for NALCN. Overall, our study points to the role of
NALCN as an important player of the cellular excitability in
the anterior pituitary cellular model, GH;. However, we no-
ticed that the ARMP values (ie, RMP with extracellular Na™
minus RMP without extracellular Na*) were not significantly
different between the NALCN— and Control GH; cells. It
may that the endogenous NALCN current is not fully inhib-
ited by the knockdown strategy employed here and/or that
some changes in GHj intrinsic electrophysiological proper-
ties may not appear as significant by removing extracellular
Na*. The discovery of selective NALCN blockers would be
of great help in the future to better deciphering the cellular
role(s) of NALCN.

4.2 | The properties of the Na™ background
current in GHj cells matches those of NALCN

Using a RNA interference-based approach to knockdown
NALCN expression in GHj; cells, we observed a significant
reduction of the current density of the Na* background con-
ductance (external Na* substituted by NMDG), revealing
that a large fraction of this Na* background conductance
was carried out by NALCN. Conversely, overexpression
of the human NALCN resulted in a significantly larger cur-
rent density of the Na* background conductance, validat-
ing further the ability of GH; cells to functionally express
NALCN channel. This NALCN-related Na* background
conductance was blocked by Gd>* and insensitive to TTX.
Importantly, we describe here that the NALCN-related Na*
background current in GHj; cells was significantly increased
when extracellular Ca** was reduced from 2 to 0.1 mmol/L.
This is also a key feature of NALCN, which is negatively
regulated by extracellular Ca’*.!%338 However, although re-
ducing Ca®" was seen to modulate NALCN+ cell excitabil-
ity (Figure 7), no significant change could be seen between
NALCN- and Control conditions suggesting that Ca’*
regulation of endogenous NALCN channel may be limited
-or yet to be identified- in native GH; cells. Using a RNA
interference approach to knockdown NALCN expression, a
residual Na™ background conductance in GHj cells was still
present. Considering that RNA interference has an ~80% ef-
ficiency at the mRNA level, the remaining Na* background
current could result from a residual expression of NALCN.
This remaining Na* background current could also reflect a
contribution of other ion channels as Gd** application had a
smaller effect than Na* removal on Control (—1.3 + 0.1 when
Na* was removed vs —0.4 + 0.1 pA/pF when Gd** was ap-
plied) and NALCN— GHj; cells (—0.5 = 0.06 vs —0.1 + 0.05
pA/pF; Figure 4) but a similar or even larger effect than

Na* removal in NALCN+ GHj cells (=2.3 + 0.1 pA/pF vs
—2.9 + 1 pA/pF). Indeed, several studies also suggested that
TRP channels could be involved in the Na* background con-
ductance of anterior pituitary cells as well as GH; cells.!1215
This hypothesis was based on detectable mRNA expression
of some TRP channels in these cell types. However, no ge-
netic manipulation was carried out with any TRP channel.
TRP channels were also suggested following the use of some
more or less specific pharmacological compounds. For ex-
ample, 2-APB (100 pmol/L) was used as a TRPC inhibitor
to show that this channel sub-family is involved in the Na™
background conductance of rat pituitary cells.'? However, a
recent study revealed that NALCN current may be blocked
by 2-APB with a ~50% potency at the same concentration.*
Similarly, other compounds such as SKF96365 or flufenamic
acid may also affect NALCN activity at the used concentra-
tion. Nevertheless, the NALCN current appears to represent
a large fraction of the Na* background current in GH, cells
and to play a role in regulating the RMP and excitability in
these cells. We also observed an unexpected increase and
decrease of a Na*-independent current following NALCN
overexpression and knockdown, respectively (Figure 5A,C).
One may hypothesize this Na*-independent component may
result from the permeation of other ions through NALCN.
Alternatively, one may speculate that a change in the expres-
sion level/activity of NALCN could modify the expression/
function of other channels either directly through allosteric
modulation or indirectly by modifying intracellular Ca®*
signaling and subsequently gene transcription. Additional ex-
periments are now required to clarify the origin of this Na*-
independent current.

43 | Toward the physiological role(s) of
NALCN in pituitary cells

Using GHj cells in which the expression level of NALCN
is monitored (knockdown, overexpression), our findings re-
vealed that NALCN could play a significant role in pituitary
cells. Although the physiological relevance of these find-
ings remains to be determined in native pituitary cells, we
can hypothesize that the physiology of this endocrine tissue,
its excitability and hormone secretion properties, would rely
on the level of NALCN activity. In keeping with this idea,
we demonstrated a role for NALCN in both basal and TRH-
induced PRL secretion in GHj cells. This role in hormone
secretion is in agreement with studies showing that replacing
extracellular Na* by choline reduce basal PRL secretion from
rat primary lactotrophs.”!''*® However, a role of extracellu-
lar Na* on TRH-induced PRL secretion from primary cells
was not clearly demonstrated.*® Our findings can be mod-
eled as follow: a reduced level of NALCN activity leads to
hyperpolarization and reduced excitability and conversely,
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an increase in NALCN activity depolarizes the cell favoring
excitability, or even induce cell silencing for higher depo-
larization. How the activity of NALCN is regulated is still
poorly understood. Here, we report that NALCN behaves as
a Na™ background current similar to that observed in neurons
and myometrial cells although we also highlighted a Na*-
independent component of the NALCN current.'” 4" This
Na*-independent component remains to be characterized.
Besides, independently of any background current activity,
NALCN was shown to be either positively or negatively reg-
ulated by G protein-coupled receptors (GPCRs) in neurons
and in a pancreatic p-cell line.*?*3*3>374% Because several
GPCRs such as the TRH receptor are known to modulate
cell excitability and hormone secretion in pituitary endocrine
cells,' it is tempting to speculate that GPCR regulation of
NALCN channel could occur. The repertoire of GPCRs that
modulates NALCN in endocrine pituitary cells remains to be
determined.

Recently, pathogenic variants of NALCN were de-
scribed in the IHPRF1 (OMIM #615419) and CLIFAHDD
syndromes (OMIM #616266).>"* The IHPRFI variants
of NALCN are recessive predicted to be loss-of-function.
Conversely, de novo dominant pathogenic CLIFAHDD vari-
ants are gain-of—function.3 645 Our present results suggest that
symptoms observed in patients with both the IHPRF1 and
the CLIFAHDD syndromes that are complex may arise not
only from an alteration of neuronal excitability, but also from
endocrine defects. Further studies using animal models are
now necessary to investigate such a hypothesis: the selective
knockout of NALCN in the different sub-populations of en-
docrine pituitary cells hold promise to explore and validate
the implication of NALCN in excitability properties and se-
cretory function of pituitary cells.

Overall, this study unambiguously points to NALCN as
the main molecular identity of a Na* background conduc-
tance in GHj3, a pituitary endocrine cell model. It provides
novel insights into the functional role of NALCN channels in
regulating the excitability properties and physiological roles
of endocrine cells. Still, selective NALCN inhibitors or mod-
ulators would be critically needed in such studies to phar-
macologically modulate NALCN activity, and validate data
obtained by genetic manipulation of its expression.
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