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Abstract
Spinal and bulbar muscular atrophy (SBMA) is a neuromuscular disease caused by expansions of a polyglutamine (polyQ) tract
in the androgen receptor (AR) gene. SBMA is associated with the progressive loss of lower motor neurons, together with muscle
weakness and atrophy. PolyQ-AR is converted to a toxic species upon binding to its natural ligands, testosterone, and dihydro-
testosterone (DHT). Our previous patch-clamp studies on a motor neuron-derived cell model of SBMA showed alterations in
voltage-gated ion currents. Here, we identified and characterized chloride currents most likely belonging to the chloride channel-
2 (ClC-2) subfamily, which showed significantly increased amplitudes in the SBMA cells. The treatment with the pituitary
adenylyl cyclase-activating polypeptide (PACAP), a neuropeptide with a proven protective effect in a mouse model of SBMA,
recovered chloride channel current alterations in SBMA cells. These observations suggest that the CIC-2 currents are affected in
SBMA, an alteration that may contribute and potentially determine the pathophysiology of the disease.
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Introduction

Chloride (Cl−) plays an important role in regulating the excitabil-
ity of neurons and muscles through changes in the membrane

potential (Arosio and Ratto 2014). In the nervous system, im-
paired Cl− transport is involved in, e.g., Alzheimer’s disease
(De Koninck 2007), epilepsy (Huberfeld et al. 2007), neuro-
pathic pain (Price et al. 2009), and in the regulation of synaptic
inhibition in mature brain (Mahadevan and Woodin 2016).

Cl− homeostasis is regulated by several proteins; among
them, the largest family of proteins involved in the Cl− flow
across cell membranes is represented by the ClC chloride chan-
nels and transporters (Jentsch and Pusch 2018). ClC proteins
are important for several physiological processes: in addition to
the regulation of excitability by stabilizing the membrane po-
tential, they serve mainly in the regulation of cell volume and
the transepithelial transport (Jentsch et al. 2002; Accardi and
Picollo 2010; Poroca et al. 2017; Jentsch and Pusch 2018).

ClC proteins are expressed in both intracellular and plasma
membranes. Nevertheless, based on the ion transport proper-
ties, the 9 members of ClC family can be separated into two
main groups. In mammals, ClC-3 to ClC-7 are 2Cl−/H+-ex-
changers located in endolysosomal membranes, while ClC-1,
ClC-2, ClC-Ka, and ClC-Kb are voltage-gated Cl− channels
strictly expressed in the plasma membrane (Jentsch et al.
2002; Accardi and Picollo 2010; Poroca et al. 2017; Jentsch
and Pusch 2018). ClC-K isoforms are differentially expressed
in epithelial cells of the nephron, the inner ear, and salivary
glands. In contrast, ClC-2 channels are widely and almost
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ubiquitously expressed in epithelial and nonepithelial cells
(Thiemann et al. 1992) whereas ClC-1 is highly specific for
skeletal muscle (Aromataris and Rychkov 2006).

Molecular, cellular, and pharmacological studies indicated
that ClC-2 channels perform multiple functional roles, includ-
ing regulation of cell volume, neuronal excitability, and cell
proliferation in physiological conditions (Bi et al. 2014;
Jentsch and Pusch 2018). Disruption of ClC-2 function leads
to azoospermia and retinal degeneration, as observed in ClC-2
knock-out mice (Bösl et al. 2001). Likewise, altered expres-
sion and function of ClC-2 channels have been associated
with human diseases although their physiological role is still
not completely uncovered (Accardi and Picollo 2010; Bi et al.
2014; Jentsch and Pusch 2018).

Experimental evidence supports the idea that altered func-
tion of ClC-2 channels contributes to metabolic/
endocrinological diseases, e.g., primary aldosteronism
(Fernandes-Rosa et al. 2018) and brain diseases (Bi et al.
2014) such as leukoencephalopathy with ataxia (Guo et al.
2019); besides, the megalencephalic leukoencephalopathy
with subcortical cysts (MLC) is caused by a recessive muta-
tion of either MLC1 or GLIALCAM genes, where GlialCAM
is an auxiliary subunit of ClC-2 channel (Jeworutzki et al.
2012).

Polyglutamine-expansions (PolyQ) in proteins have been
identified as the primary cause of neurodegenerative disorders
such as Huntington’s disease, dentatorubral-pallidoluysian at-
rophy, six spinocerebellar ataxias, and spinal and bulbar mus-
cular atrophy (SBMA) (Lieberman et al. 2019). SBMA, also
known as Kennedy’s disease, is an adult-onset, genetically
inherited (X-linked) neuromuscular disorder (Kennedy et al.
1968). The causative mutation in SBMA is a glutamine-
encoding trinucleotide CAG repeat expansion in the first exon
of the androgen receptor (AR) gene (La Spada et al. 1991). In
normal conditions, the polyQ-AR tract ranges from 9 to 36
residues. However, a repeat number higher than 38 is consid-
ered pathogenic (La Spada et al. 1991). Under pathological
conditions, the stimulation of the AR by the natural agonists
testosterone or dihydrotestosterone (DHT) is required for the
induction of polyQ-expanded AR-mediated toxicity (Parodi
and Pennuto 2011). After androgen binding, the activated
AR translocates to the nucleus, where it interacts with specific
sequences on the DNA, ultimately resulting in either the up- or
downregulation of the target genes involved in the control of
various aspects of the cell behavior. This mechanism could
produce changes in ion channel expression or activity
(Asuthkar et al. 2015). The influence of testosterone on the
activity of ion channels has been demonstrated in cardiac
myocytes, where testosterone, progesterone, and a high-
concentration of 17-estradiol acutely shortened cardiac repo-
larization time by regulating L-type Ca2+ current (ICaL) and
slowly activating delayed rectifier K+ current (IKs) (Furukawa
and Kurokawa 2008).

We previously showed that polyQ-expanded AR is phos-
phorylated by Akt at serine 215 and serine 792. This post-
translational modification reduces mutant AR toxicity both
in vitro (Palazzolo et al. 2007) and in vivo (Palazzolo et al.
2009). Conversely, phosphorylation at serine 96 is enhanced
in SBMA motor neurons, and its attenuation by pituitary
adenylyl cyclase-activating polypeptide (PACAP), a neuro-
peptide with proven neuroprotective effects in neurodegener-
ative diseases (Polanco and Pennuto 2018), halts degeneration
in vitro and in vivo (Polanco et al. 2016; Jimenez-Garduño
et al. 2017).

SBMA is characterized by fasciculation, weakness, and
atrophy of bulbar and limb muscles besides a marked loss of
motor neurons in the spinal cord and brainstem (Kennedy
et al. 1968) which is correlated with the high expression of
AR in these neuronal tissues (Polanco et al. 2016).
Consequently, damage to skeletal muscle cells/motor neurons
and impaired neuromuscular transmission are characteristics
of SBMA (Querin et al. 2018). Interestingly, a recent work by
genome-wide transcriptome analysis found that motor neu-
rons exhibit increased expression of synapse-related gene sets
involved in neuromuscular transmission, proposing the neu-
romuscular synapse as putative therapeutic target for SBMA
(Onodera et al. 2020).

Chloride homeostasis alterations have been reported in
neurodegenerative diseases (Poroca et al. 2017), and are also
associated with the pathophysiology of polyglutamine disor-
ders (Hsu et al. 2018). In addition, altered overall membrane
exci tabi l i ty has been observed in several polyQ
spinocerebellar ataxias (Lieberman et al. 2019). Specifically,
modifications of the resting membrane potential of SBMA
cells have been associated with depletion of chloride channels,
together with other voltage-gated channels, expressed in the
surface membrane (Oki et al. 2015).

According to our previous electrophysiological results
demonstrating that the expression of polyQ-expanded AR
causes an androgen-dependent reduction of the macroscopic
membrane ionic currents in polyQ-AR motor neuron-derived
(MN-1) cells (Jimenez-Garduño et al. 2017), we hypothesized
that also chloride currents could be involved into ionic current
alterations in SBMA.

Therefore, the aim of this study was to identify the chloride
membrane conductance and its putative alterations in a cell
model of SBMA. Our electrophysiological and pharmacolog-
ical approaches, combined with molecular biology, identify a
membrane conductance in polyQ-AR MN-1 cells that resem-
bles the ion current kinetics of voltage-gated ClC-2 channels.
We found an alteration of ClC-2 currents in DHT-stimulated
cells expressing AR with an expansion of 100 glutamine res-
idues (AR100Q) which are considered a pathogenic model of
SBMA and recognized to recapitulate AR toxicity.

Additionally, to deepen the applied pathophysiology and
pharmacology of ClC-2 in SBMA cells, we evaluated the
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treatment with the neuropeptide PACAP which, as reported
above, ameliorated the disease outcome (Polanco et al. 2016;
Jimenez-Garduño et al. 2017; Polanco and Pennuto 2018). In
this study, the incubation with PACAP produced an attenua-
tion of the chloride current defects in SBMA MN-1 cells,
uncovering a functional mechanism through PACAP might
exert his efficacy. Hence, we propose the defects/alterations
of the electrophysiological correlate (i.e., the cell electrochem-
ical machinery) as a suitable cellular marker of the disease.
Furthermore, our results suggest that ClC-2 channels may
represent a novel target for therapeutic intervention in SBMA.

Materials and Methods

Cells

MN-1 are hybridoma cells derived from embryonic mouse
spinal cord motor neurons and neuroblastoma cells (clone
2F1.10.14.7) (Salazar-Grueso et al. 1991). MN-1 cells were
stably transduced with lentiviral vectors expressing a human
AR transgene with either a non-pathological 24Q tract
(AR24Q) or an expanded 100Q tract (AR100Q) as well as
the soluble enhanced green fluorescent protein (eGFP)
(Scaramuzzino et al. 2015; Pennuto and Basso 2016). Cells
were routinely cultured with DMEM supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL
penicillin G, and 100 μg/mL streptomycin, and incubated in
5% CO2, 100% humidity, at 37 °C. AR24Q and AR100Q
cells were seeded at 5 × 104 cells/mL on poly-L-lysine coated
glass coverslips. Twenty-four hours before patch-clamp re-
cordings, the cells were cultured in 10% Charcoal Dextran
Stripped (CDS) serum with either 10 nM DHT (Sigma,
Germany) or vehicle (Ethanol). These cells recapitulate fea-
tures of SBMA, such as mutant AR aggregation, toxicity, and
mitochondrial pathology (Ranganathan et al. 2009;
Scaramuzzino et al. 2015; Polanco et al. 2016).

Electrophysiology

Patch-clamp recordings in the whole-cell configuration
(Jimenez-Garduño et al. 2017; Roncador et al. 2017;
Tripathy et al. 2020) were done in polyQ-AR MN-1 cells at
non-sterile conditions and room temperature. The standard
bath solution had the following composition: (mM) NaCl
140, KCl 2.8, HEPES 10, MgCl2 1, CaCl2 2 and glucose
10 mM, pH 7.4, and 310 mOsm. The pH of this solution
was lowered to 6.9 as needed. The pipette solution had the
following composition (mM): CsCl 120, TEA-Cl 20, CaCl2 1,
MgCl2 2, EGTA 11, HEPES 10, GTP 0.1 and ATP 1, pH 7.3,
and 295 mOsm. In the channel selectivity experiments, NaCl
was replaced by NaI 140mM or Na-gluconate 137 mM. Patch
electrodes were fabricated from GB150-8p (OD 1.5 mm, ID

0.86 mm) borosilicate glass capillaries (Science Product)
using a PIP6 temperature-controlled pipette puller (HEKA).
Working pipettes had tip resistances of 3–6 MΩ. Cells were
placed and inspected under an upright microscope Nikon FN1
(Nikon Instruments). Agar bridges were used to eliminate the
voltage drift caused by the use of extracellular lower chloride
solutions. Bioelectric signals were picked up using an ELC-
03XS amplifier (Npi) connected to a personal computer via a
breakout-box interface (INT-20X, Npi). High-precision posi-
tioning was provided by a piezo-drive micromanipulator
(Sensapex). Instant patch-clamp parameters (e.g., Rpipette,
Rseal, Cm, Raccess) were monitored with the signal acquisition
software (WinWCP Electrophysiology Software, John
Dempster, University of Stratchlyde, Glasgow, UK).
Voltage commands and current response values were stored
in a PC. The acquisition rate of the current signals was 5 KHz
and signals were filtered at 2 KHz. For the identification of
chloride channels, two different voltage protocols were ap-
plied: Protocol I, holding potential 0 mV, test pulses from +
40 to − 160 mV in 20-mV hyperpolarizing steps, followed by
a constant + 60-mV short pulse (100 ms, 0 ms of delay);
Protocol II, holding potential 0 mV and 20-mV voltage steps
between − 155 and + 125 mV, followed by a – 125-mV long
pulse (Thiemann et al. 1992; Enz et al. 1999; Fahlke 2001;
Stölting et al. 2014; Jentsch and Pusch 2018). For the phar-
macological identification of chloride currents, corresponding
treatment was prepared as follows: Chloride channel blocker
5-nitro-2-(3 phenylpropylamino)-benzoate (NPPB) and
GaTx2 (both from Tocris) were used at 500 μM (in EtOH)
and 0.1 μM (in water), respectively. Stock solutions were
diluted to final concentration in bath solution and perfused
for 1 min at 500 μL/min flow rate. PACAP 27 (Calbiochem
Merck, Life Sciences), diluted in water, was used at a concen-
tration of 100 nM with an incubation of 24 h before the
experiments.

Protein Extraction and Immunoblotting

Cultured cells were harvested and resuspended into PBS.
Cells were lysed in urea buffer with the following compo-
sition: 2 M thiourea, 7 M urea, 4% (w/v) CHAPS, 1%
(w/v) DTT, and protease inhibitor (ROCHE complete).
Lysates were incubated 10 min at 35 °C, and equal
amounts of protein (40 μg) were loaded in a 6% SDS-
polyacrylamide gel. The proteins were blotted onto nitro-
cellulose membranes. Then, the membrane was incubated
with ClC-2 antibody (1:1000, Santa Cruz, sc-377284) in
PBS and 5% low-fat milk. β-actin (1:5000) was used as a
housekeeping protein for expression level comparison.
The membrane was developed using ECL Prime Western
Blotting System (GE Healthcare) with the ChemiDoc MP
Imaging System (Bio-Rad, Hercules).

664 J Mol Neurosci  (2021) 71:662–674



Immunofluorescence Analysis

Cells fixed in 4% paraformaldehyde for 10 min at room tem-
perature (RT) were permeabilized with 0.05% triton in PBS
and blocked with 3% bovine serum albumin (BSA). The ClC-
2 primary antibody (Santa Cruz, sc-377284) was incubated
1:200 overnight at 4 °C in PBS plus 1% BSA. Alexa Fluor-
568 anti-mouse was used at 1:2000 and incubated for 1 h at
RT. Microscopy analyses were performing using confocal
(SP5, Leica) and epifluorescence (DP70, Olympus) setup.
Fluorescence analysis was performed with the image process-
ing program ImageJ (https://imagej.nih.gov/ij/).

Quantitative Real-Time PCR Analysis

Total RNA from MN1 cells was extracted using TRIzol re-
agent following the manufacturer instructions (Invitrogen).
The mRNA reverse transcription was performed with the
Thermo Scientific RevertAid First Strand cDNA Synthesis
Kit using Oligo-dT primers. RT-PCR analysis was carried
out using the KAPA SYBR FAST qPCR Kit (KAPA
Biosystems) in the CFX Connect™ Real-Time PCR
Detection System (BioRad), using HRPT1 as reference gene
for quantification. The primers used for the PCR and RT-PCR
were the fo l l ow ing : C lC-2 fo rwa rd (5 ′ -GACT
CACATGGCCGGTATGTA-3′), ClC-2 reverse (5′-CACG
GTCTACAGCGTAAACAA-3′), HRPT1 forward (5′-TTGC
TGACCTGCTGGATTAC-3′) and reverse (5′-CCCG
TTGACTGATCATTACAGTAG -3′). RT-PCR reaction con-
ditions usedwere as follows: one initial step of 95 °C for 3 min
followed by 40 cycles of 95 °C for 2 s (denaturation) and
60 °C for 25 s (annealing and extension). The resulting Ct
values were used to calculate the fold change of ClC-2 gene
using the “delta delta Ct” (ΔΔCt) analysis.

Data Analysis and Statistics

Patch-clamp digitalized data were analyzed off-line. To gen-
erate I-V plots, the amplitude values measured by 100 msec
(steady-state) were normalized (I/Imax) to current amplitudes
at − 100 mV. Data are presented as mean ± standard error of
the mean (SEM). G-V curves were calculated by fitting the
slope of I-V curves to the linear relation: Y =mX+ c. To ob-
tain an estimate of gating conductance, steady-state currents as
a function of voltage were adjusted by a Boltzmann distribu-
tion of the form: G =G0 + (Gmax −G0)/(1 + exp.[(V − V0.5)/k].
where G, G0, and Gmax are conductance as a function of volt-
age, residual conductance independent of voltage, and maxi-
mal conductance at full activation (extrapolated), respectively.
V0.5 is the voltage at which 50% activation occurs, and k is the
slope factor (Zúñiga et al. 2004). Maximum conductivity re-
corded was used as the maximum conductivity (Gmax) to nor-
malize the conductivity of each cell. For I-V as well as G-V

calculations, the AR24Q cells (exposed to DHT) were
employed to data normalization. Data analysis was performed
using WinWCP and OriginPro 8.1. Fluorescence intensity
analysis was performed by epifluorescence-acquired images
at × 20 magnification. All controls were acquired and ana-
lyzed with the same imaging parameters as experimental sam-
ples. The images were subject to background subtraction, and
the signals were normalized to ClC-2 fluorescence signal in
AR24Q cells. RT-PCR data analysis was performed using the
“delta-delta Ct” (ΔΔCt) method; fold averages are presented ±
SEM. In electrophysiological and molecular experiments, the
nwas calculated on the number of tested cells, and the number
of independent experiments (defined as cultures performed on
different days) is given in the respective figure legends.

Statistical analyses were performed using two-way
ANOVA followed by Holm-Sidak test (HS) for multiple com-
parisons. A value of P ˂ 0.05 was considered statistically
significant. All statistical analyses were performed using
Prism 7 (Graphpad Software, Inc.).

Results

ClC-2 Is Functionally Expressed in polyQ-AR MN-1
Cells

To investigate the activity of the ClC channels in MN-1 cells,
we recorded currents with the patch-clamp technique in the
whole-cell configuration. The dissection of hyperpolarizing-
activated anion currents was performed using an intracellular
solution with cesium chloride and tetraethylammonium
(TEA)-chloride (Clark et al.1998). We used two different pro-
tocols to functionally characterize ClC channels: Protocol-I
with a final + 60 mV step to elicit the canonical tail currents
of ClC-2 channels (Thiemann et al. 1992; Enz et al. 1999;
Jentsch and Pusch 2018), and Protocol-II to identify currents
from ClC-1, CFTR, ClC-4, and ClC-5 channels (Fahlke 2001;
Stölting et al. 2014).

To model SBMA in vitro, we used the SBMA motor
neuron-derived MN-1 cells that we generated expressing ei-
ther a non-expanded AR with 24 glutamine residues (non-
pathological AR24Q) or a polyQ-expanded AR with 100 glu-
tamine residues (pathological AR100Q). These cells represent
a valuable in vitro system to model SBMA, as they express
similar levels of non-expanded AR and polyQ-AR, and they
show activation of caspases and premature death, AR aggre-
gation, and mitochondrial pathology (Palazzolo et al. 2007;
Pennuto and Basso 2016; Polanco et al. 2016; Ranganathan
et al. 2009). Pulse stimulation of AR24Q cells with Protocol-I
showed the typical electrophysiological features of ClC-2
channels: (1) strongly inward rectifying current amplitudes,
(2) time-dependent opening, and (3) tail currents (Fig. 1a).
On the other hand, stimulation with Protocol-II did not
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produce changes in AR24Q cells (Fig. 1b). Moreover, we did
not detect tail currents during the final – 125-mV stimulation.
Based on the known channel localization and the selectivity of
the protocols employed, these electrophysiological observa-
tions indicate that ClC-1, ClC-4, and ClC-5 could be not
expressed (Bennetts and Parker 2013; Stölting et al. 2014).
By analyzing the current density for the AR24Q cells in the
presence of vehicle (EtOH condition), we obtained a value of
3.73 pA/pF for the maximal amplitude of the current evocated
with the “Protocol II,” whereas with the “Protocol I,” we cal-
culated a value of 74.67 pA/pF for the maximal delayed in-
ward rectifying component which thus represents 95.24% of
the total chloride current.

Taken together, these results demonstrate that AR24Q cells
present a strong predominance of chloride currents that resem-
ble the kinetics of the currents described for ClC-2 channels
(Thiemann et al. 1992; Stölting et al. 2014; Jentsch and Pusch
2018).

Effect of ClC Channel Blockers in polyQ-AR MN-1 Cells

Taking into account that no high-affinity blockers exist for
ClC-2 (Jentsch and Pusch 2018), and that ClC-2 is to some
extent sensitive to classical chloride channel blockers, to test
the ClC-2 channel’s identity in MN-1 cells, we used (1) the
blocker 5-nitro-2-(3-phenylpropylamino)benzoic acid
(NPPB) (Clark et al. 1998) and (2) the peptide toxin “Gating
modifier Toxin of anion channels 2” (GaTx2) (Thompson
et al. 2009), which are the most used blockers for ClC-2 phar-
macological characterization (Jentsch and Pusch 2018).

We first investigated the effect of broad-spectrum Cl−

channel blockers on the inwardly rectifying currents. The
application of NPPB decreased the amplitude of the cur-
rents in AR24Q and AR100Q cells treated with DHT
(Fig. 2a).

The analysis of I-V curve at the higher hyperpolarizing
value of − 100 mV revealed inhibition of 50.6% in AR24Q
Veh cells, 46.7% in AR24Q DHT, 34.6% in AR100Q Veh,
and 57.7% in AR100Q DHT (Fig. 2b, c). Interestingly, there
was a statistically significant increase (P = 0.048) of the ClC-2
current amplitude in AR100QDHT cells compared to AR24Q
cells, a current increase that could contribute to some aspect of
the disease. Furthermore, application of NPPB attenuated the
increase of chloride current under pathological conditions
(Fig. 2c). To determine the voltage dependence of chloride
currents, conductance (i.e., the reciprocal of resistance)-volt-
age (G-V) curves were constructed from the currents evoked
by the pulse protocol of stimulation. Figure 2 d depicts the G-
V plot of DHT-treated AR24Q and AR100Q cells. From these
fits, we obtained the membrane potential values at which the
activation of chloride currents is one half of its maximum
(V0.5). The V0.5 of ClC-2-like current was − 86.4 ± 1.3 mV
in DHT-treated AR24Q cells and − 73.4 ± 3.8 mV in DHT-
treated AR100Q, as calculated by the single Boltzmann dis-
tribution, demonstrating that DHT application produced an
increment in the conductance of chloride currents as well as
a drift to the depolarized values in the V0.5 of ClC-2-like
conductance.

Upon GaTx2 perfusion, DHT-treated AR100Q patho-
logical cells showed a lower inward current with a value
of the reduction of 25.8% at − 100 mV (Fig. 3a bottom
traces, Fig. 3b bottom, and Fig. 3c). This effect also was
observed in control AR24Q and AR100Q cells, but no
statistically significant differences were observed (Fig.
3c). In the case of DHT-treated AR24Q cells, GaTx2 ap-
plication did not show a clear effect at the evaluated con-
centration (Fig. 3a, top traces, and 3b) as further con-
firmed by the bar plot in Fig. 3c. The steady-state G-V
relationships (as above) showed an increase in the con-
ductance of AR100Q cells exposed to DHT (Fig. 3d).
Likewise, the conductance of the non-pathological cells

Fig. 1 Isolation and
characterization of chloride
currents in polyQ-AR MN-1
cells. Comparison between cur-
rent traces obtained by applying
voltage steps protocols to evoke
ClC-2 and ClC-1 chloride cur-
rents in the AR24Q cells treated
with vehicle. a Typical ClC-2-
type membrane currents evoked
by application of the Protocol-I
(top-left) in whole-cell configura-
tion. The voltage stimulation
elicited sharp hyperpolarizing
chloride currents. b The applica-
tion of the ClC-1-evoking
Protocol-II (top-right) did not
elicit chloride currents
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was decreased by pharmacological treatment. These re-
sults suggest a not significant effect for GaTx2 in both
AR24Q and AR100Q cells.

Taken together, our results demonstrate that MN-1 cells
expressing polyQ-expanded AR have functional ClC-2 chan-
nels that are substantially blocked by NPPB and, to a lesser
extent, by GaTx2.

Acidic pH Activates ClC-2 Channels in polyQ-AR MN-1
Cells

ClC-2 channels are sensitive to extracellular pH acidification,
which results in an enhancement of ClC-2 current (Clark et al.
1998). Therefore, we exposed the cells to an extracellular
standard solution adjusted to a pH of 6.9. After a 1-min period
of perfusion with an acidic external solution, AR24Q and
AR100Q cells showed enhanced responses (Fig. 4a and cor-
responding I-V curves in Fig. 4b). The amplitude of ClC-2-
like currents was increased significantly afterward acidic pH
exposure in DHT-treated AR24Q cells by 99.1% and Veh-
treated AR100Q cells by 76.9%, but not in AR24Q cells treat-
ed with Veh (48%) or AR100Q cells treated with DHT
(40.4%) (Fig. 4c).

Moreover, we observed an increase in the conductance of
ClC-2-like current from AR24Q and AR100Q cells under
acidic pH without changing its voltage dependence (Fig.
4d). So, our data showed that the recorded currents are sensi-
tive to changes in extracellular pH and are activated by mod-
erate acidification, which also represents a functional marker
of ClC-2 channel activity (Clark et al. 1998).

Ion Selectivity of ClC-2 Channels in polyQ-AR MN-1
Cells

To further characterize ClC-2 channels in MN-1 cells, we
applied standard substitution protocols employing Na-Iodide
(I−) or Na-gluconate (G−) solutions, which discern anion se-
lectivity for ClC-2 channels (Thiemann et al. 1992; Enz et al.
1999). Figure 5 a shows representative traces after iodide and
gluconate exposure in control conditions, Veh-treated AR24Q
and AR100Q cells. Both conditions showed a reduction in
current amplitude (Fig. 5b). In Veh-treated AR24Q and
AR100Q cells, removal of extracellular Cl− by NaI or NaG
decreased the current amplitudes with the following order
Cl− ˃ I− ˃ G− that is in line with the relative anion selectivity
reported for ClC-2 channels (Thiemann et al. 1992; Clark

Fig. 2 Chloride channel blocking by NPPB. a ClC-2 chloride currents
and the effect of NPPB on MN-1 cells. Top panel shows AR24Q-DHT
before (left) and after (left) NPPB (500 μM) application. Bottom panel
shows AR100Q DHT before (left) and after NPPB application (right).
The applied potential in the voltage protocol ranged from − 10 to −
100 mV. b Comparison of the I-V curves given by the treatment with
NPPB and control in DHT-treated cell conditions. The current amplitude
was measured at the end of the pulse and normalized (I/Imax) to the current

at − 100 mV. c Histogram showing the NPPB effect on chloride currents
at the most hyperpolarized value (− 100 mV) in the four conditions.
*P < 0.05, by two-way ANOVA + HS. d Normalized conductance (G/
Gmax) curves obtained at each membrane potential of the currents in panel
A. Lines are fits to the Boltzmann equation. Maximum conductivity re-
corded for each cell was used as theGmax to normalize the conductivity of
each cell. n = 4 for each condition
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Fig. 3 Effect of GaTx2 on ClC-2-like currents. a Representative current
traces of the GaTx2 effect onMN-1 cells. Top panel shows AR24Q-DHT
before (left) and after GaTx2 (0.1 μM) application (right). Bottom panel
shows AR100Q-DHT before (left) and after GaTx2 application (right).
The voltage protocol was the same as described in Fig. 2. b Comparison
of the I-V curves given the treatment with GaTx2 and control in DHT-
treated conditions. The current amplitude was normalized (I/Imax) using

control current amplitudes at − 100 mV. The normalized currents were
plotted against the test potential. c Summary data for the effects of GaTx2
application on chloride currents in the four conditions in comparison with
controls. d G-V relationships at different voltages of the currents in panel
a. A fit to the Boltzmann equation is shown as solid lines. n = 4 per
condition

Fig. 4 Sensitivity of ClC-2-type currents to acidification. a
Representative traces of the chloride currents evoked by pH 6.9 and 7.4
in the bath solution. Figures show DHT-treated AR24Q and AR100Q
cells in physiological (left, top, and bottom) and acidic (6.9, right, top,
and bottom) bath solutions. Data recorded from 4 independent cells for
each condition are summarized in I-V plots. The voltage protocol was the
same as described in Fig. 2. b The amplitude of the voltage-activated

currents was enhanced for the acidic external solution. The current am-
plitude was normalized (I/Imax) using control current amplitudes at −
100 mV. c Histogram showing the acidic pH (6.9) effect on chloride
currents of the four conditions in comparison with controls at the most
hyperpolarized value (− 100mV). *P < 0.05, by two-wayANOVA+HS.
d Steady-state G-V plots of the currents shown in panel a. A fit to the
Boltzmann function is shown as solid lines. n = 4 per condition
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et al. 1998; Fahlke 2001). However, the selectivity of ClC-2
has been studied in different models and shows differences in
its permeability depending on the species origin and on the
cell type (Fahlke 2001). Furthermore, data fitting of the re-
cordings with the extracellular permeant anions Cl−, I−, and G,
confirmed the presence of decreases in conductance when Cl−,
as the permeant ion, is replaced (Fig. 5c). Taken together, our
results match another fingerprint of ClC-2 channels, which is a
lower permeability to iodide than to chloride (Fahlke 2001).

Molecular Characterization of ClC-2 Channels in
polyQ-AR MN-1 Cells

To confirm the presence of ClC-2-like currents observed by
electrophysiological recording, we next sought to assess the
expression of ClC-2 channels by western blot on polyQ-AR
MN-1 cells treated with Veh or DHT. Bands of expected sizes
(95 kDa) for ClC-2 were identified in AR24Q as well as
AR100Q cells lysates (Fig. 6a): They show that AR24Q and
AR100Q cells express endogenous ClC-2 channels. While the
upper isoform might correspond to the product of ClC-2 as-
sociation to accessory molecules such as GlialCAM
(Jeworutzki et al. 2012) or channel heterodimerization
(Stölting et al. 2014), the lower isoform corresponds to the
molecular weight of ClC-2 previously reported (Cortez et al.
2010; Nighot and Blikslager 2012).

By further immunofluorescence and confocal micros-
copy analysis, we observed the ClC-2 protein expression

in whole cells under the four conditions tested (Fig. 6b).
The quantitative analysis of fluorescence intensity re-
vealed that DHT did not modify ClC-2 presence in
AR24Q cells compared to control conditions. However,
the AR100Q cells exposed to DHT showed a statistically
significant (P = 0.032) increase of fluorescence intensity,
i.e., ClC-2 expression (Fig. 6c). Finally, we evaluated the
mRNA expression of ClC-2 channels by RT-PCR in
AR24Q and AR100Q cells treated with DHT. This treat-
ment in AR100Q showed a statistically significant (P =
0.036) increase of the transcript levels of ClC-2 gene (Fig.
6d).

The quantitative analyses showing an increase of ClC-2
total protein expression, which positively correlates with the
ClC-2 augmented mRNA transcript levels, demonstrate that
ClC-2 channel’s upregulation is consistent with the patholog-
ical condition. The molecular data obtained suggest that the
mechanisms associated with DHT toxicity in SBMA MN-1
cells drive to modifications of ClC-2 channels at transcription-
al and protein levels.

PACAP Ameliorates Alterations in ClC-2 Currents in
polyQ-AR MN-1 Cells

In order to elucidate whether the increase of the current
flow of ClC-2 observed in AR100Q DHT cells correlates
to the SBMA cellular phenotype, we measured ClC-2 cur-
rents in DHT-activated AR100Q cells treated with

Fig. 5 Ion selectivity of chloride channels to iodide and gluconate
substitution. a Representative current traces of the chloride currents in
Veh-treated AR24Q (top) and AR100Q (bottom) cells recorded in differ-
ent anionic bath solutions. Current amplitudes decreased in NaI, slightly
more in Na-gluconate. Data recorded from 5 independent cells for each
condition are summarized in I-V plots. The voltage protocol was the same

as described in Fig. 2. b Comparison of the I-V curves corresponding to
the conditions as in a. The data amplitude was normalized (I/Imax) using
current amplitudes at − 100 mV in NaCl physiological bath solution. c
Steady-state G-V plots of the currents shown in panel a. Lines are fitted to
the Boltzmann equation. n = 4 per condition
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PACAP-27, a neuropeptide with protective effects in
SBMA cell and mouse models (Polanco and Pennuto
2018; Jimenez-Garduño et al. 2017). PACAP activates
the adenylyl cyclase/protein kinase A (PKA) pathway,
which downregulates the phosphorylation of polyQ-AR
at Ser96, thereby reducing its toxicity (Polanco et al.
2016). PACAP ameliorated the altered macroscopic ionic
current in MN-1 cells modeling SBMA (Jimenez-Garduño
et al. 2017) and improved the phenotype in in vitro and
in vivo SBMA models (Reglodi et al. 2011; Polanco et al.
2016; Rinaldi et al. 2016). We aimed to test whether the
ClC-2 function could be recovered upon PACAP treat-
ment. PACAP significantly (P = 0.015) decreased ClC-2
currents in AR100Q DHT after 24-h (Fig. 7a, b). The
reduction in the current amplitude at the maximum hyper-
polarizing value was 40.6% in AR24Q Veh, 62.1% in
AR24Q DHT, 39.1% in AR100Q Veh, and 58% in
AR100Q DHT (Fig. 7c).

The V0.5 of ClC-2-like current was − 86.4 ± 1.3 mV in
DHT-treated AR24Q cells and − 72.3 ± 2.5 in DHT-
treated AR100Q cells. However, PACAP induced a de-
crease in the normalized conductance both in non-
pathological and pathological conditions (Fig. 7d). These
results further confirm the hypothesis that ClC-2 function-
al alteration in an SBMA cellular model is directly asso-
ciated with the altered cellular phenotype, since ameliora-
tion of the polyQ-AR toxicity restores ClC-2 function.

Nevertheless, the association between ClC-2 and the
SBMA pathological phenotype needs to be further investigat-
ed to elucidate the specific role of ClC-2 during the onset of
SBMA.

Discussion

Our study presents for the first time a specific voltage-gated
ion channel as a possible future candidate in the treatment of
SBMA.

Modifications of neuronal excitability by means of alter-
ations in the membrane properties—the structure-function re-
lationship of cell ion channels—play a crucial role in the path-
ogenesis, development, and pharmacological efficacy of neu-
rodegenerative disorders (Kumar et al. 2016). Evidence has
been reported for polyglutamine diseases (Chopra and
Shakkottai 2014), such as Huntington’s disease (Akopian
et al. 2016), spinocerebellar ataxia types 1, 2, 3, and 6
(SCA1, SCA2, SCA3, SCA6) (Matsuyama et al. 1999; Jeub
et al. 2006; Dell'Orco et al. 2017; Bushart et al. 2018; Chopra
et al. 2018), and SBMA (Sculptoreanu et al. 2000; Jimenez-
Garduño et al. 2017).

In a previous study (Jimenez-Garduño et al. 2017), we
investigated macroscopic currents and dissected single cation-
ic currents in an in vitro model of SBMA. We proposed elec-
trophysiological alterations of SBMA cells as a suitable refer-
ence point for further studies and possible treatments of the
disease. On this line, the investigation of chloride channels
involved in the neuronal excitability in SBMA model cells
led us to identify and characterize ionic currents and conduc-
tance whose behavior most resembled that of the typical ClC-
2 (Fahlke 2001; Stölting et al. 2013, 2014).

We found that the majority of the standard protocols for the
electrophysiological characterizations of the ClC-2 currents
were positive and effective (hyperpolarizing voltage stimula-
tions, sensitivity of blockers, sensitivity to pH variations,

Fig. 6 Molecular identification of ClC-2 channels in polyQ-AR MN-1
cells. a ClC-2 immunoblot in AR24Q and AR100Q cells. Equal amounts
of protein were loaded with actin serving as a loading control. b Confocal
photomicrographs of immunostaining for ClC-2 channels in 24Q (top)
and 100Q (bottom) MN-1 cells. Co-expression of ClC-2 channel protein
(red) and eGFP expression (green) is shown for the vehicle- and DHT-

treated cells. Scale bar, 50 μm. c Fluorescence intensity analysis of nor-
malized ClC-2 signal. *P < 0.05, by two-way ANOVA + HS. See
methods for details. d Real-time PCR analysis for ClC-2 expression in
the four experimental conditions. The values are expressed as the ratio
between Veh and DHT treatments for the two polyQ-AR cells types,
respectively. *P < 0.05, as in c
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iodide/gluconate selectivity). In all the measurements, we al-
ways checked that mutant and control cells have a similar cell
volume, as calculated by cell capacitance (data not shown)
since cell volume variations are a recognized and important
triggering factor for ClC activity (Jentsch et al. 2002). ClC-2
channel is a hyperpolarization-activated chloride channel
whose gating produces a Cl− outflow that shows strong in-
wardly rectifying currents (conversely depolarization pro-
duces Cl− influx with small outwards currents). Exclusive
opening at voltages negative to the chloride reversal potential
allows for ClC-2 to regulate chloride flow and neuronal excit-
ability (Stölting et al. 2014).

We hypothesized that altered ClC-2 function drives a
misregulation of neuronal excitability, which could ultimately
lead to muscle atrophy. This hypothesis is supported by the
role exerted by ClC-2 to facilitate post-synaptic inhibition
(Smith et al. 1995). Recent findings correlate neuron hyper-
excitability with intracellular chloride concentration alter-
ations linked to inhibitory GABAergic stimulus (Huberfeld
et al. 2007; Sulis Sato et al. 2017).

According to the evidence that skeletal muscles are a cru-
cial component of SBMA pathogenesis (Palazzolo et al. 2009;
Cortes and La Spada 2014; Milioto et al. 2017), other findings
demonstrate that the hyperexcitability of SBMAmuscle fibers
is due to loss of chloride and other voltage-gated membrane

channels (Yu et al. 2006). Moreover, the loss of ClC-2 also
causes hyperexcitability in CA1 pyramidal cells (Rinke et al.
2010), and it reduces spike activity independently of the con-
centration of intracellular chloride (Ratté and Prescott 2011).
On the other hand, a putative role of ClC-2 channels in the
pathogenesis of epilepsy is controversial (Bi et al. 2014;
Niemeyer et al. 2010). In addition, it has been shown that
ClC-2 promotes neuroprotection in the hippocampus of aging
mice (Cortez et al. 2010), and it contributes to the differenti-
ation of oligodendrocyte precursors and to the regulation of
myelin synthesis (Hou et al. 2018).

In addition,WBanalysis givesmolecular evidence of theClC-
2 protein expression in polyQ-AR MN-1 cells. Interestingly, as
assessed by immunofluorescence and quantitative PCR, DHT-
treated polyQ-AR cells showed an increase in ClC-2 expression
compared to control cells. These results provide support to the
increasing of ClC-2 like membrane conductance which might be
the product of the ClC-2 gene-upregulated expression.

Our findings—the first obtained for a polyQ repeat
disorder—on ClC-2 channel regulation in SBMA motor
neuron-derived cells MN-1 may represent a breakthrough in-
sight on neuronal excitability. Nevertheless, to further
strengthen our findings, further experiments are necessary to
unravel the pathophysiological activity of putative ClC-2 in
knockout models (following Polanco et al. 2016) and SBMA

Fig. 7 Effect of the PACAP treatment on ClC-2-type currents. a
Representative traces of the chloride currents of DHT-treated AR24Q
(left, top) and AR100Q (left, bottom) cells and incubated with PACAP
for 24 h. The voltage protocol was the same as described in Fig. 2. b
Comparison of the I-V curves corresponding to the conditions shown in
panel a given by the chloride currents of the DHT-treated cells (black and
blue lines in top and bottom plots, respectively) and PACAP-treated cells

(red line). Currents were normalized (I/Imax) using the current amplitudes
at − 100 mV. c Histogram showing the PACAP effect on chloride cur-
rents for the four conditions in comparison with controls. The voltage-
activated currents were substantially reduced by PACAP incubation
(100 nM). *P < 0.05, by two-way ANOVA+HS. d G-V plots calculated
from the currents shown in a. The data fitted to the Boltzmann function is
shown as solid lines. n = 4 per condition
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disease-specific iPSCs (according to Palazzolo et al. 2007, and
Narayanan et al. 2017), as well as by silencing the channel
expression.

Moreover, we also provided evidence that the treatment with
neuroprotective drugs, such as the neuropeptide PACAP, reverts
the CIC-2 over-functionality in a cell model of SBMA.

PACAP is a neuropeptide of the vasoactive intestinal pep-
tide (VIP)/secretin/glucagon family with pleiotropic signaling
and neuroprotection properties (Tsuchikawa et al. 2012). In
SBMA, the impact of the canonical signaling of polypeptides
such as VIP or PACAP has been tested. As reported for
knock-in SBMA mice, a PACAP analog promoted polyQ-
AR degradation and ameliorated disease phenotype (Polanco
et al. 2016).

However, PACAP might modulate neuronal function also
through the modulation of intrinsic membrane currents which
determine neuronal excitability. In support of these hypothe-
sis, the effect of PACAP on chloride current is consistent with
its role on neuronal excitability that we previously demon-
strated for the macroscopic currents in the SBMA cell model
(Jimenez-Garduño et al. 2017). Accordingly, a facilitating and
modulatory role of PACAP at the bioelectric level has been
recently emphasized by studies showing how PACAP signal-
ing is able to induce plasticity at autonomic synapses (Jayakar
et al. 2014) and to trigger both short- and long-term plasticity
at nicotinic synapses (Starr and Margiotta 2017).
Additionally, it has been demonstrated that PACAP protects
rat motor neurons against glutamate-induced excitotoxicity
in vitro (Tomimatsu and Arakawa 2008). Similarly, the VIP/
PACAP regulatory machinery provides pharmacological pro-
files and targets towards neuroprotection which are widely
distributed in the central nervous systems (Zawilska et al.
2005; Pilzer and Gozes 2006; Reglodi et al. 2011; Korkmaz
et al. 2012).

Even if the mechanisms associated with the changes of
increased ClC-2 expression/activity shown by our analysis
are uncovered, the effectiveness of PACAP treatment in the
recovering of normal function of ClC-2 suggests that acti-
vation of PKA pathways could be involved in these modi-
fications. Indeed, it is clear the decreasing of ClC-2-like
current amplitude exerted by PACAP, indicating that its
regulatory function over ClC-2 channel activity may occur
in both pathological and non-pathological conditions.
Accordingly, we speculate that phosphorylation mecha-
nisms could be involved also in the regulation of ClC-2
channel activity during SBMA as demonstrated for other
ionic channels (Gray et al. 1998). Furthermore, taken into
account that VIP activates Cl− inwardly rectifying conduc-
tances by the contribution of ClC-2 channels (Kajita et al.
2000) and shares a high degree of homology with PACAP-
27, our findings open also a novel experimental scenario
about VIP neuroprotective role in SBMA through the mod-
ulation of the cellular electrical activity.

In conclusion, this work highlights the power of combining
electrophysiology and pharmacology study of ion channels
involved in SBMA. As a whole, our characterization of a
ClC ion channel and relative currents in a SBMA cell model
show novel evidence for the functional role of ClC-2 in
SBMA pathophysiology. Moreover, our findings indicate a
pharmacological target for future therapeutic interventions
and the assessment of the disease’s putative biomarkers.
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