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Abstract

Transient receptor potential melastatin member 4 (TRPM4), a Ca2+-activated nonselective cation channel, has been
found to mediate cell membrane depolarization in immune response, insulin secretion, cardiovascular diseases, and
cancer. In murine experimental autoimmune encephalomyelitis (EAE), TRPM4 deletion and administration of
glibenclamide were found to ameliorate clinical symptoms and attenuate disease progression. However, the
exact role of TRPM4 in EAE, as well as the molecular mechanisms underlining TRPM4 contribution in EAE,
remain largely unclear. In the present study, EAE was induced in WT C57BL/6 N mice using myelin oligodendrocyte
glycoprotein 35–55 (MOG35–55) and TRPM4 protein and mRNA expression were examined in spinal cord membrane
extracts. Our results showed that TRPM4 protein and mRNA are upregulated in EAE, and that their upregulation
correlated with disease progression. Moreover, newly-developed TRPM4 inhibitors, named compound 5 and compound
6, were shown to exert a better neuroprotection compared to currently used TRPM4 inhibitors in an in vitro model of
glutamate-induced neurodegeneration. These results support the hypothesis that TRPM4 is crucial from early stages of
EAE, and suggest that these more potent TRPM4 inhibitors could be used as novel protective therapeutic tools in
glutamate-induced neurodegeneration.
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Introduction
Multiple sclerosis (MS) is a multifocal demyelinating dis-
ease of the central nervous system (CNS) leading to the
progressive destruction of the myelin sheath surround-
ing axons [1]. The hallmark of demyelinating disease is
the formation of the sclerotic plaque, which represents
the end of a pathological process involving inflamma-
tion, oligodendrocyte depletion, astrocytosis, and neur-
onal and axon degeneration [2]. Although the
mechanisms leading to the development of the disease
are not fully understood, numerous evidence indicates
that MS is an autoimmune disease, the initiation and

progression of which are dependent on an autoimmune
response against myelin antigens [3]. However, it is clear
that other, non-immunological factors are important in
this neurodegenerative process. Recent reports suggested
that changes in neuronal ion channel expression and/or
function are of pathophysiological importance, although
it seems that chronic inflammation is a prerequisite for
neurodegeneration at any stage of the disease [4]. One of
the central pathophysiological mechanisms leading to
axonal and cellular injury is intracellular Na+/Ca2+ over-
load to which neurons and oligodendrocytes demon-
strate a selective vulnerability [5]. Several ion transport
mechanisms that may contribute to toxic Na+/Ca2+ load-
ing include sodium channels, such as Nav1.2 and Nav1.6
[6, 7], acid-sensing ion channel 1 (ASIC1) [8, 9] and
Na+/Ca2+ exchanger (NCX) [10, 11]. Among them, re-
cent findings underlined the transient receptor potential
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melastatin 4 cation channel (TRPM4) as a key player in
neuronal degeneration in MS and experimental auto-
immune encephalomyelitis (EAE) [12]. TRPM4 is a
calcium-activated non-selective cation channel widely
expressed in several tissues and reported to be involved
in a variety of physiological and pathological processes,
including modulation of immune cells activity, such as
T-cells [13], mast cells [14] and dendritic cells [15], insu-
lin secretion by pancreatic β cells [16], mechano-trans
duction in cerebral arteries [17], Ca2+ signaling in cancer
[18], and several cardiac conduction disorders [19–22]
In addition, TRPM4 has been linked to several neuro-
logical disorders such as experimental autoimmune en-
cephalomyelitis and multiple sclerosis [12], spinal cord
injuries [23], and traumatic brain injuries [24]. Moreover,
it has been shown that pharmacological inhibition of
TRPM4 using the antidiabetic drug glibenclamide re-
sulted in reduced axonal and neuronal degeneration and
attenuated clinical disease scores in EAE [12, 24, 25].
In the present study, we first investigate TRPM4 expres-

sion in mouse spinal cords during myelin oligodendrocyte
glycoprotein (MOG)35–55 peptide-induced EAE. The re-
sults show that TRPM4 protein, as well as Trpm4 gene,
are upregulated in EAE, and that this increase correlates
with disease progression. Second, newly-developed
TRPM4 inhibitors, anthranilic amides named compound
5 and compound 6, are shown to be able to protect neur-
onal cells from glutamate-induced neurodegeneration,
confirming TRPM4 as a potential therapeutic target for
glutamate-induced neuronal cell death in EAE.

Material and methods
EAE induction
Female 10–12 weeks old WT C57BL/6 N mice were pur-
chased from Harlan Laboratories (Itingen, Switzerland) and
immunized subcutaneously in the lower back area with
200 μg MOG35–55 (Genscript, Piscataway, NJ, USA) in
complete Freund’s adjuvant containing 4 mg/ml heat-killed
Mycobacterium tuberculosis H37Ra (Difco, FranklinLakes,
NJ, USA). 200 ng of pertussis toxin (List Biological Labora-
tories, Campbell, CA, USA) were administered
intra-peritoneally on the day of immunization and 48 h later.
The mice were weighted and scored daily as follows: 0 = no
clinical deficits; 0.5 = tail paralysis; 1 = hind limb paresis; 1.5
= partial hind limb paralysis; 2 = full hind limb paralysis; 2.5
= full hind limb paralysis and forelimb paresis; 3 = premorbid
or dead. Mice with score ≥ 2.5 were sacrificed. As a control,
mice were immunized with complete Freund’s adjuvant
(CFA) without MOG peptide. At a specific day post
immunization, mice were sacrificed under terminal isofluor-
ane anesthesia, transcardially perfused with 100 mL 1X PBS
and spinal cords were removed. All animal experiments were
approved by the local ethics committee (Amt für Land-
wirtschaft und Natur des Kantons Bern; BE 139/14).

Cell transfection and antibody validation
In order to validate our anti-mouse TRPM4 antibody,
human embryonic kidney (HEK293) cells were pur-
chased from Sigma-Aldrich (Darmstadt, Germany), cul-
tured with Dulbecco’s modified Eagle’s culture medium
supplemented with 4 mM Glutamine, 10% FBS and a
cocktail of streptomycin-penicillin antibiotics and transi-
ently transfected with 300 ng of mouse TRPM4 WT
plasmid or empty vector (pcDNA4TO) in a P100 dish
(BD Falcon, Durham, North Carolina, USA) mixed with
30 μL of JetPEI (Polyplus transfection, Illkirch, France)
and 250 μL of 150 mM NaCl. A spinal cord sample from
a healthy C57BL/6 N WT mouse and the transfected
cells were then lysed with 1X lysis buffer [50 mM
HEPES pH 7.4; 150 mM NaCl; 1.5 mM MgCl2; 1 mM
EGTA pH 8.0; 10% Glycerol; 1% Triton X-100; 1X
Complete Protease Inhibitor Cocktail (Roche, Mann-
heim, Germany)] and protein expression was investi-
gated using Western Blot technique. The anti- mouse
TRPM4 antibody was generated by Pineda Antikorpen
(Berlin, Germany) using the following peptide sequence:
NH2-VGPEKEQSWIPKIFRKKVC-CONH2. A fraction
of the antisera, which was subsequently used in this
study, was affinity purified. The results of the antibody
validation are shown in Fig. 1c.

Membrane protein isolation and western blot
For membrane protein expression studies, spinal cords
were lysed with 1X lysis buffer and diluted 1 to 5 in a
1 M saccharose solution (1 M HEPES pH 7.4; 1 M sac-
charose; 1X Complete Protease Inhibitor Cocktail). Tis-
sue lysates were incubated overnight at 4 °C, centrifuged
at 3′000 g for 15 min to remove cellular fragments and
then ultra-centrifuged at 200′000 g for 40 min. Superna-
tants were collected and protein concentration was
assessed with the Bradford Assay using bovine serum al-
bumin as standard. Eighty μg of protein was loaded on
9% polyacrylamide gels, transferred with the TurboBlot
dry blot system (Biorad, Hercules, CA, USA) and de-
tected with anti-mouse TRPM4 (generated by Pineda,
Berlin, Germany), anti Na+/K+ ATPase α1 ab7671
(Abcam, Cambridge, UK) and anti α-actin A2066 (Sig-
ma-Aldrich, Darmstadt, Germany) antibodies using
SNAP i.d. (Millipore, Billerica, MA, USA). All the West-
ern Blots have been quantified using Image Studio Lite
software from LI-COR Biosciences (Lincoln, NE, USA)
and TRPM4 expression was normalized using Na+/K+

ATPase α1 for membrane fractions and α-actin for total
fractions.

Reverse transcription and quantitative real time PCR
Total RNA isolation was performed using TRIzol Re-
agent (Applied Biosystems, Foster City, CA, USA) as de-
scribed by the manufacturer. Concentration and purity
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of total RNA was determined by optical density meas-
urement using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). cDNA was
synthesized using High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems, Foster City, CA, USA)
and quantitative expression analysis was performed with
7500 Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). Quantification of mRNA expres-
sion levels was investigated with TaqMan gene expres-
sion assay Mm01205532_m1 for mouse Trpm4, using
Gapdh TaqMan gene expression assay Mm99999915_g1
as a control. Relative expression of the studied gene was
calculated with the 2-ΔΔCt method.

Cell surface biotinylation assay
To study the expression at the plasma membrane, bio-
tinylation assay of membrane proteins was used. In this

assay, membrane proteins are labeled with biotin and
subsequently immunoprecipitated with streptavidin
beads to isolate the protein membrane fraction. Mouse
hippocampal HT22 cells (Merck Millipore, Burlington,
MA, USA), previously incubated with 1 mM glutamate
(Sigma Aldrich, Darmstadt, Germany), were treated with
EZlinkTM Sulfo-NHS-SS-Biotin (Thermo Scientific,
Waltham, MA, USA) 0.5 mg/mL in cold 1X PBS for
15 min at 4 °C. Subsequently, the cells were washed
twice with 200 mM Glycine in cold 1X PBS and twice
with cold 1X PBS to inactivate and remove the excess of
biotin, respectively. The cells were then lysed and centri-
fuged at 16′000 g at 4 °C for 15 min. Two milligrams of
the supernatant were incubated with 50 μL Streptavidin
Sepharose High Performance beads (GE Healthcare,
Uppsala, Sweden) for 2 h at 4 °C, while forty μg of pro-
tein were kept for the input fraction. The beads were

Fig. 1 TRPM4 expression analysis in spinal cords from EAE mice. Female C57BL/6 N WT mice were immunized with MOG35–55 peptide or with
CFA only. Clinical score (a) and body weight (b) were measured for 28 days after immunization. At day 28 post immunization, spinal cords were
extracted and membrane proteins were isolated. c Samples from HEK 293 cells transiently transfected with mouse TRPM4 WT plasmid or empty
vector (pcDNA4TO) and a spinal cord sample from a healthy WT C57BL/6 N were analyzed for TRPM4 expression, using alpha actin as loading
control. A TRPM4 band can be detected at 134 kDa. d TRPM4 membrane expression was analyzed with Western Blot, and alpha subunit of Na+/
K+ ATPase is used as a loading control and for TRPM4 normalization (e) qPCR analysis on Trpm4 gene expression in spinal cords from EAE mice
and healthy controls. Data are represented as relative mRNA expression and the expression of Gapdh is used as reference. f Data have been
analyzed using unpaired Student’s t-test and are represented as mean ± s.e.m. (*** P < 0.001)
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subsequently washed five times with 1X lysis buffer be-
fore elution with 50 μL of 2X NuPAGE sample buffer
(Invitrogen, Carlsbad, CA, USA) plus 100 mM DTT at
37 °C for 30 min.

Cellular neuroprotection assays
To assess the neuroprotective effect of TRPM4 blockers,
HT22 cells were incubated with different TRPM4 inhibitors
or 1% of their dissolving medium DMSO as control for 2 h
before incubation with 5 mM glutamate. Two well known
TRPM4 blockers, 9-phenantrol and glibenclamide, as well
as newly-developed blockers, such as 4-Chloro-2-(2-(2-chlo
rophenoxy)acetamido) benzoic acid, also called compound
5 or CBA, and 4-Chloro-2-(2-(naphthalene-1-yloxy) aceta-
mido) benzoic acid, also called compound 6 or NBA, were
used at 5 and 10 μM concentrations. Cell viability was
assessed using Tripan blue dye and the number of dead
cells was measured using Countess II FL Automated Cell
Counter (Thermo Scientific, Waltham, MA, USA). Values
were expressed as the percentage of survival compared to
untreated controls. Using the same procedure, cell integrity
was assessed using LDH-Cytotoxicity Assay kit II (Abcam,
Cambridge, UK) according to manufacturer instructions
and values were expressed as percentage of controls.

Statistical analysis
Western blot, qPCR and cell viability experiments were
analyzed using a Student’s t-test or one-way ANOVA
with Sidak’s correction for multiple comparison, with a
p-value < 0.05 considered as significant. Data are repre-
sented as the mean ± s.e.m. Correlation analyses were
performed with Spearman’s correlation analysis test.
GraphPad Prism version 7 (GraphPad Software, San
Diego, CA, USA) was used for the analysis. Statistical
post-hoc power calculation has been performed using
Stata 14.2 in experiments using three mice, and the re-
sults are uploaded as Additional file 1.

Results
Membrane expression of TRPM4 is increased in EAE
spinal cords
Female C57BL/6 N mice were immunized with MOG35–55

peptide or with CFA only as described in the ‘Material and
Methods’ section. Mice immunized with the MOG35–55

peptide exhibit the first clinical symptoms and body weight
loss around 10 days post immunization and a peak of the
disease was reached at day 15, while CFA-immunized ani-
mals did not show any relevant clinical phenotype (Fig. 1a
and b). At day 28 post immunization, animals were sacri-
ficed and the spinal cords were removed for mRNA and
protein expression analysis. Membrane expression of
TRPM4 was assessed, resulting in a significant higher pro-
tein band intensity in EAE animals compared to CFA con-
trols (Fig. 1d and f). We then performed qPCR on the

same spinal cord samples to determine whether this in-
crease in protein expression may have been due to in-
creased mRNA levels. Results in Fig. 1e revealed a
significant increase in Trpm4 gene expression in EAE com-
pared to healthy controls.

TRPM4 expression in spinal cords in EAE correlates with
disease stages
To further investigate the involvement of TRPM4 in
EAE, 18 female C57BL/6 N mice were immunized as de-
scribed previously and sacrificed on different days post
immunization reflecting different stages of the disease,
as shown in Table 1. EAE clinical score and body weight
are shown in Fig. 2a and b. After sacrifice, spinal cords
were collected and membrane protein lysates as well as
mRNA were prepared. Interestingly, an increase of
TRPM4 expression, compared to CFA controls, was
already detected at pre-clinical stage of EAE, and it be-
came more significant at the EAE acute phase. Consist-
ently, TRPM4 protein expression continued to increased
and reached the highest value at the chronic stage of
EAE (Fig. 2c and e). Together, TRPM4 mRNA expres-
sion was analyzed in the different EAE phases and also
resulted to correlate with disease stage (more advanced
EAE progression = higher Trpm4 gene expression), as re-
ported in Fig. 2d. Correlation analysis between disease
stage and TRPM4 mRNA expression, as well as protein
expression, has been performed, and it is shown in Fig.
2f and g, respectively. Spearman’s analysis resulted in a
coefficient (r) of approximately 0.6, supporting a correl-
ation between disease progression and TRPM4 mRNA
and protein expression.

Imbalanced glutamate metabolism does not alter TRPM4
expression
In a recent work, a mechanism of neurodegeneration in-
volving TRPM4 has been proposed and resulted to be
related to imbalanced glutamate metabolism. In inflam-
matory conditions (such as in multiple sclerosis), astro-
cytes release high amounts of glutamate, which in turn
induces neurodegeneration by eliciting Ca2+ and Na+ in-
flux. The increase in intracellular Ca2+ activates TRPM4,
and the TRPM4-mediated inward current causes cell
swelling and cell death [12]. In addition, it was reported
that hippocampal neurons from TRPM4 KO mice were
unaffected by glutamate exposure [12], consistent with a
model that neuronal death in EAE is mainly driven by
glutamate.
HT22 mouse hippocampal cells have been reported to

be a good model for glutamate-induced neurodegenera-
tion with involvement of TRPM4 [26]. In this work by
Cho and colleagues, HT22 cells exhibited an endogenous
TRPM4 activation after incubation with glutamate, and
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TRPM4 currents resulted to be inhibited by
9-phenantrol [26].
To investigate whether TRPM4 expression was modu-

lated by imbalanced glutamate metabolism, we incu-
bated HT22 cells with 1 mM glutamate and harvested

them at different time points after glutamate addition.
As shown in Fig. 3, addition of glutamate did not affect
TRPM4 protein expression, both in the total fraction
(Fig. 3a and c) and at the cell surface (Fig. 3b and d).
Hence, this suggested that glutamate is involved in

Table 1 Mice sacrifice at different EAE stages

Day of sacrifice Average clinical score EAE stage

Mice 1–3 Day 8 0 Immune activation but no EAE symptoms

Mice 4–6 Day 11 0.5 Weight loss and very early EAE symptoms

Mice 7–10 Day 14 1.5 Confirmed EAE symptoms

Mice 11–14 Day 18 2.5 EAE peak

Mice 15–18 Day 28 2.0 Chronic EAE symptoms

Fig. 2 TRPM4 expression in spinal cords from EAE mice correlates with disease stages. Female C57BL/6 N WT mice were immunized with MOG35–55

peptide or with CFA only and sacrificed at different days post immunization reflecting different EAE stages. Clinical score and body weight are represented
in panel a and b respectively. c and e TRPM4 protein expression at different EAE stages is shown as a relative intensity of protein band and alpha subunit
of Na+/K+ ATPase is used as a loading control and for TRPM4 normalization. d qPCR analysis on Trpm4 gene expression in spinal cords from EAE mice and
healthy control at different EAE stages. Data are represented as relative mRNA expression and the expression of Gapdh is used as reference. Data have
been analyzed using one-way ANOVA with Sidak’s correction for multiple comparison test and are represented as mean ± s.e.m. (** P< 0.01; *** P< 0.001).
Correlation between clinical score and TRPM4 mRNA (f) or TRPM4 protein expression (g) is calculated using Spearman’s correlation analysis. Spearman
correlation coefficients (r) and their corresponding p values are shown
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increased TRPM4 activation, but does not have any role
in increased TRPM4 expression at the cell membrane.

TRPM4 specific inhibitors attenuate in vitro glutamate-
induced neurodegeneration
Recently, due to a lack in specific TRPM4 inhibitors,
more selective and potent compounds have been synthe-
sized and screened using a fluorescence cell-based
screening assay [27]. From this screening, two promising
anthranilic amides analogs of flufenamic acid, named
compound 5 (4-Chloro-2-(2-(2-chlorophenoxy)aceta-
mido) benzoic acid, CBA) and compound 6 (4-Chlor-
o-2-(2-(naphthalene-1-yloxy) acetamido) benzoic acid,
NBA), have been identified, and resulted to have an IC50

of 1.5 ± 0.1 μM and 0.4 ± 0.3 μM respectively [27].
We then tested whether the newly-developed TRPM4

inhibitors could better attenuate glutamate-induced cell
death compared to commonly used compounds, such as
9-phenantrol and glibenclamide, both shown to exert a
neuroprotective effect by blocking TRPM4 activity [12, 25,
26, 28]. Neuronal cell death was induced in vitro by incu-
bating HT22 cells with 5 mM glutamate after a 2 hours
pre-incubation with 5 or 10 μM 9-phenantrol, glibencla-
mide, and the two newly-developed compound 5 and
compound 6. All compounds resulted to be well tolerate
and did not induce any cell death or loss of integrity in

HT22 cells without glutamate (Fig. 4a and b). As shown in
Fig. 4, all TRPM4 inhibitors protected neuronal cells
against cell death and loss of integrity induced by 5 mM
glutamate in a dose dependent manner. Moreover, com-
pound 5 and compound 6 exerted a more beneficial effect
compared to 9-phenantrol or glibenclamide, with a reduc-
tion of dead cells and LDH release of ̴ 40% (Fig. 4a and b).

Discussion
Multiple sclerosis is the most common autoimmune dis-
order of the central nervous system, affecting approxi-
mately 2.5 million people worldwide [1]. It is primarily
an inflammatory disorder of the brain and spinal cord in
which focal lymphocytic infiltration leads to damage of
myelin and axons; however, a growing body of evidence
suggests that non-immunological factors, such as
changes in neuronal ion channel expression and/or func-
tion, are of pathophysiological importance [29]. In a re-
cent study by Schattling and colleagues, TRPM4 was
found to be expressed in axons and neurons of mice and
humans, and suggested to mediate neurodegeneration by
contributing in glutamate-induced cell swelling and cell
death without affecting the immune response triggered
in the EAE model [12]. In addition, authors showed that
hippocampal neurons from TRPM4 KO mice were un-
affected by glutamate exposure, suggesting that

Fig. 3 Incubation of HT22 cells with 1 mM glutamate does not alter TRPM4 expression. HT22 cells were incubated with 1 mM glutamate and
harvested at different time points after glutamate addition. TRPM4 total (a) as well as surface (b) expression were evaluated, using alpha actin and
alpha subunit of Na+/K+ ATPase as loading controls and for TRPM4 normalization. c and d Total and surface TRPM4 protein expression are shown
as a relative intensity of protein band. No significant difference is reported (data are of three independent experiments)
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glutamate is a major contributor to neuronal cell death
in EAE involving TRPM4 [12].
In the present study, we reported that TRPM4 is not

only overexpressed in spinal cords from EAE mice com-
pared to healthy controls, but that its increased expres-
sion correlated with disease progression. We then
demonstrated that this increase in TRPM4 membrane
expression is due to an increase in Trpm4 gene expres-
sion. Moreover, it has been shown that during the late
stages of EAE, there is a transition from an inflamma-
tory phenotype to a non-remitting neurodegenerative
profile with CNS atrophy [30]. For this reason,
newly-developed TRPM4 inhibitors have been tested in
vitro to attenuate glutamate-induced neurodegeneration,
resulting in an increased cell integrity and survival, com-
pared to well-known TRPM4 blockers.
It is indeed evident that two parallel mechanisms involv-

ing TRPM4 are occurring in EAE: a first mechanism lead-
ing to increased TRPM4 expression at the cell membrane
and a subsequent one leading to increased channel

activation triggered by glutamate. It has been reported
that during EAE-dependent neuroinflammation, astro-
cytes activation causes high glutamate release leading to
increased extracellular glutamate concentration. High glu-
tamate levels induce neurodegeneration by eliciting Na+

and Ca2+ influx which, in turn, activates TRPM4 [31].
However, based on our findings, an increase in extracellu-
lar glutamate does not alter TRPM4 membrane expres-
sion, but only modulates its function. Together with an
increase in TRPM4 protein expression,Trpm4 gene seems
to be substantially upregulated, and its upregulation corre-
lates with the degree of inflammation and neurodegenera-
tion in EAE. Hence, an additional pathway leading to
increased Trpm4 gene expression is likely to occur.
Many gene expression studies have been undertaken

to look at the gene transcript levels in MS and EAE. In
general, genes showing variable expression included
mainly immunological and inflammatory genes, such as
genes encoding interleukin-6, interleukin-17 and
interferon-gamma [32, 33]. Interestingly, several genes

Fig. 4 Newly-developed TRPM4 inhibitors better attenuate glutamate-induced neurodegeneration compared to commonly used compounds. HT22 cells
were incubated with 5 mM glutamate after pre-incubation with 5 μM and 10 μM of commonly used TRPM4 inhibitors as well as newly-developed ones.
The bar graphs showed the results of cell viability (a) and LDH-release assays (b), where glutamate-induced cell death and membrane disruption were
prevented dose-dependently, with newly-developed compounds exerting a more beneficial effect. Data have been analyzed using one-way ANOVA with
Sidak’s correction for multiple comparison test and are represented as mean ± s.e.m. (** P< 0.01; *** P< 0.001; n= 10 for each condition)
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encoding proteins that play critical roles in ion homeo-
stasis, mitochondrial function and impulse conduction
have been shown to be dysregulated. In particular, tran-
script and protein levels of the Ca2+ ATPase 2 (PMCA2),
an ion pump involved in Ca2+ extrusion, were dramatic-
ally decreased in coincidence with the onset of clinical
symptoms in a rat model of EAE [34]. Together, genes
encoding sodium channels have been reported to be dys-
regulated in inflammatory conditions [34, 35]. The
mechanism by which this dysregulation of sodium chan-
nels occurred remains elusive. It has been hypothesized
that mediators such as nerve growth factor (NGF) or cy-
tokines released at the site of inflammation might be
transported to the innervating perikarya, resulting in the
stimulation of channel synthesis [36]. This mechanism
proposed by Mandel and colleagues could explain the
gene upregulation of sodium channels, and could be
used to explain Trpm4 upregulation in EAE. However,
further studies are required to address the exact molecu-
lar mechanism leading to Trpm4 gene expression in-
crease in EAE.
Together with an increase in Trpm4 gene expression,

subsequent mechanisms for increased TRPM4 mem-
brane expression and trafficking independent from the
transcriptional machinery can occur. It was reported
that in cardiac conduction disturbances with involve-
ment of TRPM4, where several genetic variants of the
channel were leading to an increase in the membrane
protein expression without affecting the gene expression
[19, 22]. This was due to altered half-life and/or post
translational modification (mainly SUMOylation) affect-
ing the trafficking and/or stability of the protein [19, 22].
In addition, TRPM4 was reported to be overexpressed in
prostate cancer, where its increased expression pro-
moted the stabilization and activity of β-catenin enhan-
cing cell proliferation, but the underlying mechanisms
have not yet been clarified [18]. Further, it has been
shown that a glutamate receptor-mediated intracellular
calcium rise activates the protein kinase C (PKC) path-
way, which could in turn influence TRPM4 trafficking to
the cell membrane [37]. Moreover, an increased sulfo-
nylurea receptor 1 (SUR1)-TRPM4 interaction has been
reported in spinal cords from EAE mice, suggesting a
possible role of this interaction in increased TRPM4 sur-
face expression [25]. Lastly, a recent work described that
14–3-3γ depletion reduced TRPM4 expression and at-
tenuated glutamate-induced neuronal cell death [26].
Hence, post-translational mechanisms are likely to occur,
together with increased TRPM4 gene expression, to en-
hance TRPM4 trafficking to the cell membrane. Once at
the membrane, TRPM4 is over-activated by increased
Ca2+ influx triggered by glutamate.
Expression of TRPM4 has been reported in neurons, and

they could be the origin of TRPM4 overexpression in spinal

cords of EAE mice. Alternatively, an increased TRPM4 ex-
pression could be due to differences in CNS-infiltrating im-
mune cells, although Schattling and colleagues did not
report any change in infiltrating cells between WT and
TRPM4 KO mice after EAE induction [12].
TRPM4 was found to be expressed in astrocytes and to

be involved in astrocyte swelling in several pathological
conditions, such as brain edema [38], and glaucoma [39].
In EAE and multiple sclerosis, TRPM4 channels were re-
ported to be predominantly expressed by reactive astro-
cytes in pathologically involved tissues that exhibit a
significant inflammatory burden, such as spinal cords [25].
Based on this observation, it was hypothesized that the
channel contributed to astrocyte-mediated inflammation
in EAE, and that in vivo treatment with TRPM4 blockers
would ameliorate clinical symptoms. Hence, astrocytes
could possibly be the cell population of the spinal cord
that contributes to increased TRPM4 expression.
In conclusion, accumulating evidence indicates a cru-

cial role of TRPM4 in EAE as well as in multiple scler-
osis, confirming TRPM4 as a strong potential
therapeutic target in these diseases. Despite that, add-
itional experiments are required to better understand
that molecular pathways of TRPM4 in neurological dis-
orders, such as multiple sclerosis.

Limitations of the study
This work is a mostly confirmatory study about the in-
volvement of TRPM4 in EAE, and it shows that TRPM4
inhibition can ameliorate glutamate-induced neurode-
generation; however, one can note some limitations.
First, the assumption that glutamate is the main con-
tributor to neuronal cell death in EAE involving TRPM4
remains a hypothesis, since, to date, we have no tools to
demonstrate it in vivo and to make a direct link between
the in vitro glutamate study and the in vivo EAE study.
Second, the WBs are membrane fraction preparations
from whole spinal cord tissue. Therefore, we cannot
identify the specific cell population responsible for
TRPM4 upregulation. Further studies are needed to ad-
dress these pending questions.

Additional file

Additional file 1: Post-hoc power calculation. Post-hoc power calculation
has been performed using Stata 14.2 to calculate statistical power of experi-
ments with three mice, both for mRNA as well as protein expression studies.
Results showed a 90% power with N/group = 2. (PDF 236 kb)
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MS: multiple sclerosis; Na+: sodium; NCX: Na+/Ca2+ exchanger; NGF: nerve
growth factor; PKC: protein kinase C; PMCA2: Ca2+ ATPase 2;

Bianchi et al. Molecular Brain  (2018) 11:41 Page 8 of 10

https://doi.org/10.1186/s13041-018-0385-4


SUR1: sulfonylurea receptor 1; TRPM4: transient receptor potential melastatin
4; WT: wild-type

Acknowledgments
We thank Dr. Anna Schubart and Dr. Lijo Cherian Ozhathil for helpful advice
and discussion, and Mr. Julien Perdoux for technical assistance. We thank Dr.
Scott Earley for providing the mouse TRPM4 construct, and Ms. Clèmence
Delalande for providing TRPM4 blockers. We also thank Ms. Brigitta Gahl for
her help in Statistical Power Calculation.

Funding
This work was supported by NCCR TransCure 51NF40–160620 grant to HA.

Availability of data and materials
The data supporting the findings of this study are included within the article.

Authors’ contributions
BB, PS and HA designed the research; BB and PS performed the research; BB,
PS and HA wrote the paper. All authors read and approved the final
manuscript.

Ethics approval
All animal experiments were approved by the local ethics committee (Amt
für Landwirtschaft und Natur des Kantons Bern; BE 139/14). Consent to
participate not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute of Biochemistry and Molecular Medicine, and Swiss National Centre
of Competence in Research (NCCR) TransCure, University of Bern, Bühlstrasse
28, 3012 Bern, Switzerland. 2Autoimmunity, Transplantation and
Inflammation, Novartis Institutes for BioMedical Research, Basel, Switzerland.

Received: 12 April 2018 Accepted: 27 June 2018

References
1. Compston A, Coles A. Multiple sclerosis. Lancet. 2008;372(9648):1502–17.
2. Mahad DH, Trapp BD, Lassmann H. Pathological mechanisms in progressive

multiple sclerosis. Lancet Neurol. 2015;14(2):183–93.
3. Hemmer B, Kerschensteiner M, Korn T. Role of the innate and adaptive

immune responses in the course of multiple sclerosis. Lancet Neurol. 2015;
14(4):406–19.

4. Raine CS. Membrane specialisations between demyelinated axons and
astroglia in chronic EAE lesions and multiple sclerosis plaques. Nature. 1978;
275(5678):326–7.

5. Stys PK, Hubatsch DA, Leppanen LL. Effects of K+channel blockers on the
anoxic response of CNS myelinated axons. Neuroreport. 1998;9(3):447–53.

6. Craner MJ, Newcombe J, Black JA, Hartle C, Cuzner ML, Waxman SG.
Molecular changes in neurons in multiple sclerosis: altered axonal
expression of Nav1.2 and Nav1.6 sodium channels and Na+/Ca2+
exchanger. Proc Natl Acad Sci. 2004;101(21):8168–73.

7. Stevens M, Timmermans S, Bottelbergs A, Hendriks JJ, Brone B, Baes M,
Tytgat J. Block of a subset of sodium channels exacerbates experimental
autoimmune encephalomyelitis. J Neuroimmunol. 2013;261(1–2):21–8.

8. Friese MA, Craner MJ, Etzensperger R, Vergo S, Wemmie JA, Welsh MJ,
Vincent A, Fugger L. Acid-sensing ion channel-1 contributes to axonal
degeneration in autoimmune inflammation of the central nervous system.
Nat Med. 2007;13(12):1483–9.

9. Vergo S, Craner MJ, Etzensperger R, Attfield K, Friese MA, Newcombe J, Esiri
M, Fugger L. Acid-sensing ion channel 1 is involved in both axonal injury

and demyelination in multiple sclerosis and its animal model. Brain. 2011;
134(2):571–84.

10. Craner MJ, Hains BC, Lo AC, Black JA, Waxman SG. Co-localization of sodium
channel Nav1. 6 and the sodium-calcium exchanger at sites of axonal injury
in the spinal cord in EAE. Brain. 2004;127(2):294–303.

11. Rossi S, De Chiara V, Furlan R, Musella A, Cavasinni F, Muzio L, Bernardi G,
Martino G, Centonze D. Abnormal activity of the Na/ca exchanger enhances
glutamate transmission in experimental autoimmune encephalomyelitis.
Brain Behav Immun. 2010;24(8):1379–85.

12. Schattling B, Steinbach K, Thies E, Kruse M, Menigoz A, Ufer F, Flockerzi V,
Brueck W, Pongs O, Vennekens R, Kneussel M, Freichel M, Merkler D, Friese
MA. TRPM4 cation channel mediates axonal and neuronal degeneration in
experimental autoimmune encephalomyelitis and multiple sclerosis. Nat
Med. 2012;18(12):1805–11.

13. Launay P, Cheng H, Srivatsan S, Penner SR, Fleig A, Kinet JP. TRPM4 regulates
calcium oscillations after T cell activation. Science. 2004;306(5700):1374–7.

14. Shimizu T, Owsianik G, Freichel M, Flockerzi V, Nilius B, Vennekens R. TRPM4
regulates migration of mast cells in mice. Cell Calcium. 2009;45(3):226–32.

15. Barbet G, Demion M, Moura IC, Serafini N, Leger T, Vrtovsnik F, Monteiro RC,
Guinamard R, Kinet JP, Launay P. The calcium-activated nonselective cation
channel TRPM4 is essential for the migration but not the maturation of
dendritic cells. Nat Immunol. 2008;9(10):1148–56.

16. Cheng H, Beck A, Launay P, Gross SA, Stokes AJ, Kinet JP, Fleig A,
Penner R. TRPM4 controls insulin secretion in pancreatic beta-cells. Cell
Calcium. 2007;41(1):51–61.

17. Vennekens R, Nilius B. Insights into TRPM4 function, regulation and
physiological role. Handb Exp Pharmacol. 2007;179:269–85.

18. Sagredo AI, Sagredo EA, Cappelli C, Baez P, Andaur RE, Blanco C, Tapia JC,
Echeverria C, Cerda O, Stutzin A, Simon F, Marcelain K, Armisen R. TRPM4
regulates Akt/GSK3-β activity and enhances β-catenin signaling and cell
proliferation in prostate cancer cells. Mol Oncol. 2017;12(2):151–65.

19. Kruse M, Schulze-Bahr E, Corfield V, Beckmann A, Stallmeyer B, Kurtbay G,
Ohmet I, Brink P, Pongs O. Impaired endocytosis of the ion channel TRPM4
is associated with human progressive familial heart block type I. J Clin
Invest. 2009;119(9):2737–44.

20. Liu H, El Zein L, Kruse M, Guinamard R, Beckmann A, Bozio A, Kurtbay G,
Megarbanè A, Ohmert I, Blaysat G, Villain E, Pongs O, Bouvagnet P. Gain-of-
function mutations in TRPM4 cause autosomal dominant isolated cardiac
conduction disease. Circ Cardiovasc Genet. 2010;3(4):374–85.

21. Syam N, Chatel S, Ozhathil LC, Sottas V, Rougier JS, Baruteau A, Baron E,
Amarouch MY, Daumy X, Probst V, Schott JJ, Abriel H. Variants of transient
receptor potential Melastatin member 4 in childhood atrioventricular block.
J Am Heart Assoc. 2016;5(5):1–19.

22. Bianchi B, Ozhathil LC, Medeiros-Domingo A, Gollob MH, Abriel H. Four
TRPM4 cation channel mutations found in cardiac conduction diseases lead
to altered protein stability. Front Physiol. 2018;9:177.

23. Simard JM, Woo SK, Aarabi B, Gerzanich V. The Sur1-Trpm4 channel in spinal
cord injury. J Spine. 2013;4:2.

24. Woo SK, Kwon MS, Ivanov A, Gerzanich V, Simard JM. The sulfonylurea
receptor 1 (Sur1)-transient receptor potential melastatin 4 (Trpm4) channel.
J Biol Chem. 2013;288(5):3655–67.

25. Makar TK, Gerzanich V, Nimmaqadda VK, Jain R, Lam K, Mubariz F, Trisler D,
Ivanova S, Woo SK, Kwon MS, Bryan J, Bever CT, Simard JM. Silencing of
Abcc8 or inhibition of newly upregulated Sur1-Trpm4 reduce inflammation
and disease progression in experimental autoimmune encephalomyelitis. J
Neuroinflammation. 2015;12(1):210.

26. Cho CH, Kim E, Lee YS, Yarishkin O, Yoo JC, Park JY, Hong SG, Hwang EM.
Depletion of 14-3-3γ reduces the surface expression of transient receptor
potential Melastatin 4b (TRPM4b) channels and attenuates TRPM4b-
mediated glutamate-induced neuronal cell death. Mol Brain. 2014;7(1):52.

27. Ozhathil L, Delalande C, Bianchi B, Nemeth G, Kappel S, Thomet U,
Ross-Kaschitza D, Simonin C, Rubin M, Gertsch J, Lochner M, Peinelt C,
Reymond JL, Abriel H. Identification of potent and selective small
molecule inhibitors of the cation channel TRPM4. Br J Pharmacol. 2018;
https://doi.org/10.1111/bph.14220.

28. Gerzanich V, Makar TK, Guda PR, Kwon MS, Stokum JA, Woo SK, Ivanova S,
Metha RI, Morris AB, Bryan J, Bever CT, Simard JM. Salutary effects of
glibenclamide during the chronic phase of murine experimental
autoimmune encephalomyelitis. J Neuroinflammation. 2017;14(1):177.

29. Kumar P, Kumar D, Jha SK, Jha NK, Ambasta RK. Ion channels in neurological
disorders. Adv Protein Chem Struct Biol. 2016;103:97–136.

Bianchi et al. Molecular Brain  (2018) 11:41 Page 9 of 10

https://doi.org/10.1111/bph.14220


30. Smith PA, Schmid C, Zubruegg S, Jivkov M, Doelemeyer A, Theil D, Dubost
V, Beckmann N. Fingolimod inhibits brain atrophy and promotes brain-
derived neurotrophic factor in an animal model of multiple sclerosis.
J Neuroimmunol. 2018;318:103–13.

31. Macrez R, Stys PK, Vivien D, Lipton SA, Docagne F. Mechanisms of
glutamate toxicity in multiple sclerosis: biomarker and therapeutic
opportunities. Lancet Neurol. 2016;15(10):1089–102.

32. Lock C, Hermans G, Pedotti R, Brendolan A, Schadt E, Garren H, Langer-
Gould A, Strober S, Cannella B, Allard J, Klonowski P, Austin A, Lad N,
Kaminski N, Galli SJ, Oksenberg JR, Raine CS, Heller R, Steinman L. Gene-
microarray analysis of multiple sclerosis lesions yields new targets validated
in autoimmune encephalomyelitis. Nat Med. 2002;8(5):500–8.

33. Tajouri L, Fernandez F, Griffiths LR. Gene expression studies in multiple
sclerosis. Curr Genomics. 2007;8(3):181–9.

34. Nicot A, Ratnakar PV, Ron Y, Chen CC, Elkabes S. Regulation of gene
expression in experimental autoimmune encephalomyelitis indicates early
neuronal dysfunction. Brain. 2003;126(2):398–412.

35. Gould HJ, England JD, Liu ZP, Levinson SR. Rapid sodium channel
augmentation in response to inflammation induced by complete Freund’s
adjuvant. Brain Res. 1998;802(1–2):69–74.

36. Mandel G, Cooperman SS, Maue RA, Goodman RH, Brehm P. Selective
induction of brain type II Na+ channels by nerve growth factor. Proc Natl
Acad Sci U S A. 1988;85(3):924–8.

37. Crnich R, Amberg GC, Leo MD, Gonzales AL, Tamkun MM, Jaggar JH, Earley S.
Vasoconstriction resulting from dynamic membrane trafficking of TRPM4 in
vascular smooth muscle cells. Am J Physiol Cell Physiol. 2010;299(3):682–94.

38. Stokum JA, Kwon MS, Woo SK, Tsymbalyuk O, Vennekens R, Gerzanich V,
Simard JM. SUR1-TRPM4 and AQP4 form a heteromultimeric complex that
amplifies ion/water osmotic coupling and drives astrocyte swelling. Glia.
2018;66(1):108–25.

39. Choi HJ, Sun D, Jakobs TC. Astrocytes in the optic nerve head express
putative mechanosensitive channels. Mol Vis. 2015;21:749–66.

Bianchi et al. Molecular Brain  (2018) 11:41 Page 10 of 10


	Abstract
	Introduction
	Material and methods
	EAE induction
	Cell transfection and antibody validation
	Membrane protein isolation and western blot
	Reverse transcription and quantitative real time PCR
	Cell surface biotinylation assay
	Cellular neuroprotection assays
	Statistical analysis

	Results
	Membrane expression of TRPM4 is increased in EAE spinal cords
	TRPM4 expression in spinal cords in EAE correlates with disease stages
	Imbalanced glutamate metabolism does not alter TRPM4 expression
	TRPM4 specific inhibitors attenuate in vitro glutamate-induced neurodegeneration

	Discussion
	Limitations of the study

	Additional file
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

