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Introduction
Multiple sclerosis (MS) is a chronic-inflammatory demyelinating 
disease of the central nervous system (CNS). Essential pathogenic 
steps include the activation of myelin-autoreactive T-cells in the 
peripheral immune organs (e. g. spleen, lymph nodes), their pen-
etration into the CNS, their local (re-)activation and proliferation, 
and the subsequent demyelination of neuronal axons [1]. In addi-
tion to damage caused to the myelin sheath and myelin-producing 
oligodendrocytes, neurons are destroyed in early stages of the dis-
ease [2]. Despite considerable efforts in recent decades, the caus-
es of MS pathology are still not clear. Different studies have inves-
tigated the contribution of diverse immune or neuronal cell types 
[3, 4] as well as the influence of genetic factors (e. g. altered func-
tion of ion channels [5]) or environmental factors (e. g. UV irradia-
tion [6]). In addition, there are indications for disturbances in cal-
cium homeostasis in MS patients, contributing to MS pathogene-
sis. In general, calcium plays a central role in almost every process 
of the human body. Within cells, calcium acts as a secondary mes-
senger in signal transduction pathways. Under physiological con-
ditions, the concentration of free and thus active calcium is highly 
regulated and kept low both extra- and intracellularly (intracellu-

larly approx. 100 nM free calcium). To maintain low concentrations, 
calcium ions are actively pumped from the cytosol into the extra-
cellular space, the endoplasmic reticulum (ER) and sometimes into 
the mitochondria. Certain proteins of the cytoplasm and cell orga-
nelles additionally act as buffers by binding free calcium [7]. The 
intracellular calcium level is only briefly increased when required 
(e. g., after activation of immune cells or release of neurotransmit-
ters in the CNS). Calcium ions flow into the cytosol via two main 
pathways: 1) along their electrochemical gradient from the extra-
cellular space through calcium channels in the plasma membrane 
and 2) from intracellular calcium stores such as the ER, which con-
stantly accumulate calcium ions and release them during certain 
cellular events (the latter is better known as store-operated calci-
um entry (SOCE) [7]).

Balanced calcium homeostasis is essential for the efficient func-
tion of cells and organisms. This overview article summarizes the 
current knowledge of calcium-dependent mechanisms in MS pa-
thology. In particular, we specifically discuss disturbed calcium sig-
nals in various compartments of MS pathogenesis: the peripheral 
immune system, the blood-brain barrier (BBB) and neurons in the 
CNS.
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Abstr act

Calcium is the signal molecule crucial for almost all cellular 
processes. Disturbances in calcium homeostasis are responsi-
ble for a variety of pathological conditions. This review article 
summarizes recent findings on the influence of calcium in mul-
tiple sclerosis.
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Calcium: one of the most important bulk 
elements in the human body
Making up 1–1.1 kg of body weight, calcium is the most 
abundant mineral in the human organism. The teeth and bones 
contain 99 % of the calcium in the body. Outside the cells, 
calcium is involved in blood coagulation and maintenance of 
cell membranes. Intracellularly, calcium (Ca2 + ) acts as a 
messenger in many signalling pathways. Thus, calcium is 
involved in the excitation of muscles and nerves, glycogen 
metabolism, cell division, as well as activation of some enzymes 
and hormones. The influx of calcium ions into muscle cells leads 
to muscle contraction. A concentration of 2.1–2.6 mmol/l of 
calcium must always be present in the blood. Calcium ions are 
released from the bone into the bloodstream under controlled 
conditions and transported as dissolved ions or bound to 
proteins such as serum albumin. Parathormone secreted by the 
parathyroid gland promotes calcium release from the bone. 
Calcitriol, the active form of vitamin D3, promotes the 
absorption of calcium from the intestine and the mobilization of 
calcium ions from the bone matrix. Calcitonin, which is secreted 
by the parafollicular cells of the thyroid, also affects the calcium 
level. Only about 50 % of extracellular calcium is present as 
free-ionized calcium and thus in its biologically active form.

Approved MS drugs and their effect on 
calcium homeostasis
In everyday clinical practice, MS medication for symptomatic 
therapy is used, which directly or indirectly affects the 
calcium homeostasis of different cell types. The centrally 
effective muscle relaxant baclofen is a derivative of γ-amin-
obutyric acid (GABA) and binds as a specific agonist to GABA 
B receptors. This binding induces inhibitory postsynaptic 
potentials and thus suppresses neuronal activity while 
indirectly increasing intracellular calcium levels. In addition to 
this indirect mechanism, baclofen also has a direct effect, 
since it binds a special subunit of the voltage-dependent 
calcium channels and thus blocks the influx of calcium. This 
effective mechanism has also been described for pregabalin, 
which is prescribed to MS patients for the relief of neuropath-
ic pain. Thus, pregabalin, like baclofen, is a GABA analogue 
but paradoxically – and unlike baclofen – has no affinity for 
GABA receptors. However, like baclofen, it binds directly to 
specific, voltage-dependent calcium channels, which reduces 
the release of neurotransmitters into the synaptic cleft. In MS 
therapy, 4-aminopyridine (4-AP) is used to improve ambula-
tory ability. In general, 4-AP inhibits potassium channels and 
thereby inducing the stimulation of calcium channels. 
Subsequently, it enhances the duration of action potentials, 
calcium influx into neurons, and neurotransmitter release. 
Recently, however, it has also been shown that 4-AP has a 
direct influence on voltage-dependent P/Q- and N-type 
calcium channels. Dantrolene is a further anti-spastic drug in 
addition to baclofen. It inhibits calcium release from the 
sarcoplasmic reticulum by blocking ryanodine receptors and 
through this exerts an antispasmodic effect.

Calcium-dependent Autoimmune 
Mechanisms
Autoreactive lymphocytes develop during the maturation process 
in the thymus when self-antigen recognizing thymocytes are not 
fully eliminated by the selection process. It has long been known 
that calcium-dependent processes also play an important role here 
[9]. The inhibition of activated T-cells by regulatory T-cells is also 
calcium-dependent. Recently, it was shown that regulatory T-cells 
of MS patients are less effective in blocking calcium signals in au-
toreactive, activated T-cells compared to regulatory T-cells of 
healthy control subjects [10]. Similar to neurons or cardio myo-
cytes, lymphocytes and other electrically non-excitable cells ex-
press ion channels and transporters for the regulation of various 
physiological cell functions such as gene expression, apoptosis, 
proliferation, differentiation and migration. For example, during 
thymocyte selection or antigen-mediated activation of immune 
cells, a calcium influx is generated and maintained by a complex 
interaction of multiple channels [11]. As mentioned above, due to 
the importance of intracellular calcium as a central, secondary mes-
senger, its level is also precisely regulated in T-lymphocytes. In re-
cent years, fundamental advances have been made to identify the 
molecular components of the calcium signalling complex which is 
initiated upon T-cell activation. T-cell receptor (TCR) activation 
leads to the production of inositol 1,4,5-trisphosphate (IP3) and 
calcium release from the ER. The subsequent activation of the cal-
cium sensors stromal interaction molecules (STIM1) and STIM2 re-
sults in opening of calcium-activated calcium channels (calcium-re-
lease activated calcium (CRAC); ▶Fig. 1). ORAI1 is the pore-form-
ing subunit of these channels [12]. Free calcium in the cytosol 
induces various mechanisms urgently needed for the negative se-
lection of autoreactive lymphocytes, immune cell activation upon 
antigen contact and much more.

This significance of these pathways has been known for a num-
ber of years. Patients with defective CRAC channels and inadequate 
calcium influx from the calcium stores (SOCE) suffer from a severe 
form of immune deficiency [11, 13]. On the other hand, dysregu-
lated calcium signals in T-cells can also lead to undesired autoreac-
tive immune responses to self-antigens and trigger autoimmune 
inflammation. The group of CRAC channelopathies (diseases re-
sulting from mutations in ORAI1 and STIM1 genes which interfere 
with or completely block CRAC channel function and SOCE) include 
severe combined immunodeficiency (SCID-like) diseases, autoim-
munity, muscular hypotonia and ectodermal dysplasia. In animal 
models of MS as well as inflammatory intestinal diseases in which 
the genes for ORAI1, STIM1 or STIM2 have been genetically 
knocked out, it was found that the calcium sensors STIM1 and 
STIM2 play a central role in the function of proinflammatory im-
mune cell subpopulations. In recent years, a large number of stud-
ies have been published which have investigated mutations in dif-
ferent genes involved in calcium regulation. This section focuses 
on the most recent publications on calcium homeostasis and au-
toimmunity.

Calcium plays an important role not only during the activation 
and maturation of lymphocytes against foreign antigens, but also 
in the differentiation of various immune cell subpopulations. For 
example, in a preclinical study, Kim and colleagues have shown that 
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ORAI1, the pore-forming subunit present in CRAC channels, is es-
sential for the formation of T-cells that promote MS-like symptoms 
in the mouse model of MS. Blocking the ORAI1 pore, and thus the 
CRAC channels, significantly improved the clinical symptoms of the 
animals during in vivo experiments [16]. The group of CRAC chan-
nelopathies has been known and described for several years. How-
ever, there are still no CRAC-specific drugs for the treatment of im-
mune disorders. Recently, several small molecules have been dis-
covered and developed that block the function of CRAC channels 
and the intracellular calcium stores (SOCE) in micromolar concen-
trations [17]. For example, Chen and colleagues tested a chemical 
compound, RO2959, as a selective and potent CRAC channel block-
er. They showed that the activation and effector functions of T cells 
were suppressed by application of the specific inhibitor [18]. Anti-
body-mediated approaches have also been investigated. The first 
monoclonal antibody (mAb) acting on ion channels in clinical de-
velopment was directed against the pore-forming subunit of CRAC 
channels, ORAI1. The anti-ORAI1 mAb binds native ORAI1 on lym-
phocytes and leads to the internalization of the channel. As a re-
sult, T-cell proliferation and cytokine production are inhibited in 

vitro. In vivo, anti-ORAI1 mAb is effective in a humanized T-cell-me-
diated graft-versus-host disease (GvHD) mouse model [19].

STIM1 acts as a sensor for intracellular calcium waste in the 
membrane of the ER. In addition to the ORAI1 gene, loss-of-func-
tion (LoF) mutations in the STIM1 gene are also a possible cause for 
the development of CRAC channelopathies. Fuchs and colleagues 
have investigated the function of the immune cells of two patients 
who had a homozygous R429C point mutation in the STIM1 gene. 
This mutation resulted in a blockade of the calcium influx from in-
tracellular calcium stores. Investigations indicated that the patients 
suffered from a dampened immune regulation, which was (partly) 
due to an altered function of regulatory T-cells [20]. Regulatory 
T-cells, previously known as suppressor T-cells, are a subpopulation 
of T-cells that modulate the immune system, help to maintain tol-
erance to self-antigens, and prevent autoimmune diseases. It was 
assumed that also other immune cell subpopulations were affect-
ed by the defective STIM1-mediated calcium influx and thus con-
tributed to disease pathology.

In addition to the LoF mutations in the STIM1 and ORAI1 genes, 
there are also various gain-of-function (GoF) mutations that cause 

▶Fig. 1	 Store-operated Calcium Entry in T-lymphocytes. Upon release of calcium from the ER, STIM molecules aggregate in the ER membrane and 
activate CRAC channels in the cell membrane. This is followed by calcium influx from the extracellular space into the cell, thereby replenishing the 
intracellular calcium deposits. Mutations in STIM and ORAI1 genes lead to CRAC channelopathies. CRAC: Calcium release activated channels, ER: 
Endoplasmic reticulum, ORAI1: Calcium release-activated calcium channel protein 1, STIM1: Stromal interaction molecule 1.
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a broad spectrum of disease entities, which surprisingly, are char-
acterized by similar symptoms as the LoF mutations, among other 
things [21].

Recently, it has been shown that, besides through STIM and 
CRAC, calcium can also enter T-cells via a T-type calcium channel 
(low-voltage activated T-type, CaV3.1). Although CaV3.1 channels 
result in a substantial calcium flow under resting conditions, dele-
tion of the channel in mice did not affect the TCR-initiated calcium 
influx. Nonetheless, CaV3.1-deficient mice did not develop any 
symptoms in the animal model for MS [22].

In addition, immune cells are also known to express members 
of the transient receptor potential melastatin (TRPM) channel fam-
ily (TRPM2, TRPM7) [23, 24], which conduct various mono- and di-
valent cations (sodium, calcium, potassium). This family is activat-
ed by ligand binding and its members are mainly known for their 
role in perceiving cold (menthol) as well as taste. In a study by Wolf 
et al., it was shown that the calcium influx through TRPM2 chan-
nels does not contribute to an increase in the intracellular calcium 
level, which is absolutely necessary for receptor-mediated T-cell 
activation and triggering of effector functions [24]. The conditions 
under which calcium influx via TRPM2 channels plays a role is still 
not known. TRPM7 channels, another member of this family, are 
also expressed on T-lymphocytes. Their ion conductivity is charac-
terized by a strong pH dependence and by the fact that their chan-
nel pore is blocked by a magnesium ion under physiological elec-
trolyte conditions [25, 26]. This suggests that the channel functions 
only under certain pathophysiological conditions (e. g. on immune 
cells in acidified, inflamed tissue).

In addition to the classical sources of calcium influx, new stud-
ies also link the inhibitory neurotransmitter GABA to the patholo-
gy of the MS animal model. However, in the literature, the effect of 
GABA is a matter of controversy. One study showed that GABA 
worsens the clinical symptoms in the MS model [27]. On the other 
hand, another recent study investigated the GABA-mediated mech-
anisms and showed that GABA application blocks the activation-in-
duced calcium signals, resulting in an improvement in the clinical 
course of the disease [28, 29].

Calcium-induced Loss of the Blood-Brain 
Barrier Integrity
The blood-brain barrier (BBB) is the physical barrier between the 
periphery and the central nervous system. Its main task is to stabi-
lize the micromilieu in the brain so that neural processes can pro-
ceed properly. This ensures the regulation of the nutrient transport 
into the CNS as well as the active blockage of infiltrating pathogens, 
toxins and autoreactive immune cells. The BBB is composed of en-
dothelial cells surrounded by pericytes, smooth muscle cells and 
astroglial cells. This cell complex is also known as the neurovascu-
lar unit [30, 31].

On the molecular level, the barrier is formed both by adherens 
junctions (AJs) and tight junctions (TJs) (▶Fig. 2). AJs connect ad-
jacent endothelial cells and are formed by calcium-dependent 
transmembrane proteins called cadherins, which are connected 
intracellularly to the actin cytoskeleton by anchor proteins such as 
catenins and vinculins [32]. Apart from the AJ proteins, the TJ pro-

teins are essential for the barrier function of the BBB as they pre-
vent the paracellular diffusion of molecules and ions. There are sev-
eral TJ proteins that perform key functions to support the integrity 
of the BBB, such as occludin, claudin, junctional adhesion mole-
cules (JAMs) and zona occludens 1–3 (ZOs). Claudins and occludin 
are composed of four transmembrane domains with intracellular 
C- and N- termini. Through extracellular loops they undergo hydro-
philic interactions with the TJ proteins of neighbouring cells, there-
by forming a physical barrier. To stabilize the TJ complexes, occlu-
din and claudin bind intracellularly to the cytoskeleton via the 
anchor proteins ZO 1–3. This junctional complex, which is specific 
for endothelial cells of the BBB, results in resistances of 
1 800–2 000 Ω * cm2 [33].

Indications for a loss of BBB integrity are found in many neuro-
logical diseases such as Alzheimer’s, Parkinson’s, epilepsy, cerebral 
ischemia and MS. In MS, BBB dysfunction and the accompanying 
transendothelial migration of activated, encephalitogenic lympho-
cytes are among the first observed cerebrovascular changes in the 
brain [34]. The signalling pathways underlying the impairment of 
the BBB have still been insufficiently investigated. However, it has 
long been known that changes in extra- and intracellular calcium 
concentrations play a central role in the loss of BBB integrity. Extra-
cellular calcium decline leads to disruption in cell-cell and cell-ex-
tracellular matrix interactions. Intracellularly, an increase in calci-
um concentration initiates calcium-dependent signalling pathways, 
which ultimately induce restructuring of the cytoskeleton and con-
comitantly a reorganization of TJ proteins resulting in a loss of BBB 
integrity [35].

Also at the BBB, several mechanisms are known which lead to 
an increase in intracellular calcium concentrations. Various growth 
factors, hormones, neurotransmitters and cytokines increase cal-
cium levels after binding to their respective receptor on target cells. 
The activation of different, membrane-bound receptors, e. g. 
G-protein-coupled receptors (GPCRs) and tyrosine kinase recep-
tors (TKs), mobilizes intracellular signalling molecules, which ulti-
mately leads to the production of the secondary messenger IP3. IP3 
binds IP3-receptors (IP3R) at the ER membrane, which induces the 
depletion of the calcium stores into the cytoplasm and subsequent-
ly causes an increase in intracellular calcium. In recent years, some 
vasoactive and inflammatory substances have been discovered, 
which result in increased cellular permeability and reduced transen-
dothelial migration of autoreactive immune cells in neurological 
diseases. These include histamine, lysophosphatidic acid, throm-
bin, endothelins, bradykinin and the vascular endothelial growth 
factor (VEGF) [35]. New studies also suggest a protective role of 
the GPCRs cannabinoid receptor 2 (CB2R) in the function of the BBB 
under inflammatory conditions. Activation of CB2R increases re-
sistance of endothelial cells and is accompanied by high regulation 
of TJ proteins. These results demonstrate that CR2B ligands could 
provide a new strategy for the treatment of neuroinflammatory 
diseases [36]. In an animal model of MS, it has also been shown that 
the integrity of the BBB is strictly regulated by inflammatory cy-
tokines. The proinflammatory cytokines tumour necrosis factor α 
(TNFα) and interleukin 6 (IL-6) induce BBB dysfunction by the dys-
regulation of TJ proteins [37]. In addition, inhibition of the calci-
um-dependent protein kinase Cβ leads to a stabilization of the BBB 
in the disease model [38]. Recently, the expression of sphin-
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gosine-1-phosphate (S1P) receptor isoforms, which are targets of 
the MS drug fingolimod, has also been demonstrated on BBB en-
dothelial cells and astrocytes. Activation of these isoforms results 
in an increase of the intracellular calcium level and thereby modu-
lates BBB integrity. This could provide indication of an immune ef-
fect of fingolimod [39].

In addition to the calcium increase from intracellular deposits, 
direct calcium influx from the extracellular space via cation chan-
nels occurs in the endothelial cells of the BBB. Activation of N-me-
thyl-D-aspartate (NMDA) receptors on microvascular endothelial 
cells has been shown to result in a decrease in transcellular electri-
cal resistance caused by a change in occludin and ZO1 expression 
[40, 41], as well as the migration of monocytes across a human en-
dothelial cell line [42]. In addition, the role of NMDA receptor-me-
diated calcium influx in a MS animal model has recently been clar-
ified. The administration of idazoxan, a non-competitive inhibitor 
of the NMDA receptor, significantly reduces damage to the BBB and 
reverses the downregulation of TJ proteins in an animal model [43]. 
A further study showed that the antibody-mediated blockade of 

the NMDA receptor significantly reduced the clinical symptoms in 
a MS animal model, and was accompanied by a reduced migration 
of lymphocytes into the CNS [44]. The transient receptor potential 
canonical (TRPC) channel family is another means by which calci-
um can enter the endothelial cells. The effects of the family mem-
bers TRPC1 and TRPC4 on murine endothelial cells [45, 46] as well 
as of other TRPC-mediated mechanisms that impair the integrity 
of the BBB, are known for a while [46]. However, there has been no 
recent work in this field.

The extravasation of immune cells into the CNS across the BBB 
is also a calcium-dependent process. An important step in the mi-
gration of lymphocytes across the BBB is mediated via the interac-
tions of LFA-1 and MAC-1 with the associated receptor ICAM-1, 
which is expressed on endothelial cells. Cross-linking of ICAM-1 
molecules could induce the release of calcium from the ER in rat 
microvascular BBB endothelial cells [47]. In addition to ICAM-1, the 
adhesion molecule PECAM-1 also plays a role in the migration of 
immune cells across the BBB. PECAM-1 is expressed both at the 
boundaries of two adjacent endothelial cells as well as on leuko-

▶Fig. 2	 Calcium signal pathways in endothelial cells. Extracellular decrease in calcium concentration leads to the restructuring of AJ proteins and 
thus a loss in cell-cell contacts. An increase in intracellular calcium concentrations in endothelial cells is caused by 1) SOCE from the ER induced by 
the activation of membrane-bound receptors and 2) direct calcium influx via ion channels from the extracellular space. This results in a restructuring 
of the cytoskeleton and TJ proteins and opening of the BBB. AJ: Adherens junctions, BBB: Blood-brain barrier, ER: Endoplasmic reticulum, SOCE: 
Store-operated calcium entry, TJ: Tight junctions
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cytes. Hydrophilic interactions between PECAM-1 on endothelial 
cells and leukocytes lead to an increase in the intracellular calcium 
level mediated by the ion channel TRPC6 [48]. It was also shown 
recently that the potassium channel TREK1 (Twik-related potassi-
um channel 1) acts as a regulator of T-cell migration across the BBB 
in the MS mouse model [5].

All these mechanisms demonstrate that calcium plays an im-
portant role in BBB integrity, and the modulation of calcium-de-
pendent processes offers potential for new therapeutic options for 
various neuroimmunological diseases.

Calcium-dependent Neurodegenerative 
Processes in Central Nerve Cells
There has been much discussion about how axons and neurons are 
damaged by autoimmune inflammation in the CNS. Meanwhile, 
experts agree that the loss of the myelin sheath alone cannot ex-
plain the extent of damage to axons in MS. There are numerous 
factors that contribute to neuronal and axonal damage. In MS and 
other neurodegenerative diseases, glutamate-induced excitotox-

icity is a central downstream mechanism for neuronal injury lead-
ing to toxic increases in intraneuronal calcium [49]. Precisely reg-
ulated calcium movements across the plasma membrane and be-
tween intracellular compartments have a major influence on the 
basic functions of neurons, including regulation of neurite growth, 
synaptogenesis, synaptic transmission and plasticity, as well as cell 
survival. In classical excitotoxicity, increased extracellular gluta-
mate induces a persistent depolarization of the neurons. This trig-
gers a cascade of cellular events leading to cell death (▶Fig. 3). De-
polarization is initiated primarily by the activation of AMPA recep-
tors and subsequently by activation of voltage-dependent sodium 
channels, resulting in sodium influx and further depolarization of 
the cell membrane. If the cell is chronically depolarized, the NMDA 
receptor loses its magnesium block and can be activated via bind-
ing of synaptic glutamate. NMDA receptor activation is an impor-
tant source of calcium entry into the cell. Intracellular calcium lev-
els are very low (nM range) under physiological resting conditions. 
If the cell is excessively depolarized, the calcium level will rise con-
tinuously. After NMDA receptor activation, the most important 
sources of increased intracellular free calcium are entry via volt-
age-dependent calcium channels after initial depolarization. This 

Energy deficit

Damage to cell nucleus
and cell membrane

Free radicals

Ionotropic and
metabotropic GIuR

Excessive
depolarization

▶Fig. 3	 Calcium-induced neuronal cell death. An excess of extracellular glutamate leads to the opening of glutamate receptors, resulting in the 
influx of calcium into the cell and further depolarization of the neuron. Consequently, voltage-dependent calcium channels are opened and addition-
al calcium can enter the cell. A permanently elevated intracellular calcium level damages the cell up to cell death.
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calcium influx, however, is only temporary, since both voltage-de-
pendent calcium channels and NMDA receptors deactivate despite 
continuous membrane depolarization, halting calcium influx. In 
addition to the ionotropic AMPA and NMDA receptors, glutamate 
can also bind to metabotropic receptors, which upon activation, 
can trigger the release of calcium via the incorporation of various 
enzymes and signalling molecules (phospholipase C, IP3) from the 
ER [49] and thus contribute to the fatal, continuous increase of the 
calcium level in the cell. In addition to glutamate receptors and 
voltage-controlled calcium channels, neurons, like the immune and 
endothelial cells, additionally express non-selective, predominant-
ly ligand-activated cation channels, through which calcium can 
enter the cells. However, relative to the two main pathways via glu-
tamate receptor channels and calcium channels, these channels 
provide only a small fraction of the neurodegenerative processes 
relevant for MS.

Induction of caspase-dependent apoptosis is one of the harm-
ful events caused by excess calcium in the cytosol [50]. Another 
detrimental result of excess calcium in the cytosol is the opening 
of the mitochondrial permeability transition pore, a pore in the 
membranes of the mitochondria that opens when the organelles 
absorb too much calcium. Opening the pore can cause mitochon-
dria to swell and release reactive oxygen species as well as other 
proteins that can initiate apoptosis. The pore can also cause mito-
chondria to release more calcium. In addition, the production of 
adenosine triphosphate (ATP) can be stopped and ATP synthase 
can start to hydrolyze ATP, thus reducing it [51]. It is clear that the 
classical theory of excitotoxicity via glutamate is much more com-
plex, and presumably there are significantly more harmful mech-
anisms than previously known [49]. Also, with the knowledge that 
to date no effective therapy strategy could be developed to signif-
icantly reduce neuronal excitotoxicity, numerous research groups 
continue to study neuronal calcium homeostasis under physiolog-
ical and pathophysiological conditions.

Thus, in a recent study using modern imaging technology, in-
flammation-induced changes of the calcium level in the axons of 
neurons were investigated in mice [52]. The authors demonstrat-
ed an increase in free calcium in axons and neurons of autoim-
mune-inflammatory lesions compared to those in non-inflamed 
areas. These relative calcium increases were associated with im-
mune-neuronal interactions.

A recently published article describes a phenomenon that com-
bines various neurodegenerative diseases: the misfolding and ag-
gregation of the key proteins α-synuclein and β-amyloid [53]. Al-
though the primary targets for the two proteins are different, they 
both share a common mechanism that involves formation of pore-
like structures in the plasma membrane, resulting in the free ex-
change of proteins, ions and substances. Among other things, this 
leads to a disturbance of the calcium content, the mitochondria 
and to damage by free radicals. The causes of the formation of 
these oxygen radicals should also be investigated in a further study. 
Using intravital microscopy, the authors observed an elevated cal-
cium level in the neurons in the cerebral arteries with oxidative 
stress, which was interpreted as subclinical neuronal dysfunction 
and the onset of neuronal damage [54].

It has been known for a few years that the proinflammatory 
platelet activation factor (PAF) is increased a thousand-fold in the 

CSF of MS patients [55], resulting in the modulation of signals, in-
cluding the production of nitric oxides, mitochondrial calcium in-
flux and caspase activation. Surprisingly, recent studies demon-
strated a concrete link between proteins of the coagulation system 
and the pathophysiology of MS [56–58]. Likewise, a recent study 
by Bellizzi et al. showed that the PAF receptor in an animal model 
of MS mediates the over-excitation of hippocampal neurons and 
thus contributes to neuronal damage [59]. This is particularly in-
teresting because the understanding of the mechanisms of the de-
generation of the grey matter is still limited. However, this is indis-
pensable for future development of treatments for progressive dis-
ability and cognitive impairment in MS. Thus, studies are directed 
toward the development of substances that are directly neuropro-
tective. Fingolimod and dimethyl fumarate were injected in order 
to subsequently measure the intraneuronal calcium level in a living 
animal by means of microscopy. Direct CNS administration of these 
MS therapeutics has significantly delayed or reduced glutamate-in-
duced overexcitation, but could not prevent neuronal calcium in-
crease or morphological changes [60].

Optic nerve neuritis, a typical manifestation in the disease pat-
tern of multiple sclerosis, is associated with the axonal degenera-
tion of the optic nerve (ON) and apoptosis of retinal ganglion cells 
(RGC). One study demonstrated that inhibition of voltage-depend-
ent N-type calcium channels in an animal model of MS leads to a 
significant reduction of axonal degeneration [61]. Furthermore, 
the calcium-induced damage to optic nerve and retinal ganglion 
cells was shown to be mediated by calpain, a calcium-dependent, 
non-lysosomal cysteine protease, and that blockade prevented 
RGCs against degeneration [62]. Recently the role of NMDA recep-
tors on retinal ganglion cells was made clear. Inhibition of these re-
ceptors in an animal model of MS results in protection of retinal 
ganglion cells and axons and reduced demyelination of the optic 
nerve [63].

Summary
In conclusion, understanding of calcium-dependent processes in 
the context of autoimmune diseases and in particular, MS, is con-
tinuously improving. It has been shown that regulation of calcium 
via various mechanisms is involved in all relevant steps of MS patho-
genesis, such as immunosensitivity activation and migration, the 
regulation of BBB integrity and neurodegeneration itself. Specific 
pharmaceuticals (small molecules, therapeutic antibodies) are 
being tested in preclinical models and should be transferred to the 
clinic using translational approaches. However, the use of current-
ly available calcium channel blockers for specific MS therapy can-
not be recommended. Therefore, currently authorized drugs 
should be used strictly according to their approved indication.
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