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“In order to seek truth, it is necessary once in the course of our life, to doubt,  
as far as possible, of all things.”

“Que pour examiner la vérité il est besoin, une fois dans sa vie,  
de mettre toutes choses en doute autant qu’il se peut.”

René Descartes (1596-1650) 
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1
Calcium: properties and physiology

Calcium basics
Calcium (Ca) is an essential element for human health. Among the five stable isotopes 
found in nature (40Ca, 42Ca, 43Ca, 44Ca, 46Ca), 40Ca is the most abundant, representing 97% 
of the naturally occurring Ca. Within the periodic table of elements, Ca of atomic number 
20 belongs to the alkaline earth metals group due to its oxidative capacity of +2 that 
derives from the distribution of its electrons around the nucleus (1). For every element, 
negatively charged electrons are distributed among the multiple orbitals, following an 
organized pattern. In the case of alkaline earth metals, two electrons located in the 
outermost orbital, can be easily lost and participate in chemical bond formation with 
additional elements. Upon loss of its outermost electrons, the element is in its ionized 
form. In the same manner, Ca as a pure metal is extremely reactive and occurs exclusively 
in its divalent cation form in nature. This cationic form is referred to as Ca2+ (1). in its 
divalent cation form in nature. This cationic form is referred to as Ca2+ (1).

Biological functions
Because of its numerous physiological functions, Ca2+ is implicated at every level of 
human physiology, from whole-body to cellular level. Ca2+, in the human body, is either: 
i) ionized, also called free Ca2+; ii) complexed to organic compounds; iii) precipitated in 
inorganic salts. The latter constitutes a major storage of Ca2+ and phosphate precipitated 
in calciumhydroxyapatite (Ca10(PO4)6(OH)2) and provides rigidity to the bones and teeth 
(2). On average, 1 kg of Ca2+ is stored in the skeleton of a human body. Ca2+ originates 
from dietary intake absorbed in the intestine depending on requirements (3). 
Subsequently, Ca2+ circulates in the bloodstream and other body fluids either as ionized 
Ca2+ or complexed to proteins. Their relative amounts vary widely; while both forms are 
equally present in the bloodstream, free Ca2+ constitutes more than 80% of the Ca2+ in 
cerebro-spinal fluid (4). 

The concentration of ionized Ca2+ ([Ca2+]) in the circulation is maintained within a 
narrow range (1.05 – 1.30 mM) by the concerted action of the parathyroid hormone 
(PTH), vitamin D (1,25-(OH)2D3) and calcitonin to enable proper functioning of the 
cardiovascular system, the neuronal circuitry, the blood clotting cascade and the 
inflammatory response (5-7). In the event of a low dietary supply, Ca2+ homeostasis is 
maintained in the circulation by bone resorption at the detriment of bone mass. 
Intracellularly, Ca2+ concentration ([Ca2+]i) is tightly maintained in resting cells, at a lower 
level (~ 20-100 nM) (8,9) thus spatio-temporal rises in [Ca2+]i play a major role in 
membrane potential depolarization and receptor–mediated processes such as 
contraction, secretion and mitochondrial energy production (10). Furthermore, acting as 
a second messenger in numerous signaling pathways, intracellular Ca2+ is also implicated 
in cell proliferation, migration, differentiation and apoptosis. Because of its numerous 
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physiological functions, impairments of the [Ca2+] in the blood or the cytoplasm may 
have serious clinical implications such as hypertension, muscle weakness, seizures, 
tetany and cardiac arrhythmias (11-13). Therefore, a tight control of [Ca2+] in resting 
conditions and during physiological events is essential to maintain the integrity of the 
human body.

Regulation of intracellular Ca2+ 

Ca2+ in organelles
Ca2+ concentration and its dynamic changes such as during Ca2+ transient are essential 
to most physiological functions and imply an absolute requirement for a tight regulation 
of the [Ca2+]i. In this regard, a large percentage of cellular Ca2+ is not available in the 
cytosplasm but sequestered in organelles, for which [Ca2+] vary widely depending on cell 
types and physiological status. The endo(sarco)plasmic reticulum (ER/SR) is the most 
substantial intracellular Ca2+ store with concentration ([Ca2+]ER) fluctuating from 0.05 to 1 
mM (14,15). Lower but significant levels of Ca2+ are also sequestered in mitochondria 
where a concentration ([Ca2+]mito) from 0.2 to 26 μM is measured in the matrix (16). Ca2+ 
sequestration and maintenance of [Ca2+]i are prerequisite for Ca2+ to function as an 
intracellular messenger and implicate numerous players: i) plasma and intracellular 
membranes are virtually impermeable to Ca2+; ii) Ca2+-binding proteins buffer Ca2+ in the 
cytosol and enable the storage of large amounts of Ca2+ in the lumen of the ER/SR; iii) 
mitochondrias can temporarily sequester large amounts of Ca2+ during a cytosolic Ca2+ 
rise and, thus, participate with the ER/SR in controlling the spatio-temporal dynamics of 
the cytosolic Ca2+ signals; iv) pores and channels allow for passive diffusion and Ca2+ 
entry according to the electrochemical gradient; v) Ca2+-ATPases actively pump Ca2+ out 
of the cytosolic compartment; and finally vi) secondary active Ca2+ transporters use the 
electrochemical gradient of a particular solute to transport Ca2+ out of the cytosol (17).

Ca2+-binding proteins
Within the cell, numerous proteins have the ability to bind and release Ca2+ in a [Ca2+]i- 
dependent manner and are divided between the proteins implicated in Ca2+ transport 
and the Ca2+-binding proteins (CBPs), solely involved in sensing and buffering Ca2+ (18). 
Among the most described CBPs, calbindin, annexins and calcineurin, located in the 
cytoplasm, bind ionized Ca2+ and therefore, contribute to the Ca2+ buffering capacity of 
the cytosol. CBPs present as well in all organelles are of tremendous importance in the 
sarcoplasmic (calsequestrin) and endoplasmic (calreticulin) reticulum, the intracellular 
Ca2+ store in muscle fiber and non-muscular cells, respectively (19). Following a decrease 
in [Ca2+]ER/SR induced by the opening of the Ryanodine Receptor (RyR) in the muscle 
fibers or the Inositol 1,4,5-Triphosphate Receptor (IP3R) in other cell types, CBPs located 
in the ER/SR are able to operate the rapid release of Ca2+ due to their high capacity and 
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low affinity. Among CBPs, Ca2+-sensor proteins participate in the regulation of cellular 
processes through their capacity to transduce cytosolic Ca2+ signals to downstream 
proteins. Due to their high concentration and localization, some of them act also as Ca2+ 
buffer, it is the case for calmodulin (20). By their Ca2+-binding kinetics, concentration and 
localization, CBPs play a crucial role in spatial and dynamic shaping of cytosolic Ca2+. 

Ca2+ transport
Ca2+ transport across the cell membrane is achieved by two major mechanisms: passive 
diffusion and active transport. While the former transfers Ca2+ along its electrochemical 
gradient, the latter enables Ca2+ transport against its gradient via its coupling to ATP 
hydrolysis, providing the energy required for this uphill transport. Among the most 
described transporters implicated exclusively in Ca2+ transport are the plasma membrane 
Ca2+-ATPase (PMCA) and the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA). For its 
part, the passive diffusion across the plasma membrane depends on the permeability of 
the lipid bilayer as well as the size and hydrophobicity of the transported molecules (21). 
Due to the poor permeability of the bilayer for charged solutes, passive diffusion of ions 
such as Ca2+ does not naturally occur through the plasma membrane. Nevertheless, 
intrinsic proteins permeable to specific ions and molecules enable the passive diffusion 
of Ca2+ along its electrochemical gradient. This diffusion can be operated by pore that 
remains always open as it is the case for the mitochondrial permeability transition pore 
that, once formed, allows for Ca2+ release from the mitochondrial matrix into the cytosol. 
Passive diffusion occurs as well by gated channel that switches from a close state to an 
open or gated state, conformational changes being regulated by different signals, for 
instance the ryanodine and IP3 receptor belongs to the ligand-gated channels while the 
gating of Cav family is voltage-dependent (17). Finally, the SLC family of solute carriers, 
referred as uniporters (symporters and antiporters), constitutes the third category of 
intrinsic proteins able to perform diffusion of multiple solutes across the lipid bilayer (22). 
In this case, uniporters contain intracellular and extracellular gates that alternatively 
open thus the downhill electrochemical gradient of the first solute drives the uphill 
transport of other molecules. This transport is therefore referred to as facilitated diffusion. 
Through this mechanism, the SLC8 family of Na+-Ca2+ exchangers operates Ca2+ transport 
by exchanging Na+ against Ca2+ across the plasma membrane.

The Sodium-Calcium exchanger family 

Na+-Ca2+ exchange
The NCX (SLC, Solute carrier 8) branch of Na+-Ca2+ exchangers is found in all cell types 
and belongs to the Ca2+:cation antiporter superfamily (CaCA). NCX catalyzes the 
exchange of Na+ and Ca2+ across the plasma membrane by facilitated diffusion with a 
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stoichiometry of 3:1 respectively (23) following a ping-pong mechanism also called 
consecutive mechanism (24,25). NCX is able to facilitate both the extrusion and the 
influx of Ca2+ (26,27). These two modes of exchange are referred to as forward and reverse 
mode, respectively. The switch from one mode to the other is highly dependent on the 
electrochemical gradients of both Na+ and Ca2+ across the plasma membrane (28). 

The NCX family by its decisive role in Ca2+ and Na+ homeostasis and its expression in 
all cell types is involved in many physiological events throughout the body. In this regard, 
NCX in muscle tissues is mostly known as being the predominant mechanism for Ca2+ 
extrusion during muscle relaxation. NCX is important in the cardiac development, and its 
loss of function causes heart defect and heart failure on the mid-term (29). NCX is 
required as well in skeletal and smooth muscle, where it could possibly act as a modulator 
of the sarcoplasmic reticulum (SR) content. NCX is also implicated during brain 
development and neurotransmitter release. In non-excitable tissues, NCX carries out 
very diverse roles such as the Ca2+ reabsorption in the distal convoluted tubules of the 
kidney and the Na+ extrusion in erythrocytes, whereas in pancreatic β-cells it participates 
to the control of insulin release. 

Structural features of the NCX family
In mammals three isoforms have been found: NCX1, NCX2 and NCX3 encoded by three 
distinct genes (30). The occurrence of two parallel genome duplications early in the ver-
tebrate lineage gave rise to, most likely, four isoforms of NCX. However, the fourth isoform, 
NCX4, present in teleosts has been lost in birds and mammals during evolution (30). From 
this early duplication, NCX isoforms conserved a high degree of sequence homology of 
about 70% in mammals. Therefore, NCX isoforms share several structural properties. 

Transmembrane domain 
All members of the NCX family share a common architecture consisting of 10 
transmembrane (TM) domains (31,32), arranged in two clusters separated by a large 
intracellular loop of 500 residues. The TM domains allow for the ion translocation across 
the plasma membrane. Recent progress in the obtainment of high–resolution crystal 
structures of NCX brought information on these domains of the exchanger. In its 
outward-facing conformation, the crystal structure of NCX_Mj, the prokaryotic NCX of 
Methanococcus janaschii (33) confirmed the presence of 10 TM segments arranged 
around a tightly packed core region (Figure 1A). This core region contains four cation-
binding sites. However the different sites share several negatively charged ligands. 
Therefore Ca2+- and Na+-binding sites cannot be occupied simultaneously, which 
confirms a ping-pong mechanism of translocation. Extracellular Na+ and Ca2+ reach 
these binding sites by two passages specific for each cation. 

Less information is available on the inward-facing conformation of NCX. However, the 
crystal structures of other exchangers from the CaCA superfamily shed light on the 
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mechanisms of exchange. Among the CaCA family, two highly conserved α-repeats 
motifs are located at the TM segments 2-3 and the TM segments 7-8 (34-36). The crystal 
structures of two prokaryotic Ca2+-H+ antiporter in their inward-facing conformation 
reported TMs 2 and 7 in an X-shaped conformation while TM segments 3 and 8 are tilted 
in parallel. Such conformation is also observed in NCX_Mj (37). Additionally, the rotation 
of the kink angle of TM segments 2 and 7 observed between the two CaCA members 
suggest that these two conserved TM segments are engaged in the transition between 
inward and outward conformation. Nishiwaza et al. proposed that the conformational 
changes of TM2 and TM7 induced by the binding of Ca2+ enable the sliding from one 
conformation to the other (38). 

Figure 1 Structure of NCX.

First crystal structure of a Na+-Ca2+ exchanger A, found in Methanococcus jannaschii (NCX_Mj) as 
reported by Liao et al. (33) (Protein Data Bank accession number: 3V5S). This bacterial exchanger 
contains a short intracellular loop of 6 residues while mammalian isoforms have a cytoplasmic loop 
of about 500 residues as depicted in the topology of NCX3 B, which here illustrates the two Ca2+-
binding domains CBD1 and CBD2, where the alternate splice site is located.

Intracellular loop of NCX
The large intracellular loop found in the mammalian NCX is not directly involved in the 
ion translocation across the membrane. Importantly, however, the binding of non-
transported ions and molecules to this cytoplasmic region plays a crucial role in the 
allosteric regulation of the exchanger (Figure 1B). Thus, upon removal of this loop, 
allosteric regulation is lost, however, the exchanger remains fully active (39). Within this 
intracellular domain, two Ca2+-binding domains 1 and 2 (CBD1 and CBD2) are found. The 
remaining residues of the intracellular loop belong to the Catenin Like Domain (CLD). 
Both CBDs share a similar structure that includes a β-sandwich and an unstructured F-G 
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loop that contains a α-helix. Within these CBDs Ca2+ is bound by several acidic residues 
such as aspartate and glutamate. 

During a cytosolic Ca2+ transient, CBD1 is the primary sensor of the change in cytosolic 
Ca2+ concentration and the first activator of the exchanger (40). Despite the presence of 
four Ca2+-binding sites (Ca1, Ca2, Ca3, Ca4) (35), only the Ca3 and Ca4 are directly 
implicated in this process. (41,42). On the other hand, the “steady-state” activation by Ca2+ 
and the Na+-dependent inactivation of the exchanger are both attributed to the CBD2 
domain (43). This secondary sensor has only two Ca2+-binding sites (CaI and CaII) and 
here again only the first site CaI is directly involved in the regulation of the exchanger 
(35,44). 

When characterized together, the CBD1 and CBD2, also called CBD12 adopt an 
antiparallel structure, the two domains being connected to each other by a small linker 
(45,46). The binding of Ca2+, at the sites previously reported, rigidifies the CBD12 
conformation and reduces the flexibility between the two domains (47-49). The 
interactions between domains are of tremendous importance, as the CBD2 will influence 
the affinity of Ca3 and Ca4 of CBD1 (42). Finally, Khananshvili’s group has recently 
hypothesized that in physiological conditions Ca1, Ca2 and CaII of CBD1 and CBD2 are 
occupied by Mg2+ (43,50). This binding would modulate the affinity of the remaining 
Ca2+-binding sites, decreasing the affinity at the Ca3 and Ca4 and increasing it at the CaII.

The Catenine Like domain (CLD), present in direct contact between the TM segments 
and the CBDs is suggested to be implicated in both the Na+-dependent inactivation in 
interaction with the CBD2 and in the regulation by Ca2+ (51,52). The changes of 
conformation following the Ca2+-binding at the CBDs are most likely reducing or 
increasing the tension between the CLD and the TM, a process that would relay the Ca2+-
binding events to the TM segments responsible for ion translocation (44).

Distinctive characteristics of NCX3  

Homology
Since its cloning from rat brain by Philipson’s group (53) in 1996, the sequence of NCX3 
is known. NCX3 shares about 75% homology of sequence with NCX1 and NCX2 (Table 
1). However, in line with the function they carry out, the different sections of the 
exchanger do not share the same homology within the NCX family. Thus, the residues of 
the 10 TM domains have higher homology to NCX1 and NCX2 (>75%) than the 
cytoplasmic loop that shares about 60% (Table 1). This conservation together with the 
similar stoichiometry of exchange (Na+:Ca2+) observed within the NCX family tend to 
prove that the translocation mechanism is similar within the NCX family. In this manner, 
the capacities exerted specifically by NCX3 would result from its cytoplasmic loop. 
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Table 1 Percentage of similarity in amino acid sequences between human isoforms of  
NCX in the different domains of the exchanger. 

Domains of NCX3 Residues Conservation 
human NCX1

Conservation 
human NCX2

Complete Exchanger 1-927 > 70% > 70%

N-term- to TM5 1-251 > 70% > 70%

Intracellular loop 252-727 > 60% > 60%

CBD1 370-500 > 60% > 60%

CBD2 501-650 > 55% > 55%

TM6 to C-term 728-927 > 80% > 80%

Residues (with 1 as the first methionine of the amino acid sequence of hNCX3); Conservation of 
sequence determined between hNCX3 (accession NP_892114) and either hNCX1 (accession 
NP_066920) or hNCX2 (accession NP_055878).

The structure of the CBD1 of NCX3 is not resolved yet. Nonetheless, the conservation of 
some key acidic and basic residues lead to the same Ca2+-binding sites and a structure 
most likely similar to NCX1. Therefore, the regulation of NCX3 capacity of exchange by 
CBD1 is probably comparable to NCX1 (44). The comparison of the CBD2 has proven to 
be more difficult because of the alternative splicing of the NCX family causing various 
possibilities of sequence for the CBD2. In the case of NCX1, more than 15 splice variants 
have been identified (54,55) showing a tissue specific distribution and exchange 
properties that fulfill the tissue requirements (55,56) (Figure 2). NCX2 does not appear to 
undergo alternative splicing as only one variant has been found (55). In the case of NCX3, 
only a few splice variants have been found. 

Alternative splicing
The NCX3 gene is composed of 9 exons (55) numbered 1 to 9 (Figure 2), of which exons 
3 and 4, also named A and B respectively, are mutually exclusive (55). Exon 5, also called 
exon C, is optional. Thus, in the rat, three splice variants are detected; in mice only two 
splice variants have been originally described. The variant containing exon A and C is 
found in skeletal muscle (NCX3-AC), while variants expressing the exon B are expressed 
in the brain. Nevertheless, possible differences in function arising from this splicing have 
not yet been investigated. Additionally three truncated forms of NCX3 are found in 
humans. Two truncated variants are found in the fetal brain and appear to contain exons 
4 to 9 and 6 to 9 (57). The third truncated variant is found in skeletal muscle and comprises 
the exons 1, 2 and 6 (58). Due to their expression restricted to fetal stage, these truncated 
forms are likely to be under the control of alternative promoters.
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Figure 2 Alternative splicing of NCX1 and NCX3.

Schematic view of the exons constituting NCX3 (upper) and NCX1 (bottom) gene sequence and 
the alternatively spliced exons giving rise to multiple variants in mice (53,54).

The structure of the CBD2 of NCX3-B has been recently solved and compared to the 
CBD2 of NCX1-AD. A similar orientation is found between the β-sandwich and the 
unique α-helix of the F-G loop (59). In NCX1, the orientation of the α-helix differs among 
the splice variants and has been associated with the activation or inhibition during a rise 
in [Ca2+]i (60). In NCX3 this helix is located after the alternatively splice region. Its 
orientation is therefore unchanged among the splice variants and correspond to an 
activation by elevation of [Ca2+]i. 

With regard to the mutually exclusive exons, in NCX1, exon A and B have been 
hypothesized to be implicated in the signal transmission to the TM domains and in the 
capacity to alleviate the Na+-dependent inactivation (44). The remaining exons spliced in 
NCX1, exon C, D, E and F would regulate the affinity at the Ca2+-binding site of CBD1 (61). 
In the case of NCX3, the alternatively spliced exons A, B and C are conserved among 
species but they have a rather low homology with the corresponding exons of NCX1 and 
NCX2 (55-65%) (Table 2). It is therefore not possible to fully translate the observed effect 
of the alternative splicing of NCX1 to NCX3. Besides, it has been observed that the splice 
variants of NCX3 have different Ca2+-binding sites in their CBD2 with different affinity for 
Ca2+ compared to NCX1 (50). 
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Table 2 Conservation of the amino-acids sequence coded by each exon of NCX3 in the 
NCX family. 

Exon NCX3 Conservation 
Human/ 
Rodents

Number 
of 

Residues

Conservation 
human NCX1

Conservation 
human NCX2

Localization

Exon 1 Non translated / / / 5’ UTR

Exon 2 > 95% 594 68% 67% TM segments 
Intracellular loop

Exon 3 (Exon A) > 90% 36 64% / Intracellular loop

Exon 4 (Exon B) 100% 35 50% 66% Intracellular loop

Exon 5 (Exon C) 100% -ALLLSP- -ALLLNEL- -ALLLNQ- Intracellular loop

Exon 6 > 95% 42 76% 85% Intracellular loop

Exon 7 > 95% 33 88% 88% Intracellular loop

Exon 8 > 95% 92 87% 86% TM segments

Exon 9 > 95% 125 78% 82% TM segments 
3’UTR

Conservation of sequence determined between amino acid sequences of rodents NCX3 (accessions 
NP_001161392 and NP_536688), hNCX3 (accession NP_892114) and either hNCX1 (accession 
NP_066920) or hNCX2 (accession NP_055878). Exon 5, short exon coding for 6-7 amino acids for 
which sequence is provided between dashes. 

Thus, the structural studies performed in the past few years brought crucial information 
on the mechanisms of translocation of NCX and the roles of the CBD1 and CBD2 in the 
regulation of the exchanger. Nonetheless, the exact mechanisms by which the 
intracellular loop influences the TM segments and the properties carried by each 
alternatively spliced exon of NCX3 are not yet fully understood. 

Expression of NCX3 in tissues and organelles 
 

Tissue expression 
Another characteristic of NCX3 lies in its tissue-specific expression. NCX1 is highly 
expressed in heart, brain and kidney and is found at lower level in almost all cell types, 
while NCX2 expression is restricted to the brain. As for NCX3, initially detected in the 
brain and skeletal muscle (55), its distribution is actually much broader (Table 3). 
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Table 3 Specific tissue distribution of NCX3 and its roles in physiological conditions.

Organs Regions/Cell 
types

Species 
investigated

Physiological
Process involved

References

Central 
Nervous 
system

Cerebellum 
Trigeminal 
Ganglion 
Pons 
Thalamus
Ventral striatum
Hippocampus
Amygdale

Rat
Mice

Spatial learning
Memory

(62-66)

Muscular 
system Skeletal muscle

Rat
Mice

Relaxation
Long-term exercise

(67,68)

Osseous 
tissue

Osteoclast
Osteoblast

Chicken
Mouse

Bone formation/
resorption
Osteoclastic pit formation
Osteoblast differentiation

(69-71)

Dental  
tissue

Ameloblast
Odontoblast

Rat Dentinogenesis
(72,73)

Immune 
system

Dendritic cells
Macrophages
Monocytes
Mast cells

Rat
Mouse
Human

TNFα production
Respiratory burst during 
phagocytosis

(64,74-77)

Digestive 
system

Gastric  
myofibroblasts

Proliferation/migration
(78)

Urogenital 
system

Urethrae
Bladder
Oocytes

Rat
Xenopus 
laevis

Activity of the Interstitial 
cells of Cajal
Regulation Ca2+ signaling

(79,80)

Auditory 
system Cochlea Rat Unknown

(81)

Others
Preadipocytes
Trophoblasts
Platelets

Human
Ca2+ oscillations
Ca2+ efflux
Collagen activation

(82,83)

Crosstalk with organelles
With regard to its localization within the cell, the first transmembrane segment of NCX3 
presumably serves as a signal peptide routing this polytopic protein to the plasma 
membrane, similarly to NCX1. However, beyond its role at the plasma membrane, NCX3 
is involved in Ca2+ handling throughout the entire cell. 

Since the 2000’s NCX isoforms have been hypothesized to participate and interfere 
with mitochondrial processes, in addition to the mitochondrial exchanger NCLX (84). 
Specifically, NCX3 is responsible for the conservation of the mitochondrial membrane 
potential. This capacity could contribute to the protective effect of NCX3 during hypoxia 
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(85,86). This crucial mechanism in stress conditions remains poorly understood but 
would, most likely, involve a relationship between the plasma membrane NCX and the 
mitochondria through a signaling pathway or a common interacting partner. A direct 
localization of NCX3 at the outer membrane of the mitochondria is less probable as the 
presence of multiple α-helical proteins is rather rare at the outer membrane of the 
mitochondria and requires a presequence recognized by the translocase of the outer 
membrane (87) that is absent in NCX3.

In numerous cell types, NCX is localized at the plasma membrane next to the 
junctional sarcoplasmic/endoplasmic reticulum (SR/ER) (88-92). Additionally, many 
experimental data support the assumption that the NCX family has a role in the 
regulation of the Ca2+ levels in the ER and SR potentially by working in its reverse mode 
of exchange (93-97). This latter point has been matter of debate in the past decades, as 
it was originally thought that the electrochemical gradient across the plasma membrane 
could not favor a reversal of NCX to allow a Ca2+ influx and therefore the reverse mode 
would be restricted to non-physiological conditions. However in the last ten years, the 
reversal of the NCX1 mode of exchange has been shown to occur in several physiological 
situations where membrane potential reach a value more positive than the reversal 
potential. This reversal can occur in excitable tissue during specific physiological events 
triggering a rise in intracellular Na+ concentration ([Na+]i) as observed at the repolarization 
phase of the action potential in cardiomyocytes (98) and in early postnatal stages (99). 
Likewise, several pathological conditions allow the reversal of NCX activity as seen in 
hypoxic conditions and neuronal excitotoxicity or in failing human myocytes (100). 

Regulations of NCX3 activity 

Ionic regulation
NCX3 as all member of the NCX family can function in both forward and reverse mode. 
Nonetheless, according to the theoretical reversal potential (approximately -35mV), 
NCX3 in cells at resting conditions operates mostly in its forward mode (23). Among the 
NCX family, both modes of exchange are extremely dependent on [Ca2+]i. Thus, in a 
counterintuitive manner, the reverse mode has an absolute requirement for a rise in 
[Ca2+]i in a physiological range from 0,1 to 1μM (26).The NCX family has a tremendous 
asymmetry in the affinity for Ca2+ on both side of the plasma membrane. The apparent 
affinity varies by a factor 103, Ca2+ having an affinity in the range of the mM (101) at the 
external side and μM at the internal side (26,59). On the Ca2+ efflux mode, the effect of 
extracellular Ca2+ remains controversial as it has been shown to inhibit the forward mode 
of NCX1 (102). However, Baker et al. did not find any effect of extracellular Ca2+ on the 
Ca2+ efflux process (103). These characteristics have been assumed to be similar in NCX3, 
though no study has investigated the exact activation constants.
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Intracellular and extracellular Na+ have also a crucial role in the NCX regulation. More 
precisely, a rise in intracellular Na+ inhibits Ca2+ efflux through NCX with an inhibition 
constant of 30 mM (27). Moreover raising intracellular Na+ has a similar effect as a rise in 
intracellular Ca2+, in activating the Ca2+ influx with an affinity constant (Km) value of 50-
80mM (27,104). Similar properties are observed for NCX3. Nonetheless, at high [Na+]i, 
NCX1 becomes inactive, a phenomenon also called Na+-dependent inactivation and 
attributed to CBD2 (43,51). Such phenomenon could be of importance when facing high 
[Na+]i such as during hypoxic conditions. 

Intracellular pH has also a significant influence on NCX function. At an acidic pH, 
protons cause an inhibition of NCX activity, while a basic pH stimulates NCX. A small 
variation of pH has a great impact on NCX, even in conditions close to physiological pH 
(105). The increased intracellular concentration of proton ([H+]i) competes with Ca2+ for 
binding at the CBDs and reduces affinity for Ca2+. On top of that, protons have a second 
inhibitory effect, requiring the presence of Na+ (106). Thus, cellular acidification can lead 
to complete inhibition of NCX (107). Finally, it has to be noted that transport and/or 
inhibition/stimulation phenomenon caused by many divalent and monovalent cations 
have been found in the case of NCX1 and can presumably apply to NCX3 as well (108-110). 

The alternative splicing of NCX1, similarly to NCX3, introduces variations in the CBD2 
domain. This phenomenon affects greatly the ionic regulations of NCX1 by both Na+ and 
Ca2+ (44,60), specifically the Na+-dependent inactivation, the regulation of the latter by 
Ca2+, and the Ca2+ activation (56). The influence of the alternative splicing on the 
capacities of exchange of NCX3 remains unknown. It most likely implicates as well 
variations in its ionic regulations although in a distinct manner from NCX1 due to the 
diversity of the spliced regions between the two isoforms.  

Regulation by other molecules 
Many molecules can regulate the Na+-Ca2+ exchanger: phosphoarginine stimulates the 
forward mode of the exchanger directly at the transport sites, independently of the 
intracellular loop (111). The NADH/NAD+ redox state of the cell also regulates NCX 
function; cytosolic NADH inhibits NCX (112), in a process involving reactive oxygen 
species (ROS) production in a manner independent of mitochondrial respiration. 
Although the activity of NCX1 and NCX2 are increased by nitric oxide, NCX3 is 
downregulated by such treatment (113). Finally, phosphatidylinositol-4,5-Phosphate 
(PIP2) can bind NCX, a process dependent on both Ca2+ and ATP levels within a cell (114) 
providing the protection against proton regulation (115) and demonstrating how ATP 
can influence NCX exchange. ATP and its analogs containing a hydrolysable phosphate 
group have indeed been found to activate and promote Ca2+ efflux through the forward 
mode of NCX1 (26,28). This stimulation occurs mainly through the intracellular loop (26), 
through an increase in PIP2 production and binding (115,116). However, upon a 
comparative study of the NCX isoforms, the Philipson’s lab observed that NCX3 is 
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unaffected by ATP depletion. It remains unclear if this phenomenon is linked with PIP2 
production and physiological ATP stimulation (117).

Post-translational regulation 
In 2008, pull down experiments confirmed the capacity of NCX1 to form dimers (118), a 
capacity assumed to be conserved among the NCX family. Further studies on the 
mechanisms underlying this phenomenon showed that the dimerization occurs in the 
plasma membrane and that Ca2+ plays an important role in this process together with 
residues coordinating the Ca2+-binding site of CBD1 (119)

As for phosphorylation, its effects vary from tissue to tissue. Protein Kinase C (PKC) 
phosphorylation elevates the activity of NCX1 in cardiac and smooth muscle (52,120). 
However the opposite effect is observed in mesangial cells (121) and chromaffin cells 
(122). As for Protein Kinase A (PKA), the phosphorylation of NCX1 remains controversial 
(123). However, the exact mechanisms through which PKC and PKA regulate NCX1 
function and presumably NCX3 remain unknown. 

Finally, members of the NCX family can be cleaved by proteolytic enzymes, as first 
described in the case of NCX1 being cleaved by caspase-3 (124). It was originally thought 
that this cleavage could be part of the neuronal death program due to the loss of NCX 
activity. Nonetheless recent studies revealed that the cleaved NCX is hyperactive and 
most likely participates in a rescue mechanism by maintaining ER content (93). If the 
initial investigation of the complete NCX family revealed that ischemic conditions trigger 
cleavage of both NCX1 and NCX3 in vivo (125), during direct glutamate excitotoxicity, 
only NCX3 is cleaved in cerebellar granule neurons. This cleavage, confirmed in numerous 
studies since then, is attributed to calpain-1 and calpain-2 (93,126-128). Although predictions 
give rise to more than twenty different cleavage sites in the exchanger, investigations 
have centered upon four cleavage sites in the intracellular loop (125). The hyperfunctionality 
observed is in accordance with the implication of the cytoplasmic loop in the regulation 
by intracellular Ca2+ levels and the loss of regulation obtained by its deletion. 

NCX3 in health and disease 

Osseous tissue 
NCX3 is the major isoform of NCX expressed in osseous tissue (69,71). More precisely, 
NCX3 plays an important role during osteoblast differentiation (71) through mechanisms 
implicating regulation of Ca2+ delivery to the osteoid, due to its localization close to the 
mineralizing bone surface (129). Additionally NCX3 is a major contributor of Ca2+ efflux 
from the osteoblasts in order to produce calcifying bone matrix (70). In osteoclasts, 
NCX3, along with NCX1, is involved in the Ca2+ transport allowing for the formation of 
the osteoclastic pit, necessary for the bone resorption process (69). 
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Immune system
The involvement of NCX in the immune system, controlling the Ca2+ influx in neutrophils, 
was first described 30 years ago (130). Since then, many observers have confirmed that 
the NCX family plays a crucial role in immune cells function (131). However, the first 
proof of the specific involvement of NCX3 appeared only recently, through its implication 
in the production of tumor necrosis factor-alpha (TNFα) in macrophages and monocytes 
(77). NCX1 and NCX3 are both involved in the Ca2+ uptake inducing TNFα production 
(77). In the microglia, where all isoforms of NCX are expressed, the reverse mode of NCX 
is responsible for the Ca2+ influx recorded during the respiratory burst accompanying 
phagocytosis processes (64).

In dendritic cells, immunosuppressive drugs such as dexamethasone lower the 
increase in [Ca2+]i after exposure to lipopolysaccharides. This effect is attributed to an 
upregulation of NCX3, as increased expression and exchange capacity are detected after 
treatment (132). This correlates with the ability of the dendritic cells to mature and to 
perform their roles in the adaptive immune response. Studies on other immunosuppressive 
drugs showed very different effects on NCX isoforms and expression. This could be 
explained by the different cell types used in these studies and therefore the variability in 
the variants that are endogenously expressed (133,134).

NCX3 in the brain

Physiological conditions
In the brain, NCX3 is involved in numerous cellular processes. One of them is brain 
development, as NCX3 participates in the glial cells differentiation, driving the maturation 
of oligodendrocytes and myelin formation (135). The regulation of the NCX3 promoter 
through Ca2+ signals demonstrates that NCX3 might have a crucial role in neuronal 
differentiation and neuronal functions (136-138). Studies involving NCX3 Knock-out (KO) 
mice have unraveled the role of NCX3 in the modulation of the long-term potentiation 
(LTP) in the hippocampus, a region where NCX3 is typically highly expressed (65); the 
absence of NCX3 results in a significant loss of spatial learning and memory (139). 
However, it is not possible to conclude whether these deficits are due to developmental 
problems or adult dysfunctions. Finally, a recent study unraveled a possible coupling 
between NCX and the postsynaptic histamine receptors in the medial vestibular nucleus 
of the medulla that would mediate the post-synaptic actions of histamine (66). 

Pathophysiological implications
In the 90’s, a first investigation of the role of NCX in the brain during stress conditions led 
investigators to designate NCX as one the best candidates to perform the Ca2+ uptake 
observed during anoxia (140). Follow-up studies suggested a neuroprotective role for 
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NCX during hypoxia (141,142). Since 2000 and the description of the three main isoforms, 
many studies investigated these isoforms, pinpointing the importance of the third 
isoform of the NCX family during stress conditions. 

The studies performed by the Annunziato’s group (143) focused on ischemic 
conditions and showed the neuroprotective effect of both NCX1 and NCX3 during 
permanent artery occlusion. In vitro studies mimicking hypoxia in BHK cells depicted a 
neuroprotective effect exclusively for the third isoform of NCX (86), an effect confirmed 
by the increased brain damage observed in NCX3 KO mice in ischemic conditions (144). 
NCX3 is also involved in preconditioning mechanisms. After a short ischemia, NCX1 and 
NCX3 upregulation correlates with the regions depicting a protective effect to ischemia 
(145). Overexpression of both NCX2 and NCX3 in cortical neuronal cultures increases 
survival after ischemia from 20 to 80% (146). Finally, hyperoxic preconditioning leads to 
an upregulation of NCX3, which also has a similar protective effect (147). 

The molecular mechanisms by which NCX is involved in pathophysiological conditions 
involve the cleavage of NCX1 and NCX3 by calpain 1 and 2 after ischemia. However, only 
NCX3 is cleaved by a direct excitotoxic exposure (125). Carafoli’s and Nicotera’s groups 
first hypothesized that the Ca2+ rise observed in excitotoxicity could be linked to the 
cleaved NCX and the ensuing loss of Ca2+ extrusion. Such loss of function would favor 
the accumulation of Ca2+ intracellulary therefore having a neurodegenerative impact. 
Recently, Annunziato’s group concluded from their functional studies that the cleaved 
NCX3 is most likely hyperfunctional in its reverse mode, triggering a significant Ca2+ 
uptake (93), increasing the Ca2+ content of the ER and therefore delaying caspase-12 
activation and neuronal cell death (Figure 3). The cleavage of NCX3 is also triggered by 
Aβ1-42 peptide exposure, a peptide well known to accumulate in the brain of Alzheimer’s 
disease (AD) patients, suggesting a cellular response, common to different stress types, 
and regulating the activity and expression of NCX3. Furthermore, level of cleaved NCX3 
correlates perfectly with the level of Aβ1-42 and calpain activity in AD patients post-
mortem, further correlation between NCX3 and neuronal damage (127). Thus, NCX3 is 
well accepted as having a major role in the Ca2+ dysregulation deriving from excitotoxicity, 
and most likely acting in a neuroprotective manner in diverse pathologies. In this regard, 
the cleavage by calpain, rather than an aberrant proteolytic cleavage, constitutes a 
posttranslational regulation allowing for a tight regulation of the exchanger in correlation 
with the stress status of the cell. 

Finally, NCX3 seems to be implicated not only in the excitotoxic conditions but also in 
the hyperexcitability state underlying the apparition of seizures, as an inhibition of NCX3 
significantly reduces frequency and severity of seizures (148,149).
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Figure 3 Calpain-mediated cleavage of NCX3 in neuronal excitotoxicity 

Sequential events occurring during neuronal excitotoxicity and leading to the cleavage of NCX3 by 
calpain triggering Ca2+ entry and delaying neuronal cell death.1) the activation of the N-methyl-D-
aspartate Receptor (NMDA) allowing for a mild Ca2+ entry causing 2) the autolysis of calpain. 
Thereafter, the cleavage by calpain of 3) NCX3 within the intracellular loop triggers 4) a strong influx 
of Ca2+ that increases ER content and 5) delays the activation of caspase-12 (125,150).

Skeletal muscle

Excitation-contraction coupling and neuromuscular transmission 
In contrast to the development of the brain, NCX3 is only minutely involved in skeletal 
muscle development; thus in newborn rats its expression is barely detectable during the 
first weeks of life (67). During this period NCX1 might play a more important role as its 
expression is increased during differentiation and muscle development (67,151), before 
progressively decreasing in tandem with the maturation of the muscle fibers. 

During the excitation-contraction (E-C) coupling, Ca2+ stored in the sarcoplasmic 
reticulum of the muscle fibers is release through the Ryanodine receptor (RyR) into the 
sarcoplasm. There, Ca2+ by binding to the troponin allows for the shortening of the 
sarcomere and the beginning of the contraction. Relaxation of the fiber is achieved by 
the re-uptake of Ca2+ into the SR by the SERCA and the Ca2+ extrusion extracellularly by 
NCX. In this regard, NCX3 plays an important role. The Na+-Ca2+ exchange capacities in 
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both forward and reverse mode, assessed in skeletal muscle from NCX3 KO mice, exhibits 
a significant reduction in exchange capacity. In addition, skeletal muscle necrosis is 
found in the KO, confirmation of the crucial role of NCX3 in physiological conditions (68). 
However, it has to be noted that these recordings of NCX activity have been performed 
on flexor digitorum brevis (FDB), a fast-twitch muscle. Observations made in the last 20 
years suggest that NCX is more important in slow-twitch muscle; as slow-twitch muscle 
contracts when external Na+ is removed, an effect absent in fast-twitch muscle (152). 

NCX3 is present at the neuromuscular junction (NMJ), and its absence results in 
dysfunctional stimulation of the muscle, and in particular a delayed neurotransmitter 
release during repetitive nerve stimulation (68). This effect suggests that NCX3, at the 
NMJ, has an important role in the nerve terminals in clearing Ca2+, allowing the nerve 
terminal to release neurotransmitter at a full capacity (68).

Pathophysiological Implications 
Little is known about the involvement of NCX3 in skeletal muscle pathologies. However 
in the pathogenesis of the Duchenne muscular dystrophy (DMD), dysregulation of the 
Ca2+ homeostasis is observed. This process has been attributed to an enhancement of 
the store-operated Ca2+ entry (SOCE) (153). However, both an upregulation of NCX3 and 
an increase in NCX capacity have been observed in DMD myotubes (153,154). Neither 
the effect of this upregulation during the pathogenesis of DMD nor the potential link of 
NCX3 with SOCE has yet been investigated. Additionally, the discovery of the cleavage of 
NCX3 by calpain 1 and 2 raises questions as to whether NCX3 is a substrate of calpain 3. 
Calpain 3 is predominant in the skeletal muscle and its loss of function is associated with 
the Limb-Girdle muscular dystrophy 2A (LGMD2A) (155), a so-called calpainopathy. In 
the absence of functional calpain-3, then, NCX3 might participate in the Ca2+ 
dysregulation associated with the pathogenesis of this muscular dystrophy.

 

Outline of this thesis 
 

Na+-Ca2+ exchange is critical for the maintenance of Ca2+ homeostasis. In human, three 
isoforms of the Na+-Ca2+ exchanger are expressed. Of these, NCX1 has been extensively 
studied, providing a good basis for understanding the molecular aspects of the NCX 
family. However, the physiological role of NCX3 remains poorly understood. Its tissue 
expression together with its proposed involvement in the Ca2+ fluxes in relation with the 
ER and its cleavage by the Ca2+-sensitive protease, calpain, suggest very distinctive 
functions and regulations for this isoform (150). Therefore, the aim of this thesis was to 
unravel the regulatory mechanisms of NCX3 such as ionic regulation, splicing and post-
translational modifications in order to better comprehend its roles in brain and skeletal 
muscle. 
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By focusing on the alternative splicing of NCX3, Chapter 2 elucidates the function of 
two different splice variants of NCX3 to understand their implications in muscle and 
neuronal physiology. Using fura-2 based Ca2+ imaging, this study provides a complete 
characterization of the two splice variants, NCX3-B and NCX3-AC, in both mode of 
exchange, pinpointing differences in their ionic regulation by intracellular Ca2+ and Na+ 
and further elucidating the underlying molecular mechanisms. In addition to the ionic 
regulation, numerous intracellular factors are involved in the modulation of the activity 
of NCX3, mostly by post-translational modification of its intracellular loop as addressed 
in Chapters 3 and 4. Chapter 3 examines the influence of PKA and PKC phosphorylation 
on each variant of NCX3. Exchange activity is measured in both forward and reverse 
mode by means of Ca2+ imaging. Moreover, directed mutagenesis of putative 
phosphorylation sites located in the intracellular loop of the exchanger is used in order 
to dissect the molecular determinants of these regulations. Chapter 4 investigates the 
influence of calpain on the function of NCX3 in skeletal muscle and discloses a distinct 
sensitivity of the two variants of NCX3. Using bioinformatics tools, a novel cleavage site 
is identified, and confirmed by site-directed mutagenesis. Primary interest is dedicated 
to the calpain-3, isoform specific of the skeletal muscle, and responsible for the limb-
girdle muscular dystrophy 2A (LGMD2A) where Ca2+ disturbances are observed. 

The past 10 years of research have implicated NCX in numerous pathological 
conditions (156). Among others roles, NCX and specifically NCX3 appeared to play a pivotal 
role during stress conditions such as neuronal excitotoxicity and has been linked to the 
aberrant Ca2+ influx seen in Alzheimer’s disease and in diverse neuronal injuries 
(125,144,157). The study presented in Chapter 5 provides an overview of the expression 
at the RNA level of the two isoforms of NCX, NCX1 and NCX3, in the healthy brain. By 
absolute quantification, these expressions are carefully compared in the diverse regions 
of the central nervous system with special attention devoted to the expression of NCX3 
splice variants. The study identifies a third variant of NCX3 in mice and further examines 
NCX expression in hyper-glutamatergic conditions, using the glutamate dehydrogenase 
1 (glud1) mice, and in excitotoxic conditions, using the alzheimer’s disease mice model, 
AβPP-PS1. 

Finally, the findings of this thesis are summarized in Chapter 6, and discussed by 
placing them in the context of the current knowledge regarding the physiological 
implications of NCX3.  
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Abstract 

Isoform 3 of the Na+-Ca2+ exchanger (NCX3) is crucial for maintaining intracellular calcium 
([Ca2+]i) homeostasis in excitable tissues. In this sense NCX3 plays a key role in neuronal 
excitotoxicity and Ca2+ extrusion during skeletal muscle relaxation. Alternative splicing 
generates two variants (NCX3-AC and NCX3-B). Here we demonstrated that NCX3 
variants display a tissue-specific distribution in mice, with NCX3-B as mostly expressed in 
brain and NCX3-AC as predominant in skeletal muscle. Using Fura-2-based Ca2+ imaging, 
we measured the capacity and regulation of the two variants during Ca2+ extrusion and 
uptake in different conditions. Functional studies revealed that, although both variants 
are activated by intracellular sodium ([Na+]i), NCX3-AC has a higher [Na+]i sensitivity, as 
Ca2+ influx is observed in the presence of extracellular Na+. This effect could be partially 
mimicked for NCX3-B by mutating several glutamate residues in its cytoplasmic loop. In 
addition, NCX3-AC displayed a higher capacity of both Ca2+ extrusion and uptake 
compared to NCX3-B, together with an increased sensitivity to intracellular Ca2+. 
Strikingly, substitution of Glu580 in NCX3-B with its NCX3-AC equivalent Lys580 recapitulated 
the functional properties of NCX3-AC regarding Ca2+ sensitivity, Lys580 presumably acting 
through a structure stabilization of the Ca2+-binding site. The higher Ca2+ uptake capacity 
of NCX3-AC compared to NCX3-B is in line with the necessity to restore Ca2+ levels in the 
sarcoplasmic reticulum during prolonged exercise. The latter result, consistent with the 
high expression in the slow-twitch muscle, suggests that this variant may contribute to 
the Ca2+ handling beyond that of extruding Ca2+.

Keywords: Sodium-calcium exchange, excitotoxicity, forward-mode, alternative splicing, 
reverse-mode, Ca2+ transport, plasma membrane, endoplasmic reticulum (ER), NCX, 
muscle fatigue.
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Introduction 

The Na+-Ca2+ exchanger (NCX) is a plasma membrane transporter that plays a major role 
in the maintenance of Ca2+ homeostasis in various cell types (1,2). NCX catalyzes the 
exchange of Na+ and Ca2+ with a 3:1 stoichiometry (3). Depending on the electrochemical 
gradient across the plasma membrane NCX can either extrude intracellular Ca2+ in its 
forward-mode or take up extracellular Ca2+ in its reverse-mode. The NCX protein contains 
10 transmembrane segments and a large central intracellular loop (4-6). The latter was 
shown to be responsible for the allosteric modulation of the exchanger by Na+ and Ca2+ 
(7). A high intracellular Na+ concentration ([Na+]i) or low intracellular Ca2+ concentration 
([Ca2+]i) inactivates the reverse-mode of the exchanger (7-9).

In mammals, the NCX family consists of three separate genes: NCX1, NCX2 and NCX3 
(10). NCX1 is predominantly expressed in heart, kidney and brain (11), NCX2 is most 
abundantly expressed in brain (12) and NCX3 is expressed in excitable tissues such as 
brain and skeletal muscle (13). Numerous splice-variants of NCX1 exist in various species 
while there is only a single variant described for NCX2 (12). Finally, for NCX3, six variants 
have been described in human (12,14). In mice two variants of NCX3 have been identified, 
but data regarding their expression pattern is lacking. It has, therefore, been hypothesized 
that expression of mouse NCX3 variants follows the same tissue distribution as that 
observed in rat (12). This would imply that in mice NCX3-B is expressed in brain and 
NCX3-AC expression is restricted to the adult skeletal muscle. These two NCX3 variants 
are derived from an alternative splicing of the exons A, B and C. Given the fact that exons 
A and B are mutually exclusive, the alternative splicing introduces a difference of 24 
residues between the NCX3-B and NCX3-AC variants. All of these residues are located within 
the cytoplasmic regulatory loop known to regulate the activity of the exchanger (12). 

The role of NCX3 in the brain has been extensively studied. In neurons, NCX3 plays an 
important role in pathological situations such as ischemia and excitotoxicity (15,16). In 
skeletal muscle, NCX3 action constitutes the major Ca2+ extrusion mechanism during the 
relaxation process (17). Its absence induces muscle necrosis and aberrant Ca2+ 
homeostasis (18). However, little is known about the regulation and functional properties 
of NCX3-B and NCX3-AC. 

The aim of the present study was to gain insight into the properties and physiological 
role of NCX3-B and NCX3-AC. To this end, the expression of both variants in various 
mouse tissues was assessed. Next, we investigated whether the amino acid differences 
in the regulatory loop of both NCX3 variants have functional consequences. Therefore, 
NCX3-AC and NCX3-B were expressed at the plasma membrane in Human Embryonic 
Kidney (HEK293T) cells. Subsequently, the regulation of the NCX3 variants by [Ca2+]i and 
[Na+]i was studied using Fura-2-based Ca2+ imaging. Finally, the same approach was 
applied to site-directed mutants to investigate the molecular mechanisms that give rise 
to the differences in exchange activity.
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Materials and methods 

cDNA Cloning
Murine NCX3-B (kindly provided by Prof. Geerten Vuister, Leicester, UK) was subcloned 
into the XhoI and NheI sites of the bicistronic mammalian vector pCINeo containing an 
internal ribosome entry site (IRES) and enhanced green fluorescent protein (eGFP). An 
HA-Tag was added to the N-terminus of the NCX protein. Fragments corresponding to 
exons AC or B were obtained by amplification of cDNA from mice hindlimb skeletal 
muscle using a high fidelity DNA polymerase (Phusion, Thermo Fisher). The uncut 
fragment, containing only NCX3-AC, after digestion with XmnI was subcloned into the 
BlpI and XhoI sites of NCX3-B pCINeo vector. The D1ER calcium sensor targeted to the 
endoplasmic reticulum (ER) (www.addgene.org/36325) was inserted in a pcDNA3. 
Following transformation, the plasmids were tested by the action of two-cutter restriction 
enzymes and subsequently checked by sequencing. 

Mutagenesis
All NCX3-B mutants were generated using a QuikChange Site-directed mutagenesis kit 
(Stratagene, La Jolla, CA) following the manufacturer’s instruction. All mutants were 
subsequently validated by Sanger sequencing.

Expression profile and quantitative real-time polymerase chain 
reaction analysis 
Three C57BL/6 mice were sacrificed. The brain, heart, and four different skeletal muscles 
from the hindlimb were collected: Gastrocnemius, Soleus, Extensor digitorum longus 
(EDL) and Tibialis anterior (TA). Tissue RNA was extracted using Trizol total RNA Isolation 
Reagent (Life technologies BRL, Breda, The Netherlands). After DNAse treatment 
(Promega, Madison, WI) 1 μg of RNA was reverse-transcribed by Molony-Murine Leukemia 
Virus-Reverse Transcriptase (Invitrogen, Carlsbad, CA) as previously described (19). Using 
a CFX96 Real time PCR detection system (Bio-Rad), three calibration curves corresponding 
to NCX3-AC, NCX3-B and total NCX3 were realized using serial dilutions of pCINeo-
NCX3-B and pCINeo-NCX3-AC. The cDNA from tissues were used to measure the absolute 
copy number per μg of mRNA. The sequences were amplified using the following 
primers: Total NCX3 Forward 5’-ATATGGGGAGCTGGAGTTCA-3’, Total NCX3 Reverse 
5’-CTGGAGATAACAGGAGCGC-3’, NCX3-AC Forward 5’-GGGCCCCCGCATGGTGGATA-3’, 
NCX3-AC Reverse 5’-CAGCTTCCTGTCTGTCACTTCTGGA-3’, NCX3-B Forward 
5’-GCATATGGGGAGCTGGAGT-3’, NCX3-B Reverse 5’-GTTCACCAAGGGCAATGAAG-3’.

Expression of the Na+/Ca2+ exchanger in Human Embryonic Kidney cells
Human Embryonic Kidney cells (HEK293T) were grown in Dulbecco’s modified Eagle’s 
medium (Bio Whittaker-Europe, Verviers, Belgium) containing 10% (v/v) fetal calf serum, 
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2 mM L-glutamine at 37ºC with 5% (v/v) CO2. The cells were seeded on a 6 well-plate and 
transiently transfected with the respective constructs (2 μg/well) using polyethylenimine 
cationic polymer PEI (Polysciences Inc., Warrington, PA) in accordance with the 
manufacturer’s instructions. The HEK293T cells were used for the experiments 48h after 
transfection.

Cell surface biotinylation
Cell surface labeling with biotin was performed using the sulfo-NHS-LC-LC-biotin (0.5 
mg/mL,Thermo Fisher Scientific, Rockford, IL) as described previously (20). Cells from 
each 6-well plate were homogenized on ice in 0.5 ml of lysis buffer (150 mM NaCl, 5 mM 
EDTA, 0.5% (v/v) Triton X-100 (v/v), proteases inhibitors, 50 mM Tris/HCl, pH 7.5) to 
prevent endo- and exocytosis, as described previously (21). Subsequently 5% (v/v) of the 
total protein amount was collected as an input sample. Next, biotinylated proteins 
(plasma membrane fraction) were precipitated using Neutravidin-agarose beads 
(Thermo Fisher). Biotinylated fractions were eluted in 2 x Laemmli buffer containing 100 
mM dithiothreitol and proteinase inhibitors (22). Finally, samples were denatured for 30 
min at 37ºC. NCX3-B and NCX3-AC expression was analyzed by immunoblot analysis for 
the input and the plasma membrane fraction (23). 

Immunoblot analysis
Lysates were subjected to SDS–PAGE 8% (w/v) and electroblotted onto PVDF membranes. 
Blots were incubated with 5% (w/v) non-fat dried milk in TBS-T (137 mM NaCl, 0.2% (v/v) 
Tween-20 and 20 mM Tris/HCl, pH 7.6). Immunoblots were incubated overnight at 4ºC 
with a rabbit anti-NCX3 antibody (1:3000) (kindly provided by Prof. Kenneth Philipson, 
UCLA, USA) (24) diluted in 1% (w/v) milk in TBS-T. PVDF membranes were incubated 1 
hour at room temperature with a sheep horseradish peroxidase-conjugated anti-rabbit 
(1:10000) (Sigma, MO, USA) in TBS-T. Afterwards, blots were visualized using the enhanced 
chemiluminescence system (ECL, Thermo Fisher). 

[Ca2+]i and [Ca2+]ER measurements
48h after transfection, cells were loaded with 3 μM Fura-2 acetoxymethyl ester (Fura-2/
AM) and 0.01% (v/v) Pluronic F-127 for 20 min at 37 °C in Krebs solution (5.5 mM KCl, 147 
mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES/NaOH, pH 
7.4). Then, the cells were washed with Krebs medium for 10 min. Finally the coverslips 
were placed into a perfusion chamber mounted onto the stage of an inverted microscope 
(Zeiss Axiovert 200M, Carl Zeiss, Jena, Germany). Changes in medium and addition of 
inhibitors were facilitated using a perfusion system. [Ca2+]i was monitored by exciting 
Fura-2 with monochromatic light of wavelength 340 and 380 nm (Polychrome IV, TILL 
Photonics, Gräfelfing, Germany). Fluorescence emission light was directed by a 415DCLP 
dichroic mirror (Omega Optical, Inc., Brattleboro, VT) through a 510WB40 emission filter 
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(Omega Optical, Inc.) onto a CoolSNAP HQ monochrome CCD-camera (Roper Scientific, 
Vianen, the Netherlands). The integration time of the CCD-camera was set at 200 ms with 
a sampling interval of 3 s. [Ca2+]ER was monitored on cells co-expressing D1ER in a 
pcDNA3 vector and NCX3 variants in a pCINeo vector lacking the internal ribosome 
entry site enhanced GFP. Cerulean fluorescent protein (CFP) was excited with 
monochromatic light at 450 nm. Fluorescent emission light was directed by a 455DRLP 
Dichroic mirror (Omega Optical Inc.) through a 480AF30 and 535AF26 emission filters. All 
hardware was controlled with Metafluor software (version 6.0, Universal Imaging Corp., 
Downingtown, PA). During Fura-2 measurements enhanced GFP-positive cells were 
selected as transfected cells. During D1ER measurements, CFP-positive cells were 
selected as cotransfected cells (25). For each wavelength, the mean fluorescence 
intensity was monitored in an intracellular region and, for purpose of background 
correction, in an extracellular region of identical size. After background correction, the 
fluorescence emission ratio (340nm/380nm) and (530nm/480nm) was calculated to 
determine the Fura-2 and the D1ER ratios respectively. Eight to fifteen individual cells 
were selected and monitored simultaneously from each coverslip. NCX activity was 
evaluated as Ca2+ uptake through the reverse-mode by switching the normal Krebs 
medium to a Na+-free NMDG medium containing: 5.5 mM KCl, 147 mM N-methyl 
glucamine, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES/HCl, pH 7.4 
(15). The effect of an increase in [Ca2+]i and [Na+]i was investigated by applying an 
irreversible and selective inhibitor of the sarcoplasmic reticulum Ca2+-ATPase 
(thapsigargin, 1 μM) or using an inhibitor of the Na+-K+ ATPase (ouabain, 1 μM) incubated 
60 min prior to the experiment and perfused during recordings as described previously 
(15). Additionally, the forward-mode of the exchanger was evaluated by measuring the 
capacity to perform Ca2+ extrusion after an increase induced by acute addition of the 
Ca2+ ionophore (ionomycin, 1 μM) in Ca2+-free conditions. Osmolality of all buffers has 
been measured to ensure a difference smaller than 5 mOsm. All buffers were kept at 37 ºC.

Analysis of the [Ca2+]i measurements
After initiation of the reverse-mode, varying Ca2+ uptakes were observed in the different 
conditions. For each condition, the baseline value was calculated as an average of the 
first 60 s of recording. During investigation of the forward-mode, the baseline Fura-2 
ratio recorded in mock-expressing cells in Ca2+-free medium was subtracted from the 
maximal Fura-2 ratio in the same cells after ionomycin treatment. This calculation represents 
the maximum amount of Ca2+ that is present in the ER and that could potentially be 
extruded via NCX3. Next, the experimental extrusion of Ca2+ was calculated as follow: the 
difference between the mock and the given condition (NCX3-AC, NCX3-B or mock) both 
after addition of ionomycin. This difference was reported as a percentage of the theoretical 
maximum extrusion value described above. This difference is subsequently expressed as 
a percentage of the theoretical maximal value. During the experiments in absence of 
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thapsigargin or ouabain, the cells responding to a removal of extracellular Na+ were 
quantified, by taking the Fura-2 ratio value of 0.4 as a threshold of responsiveness.

Drugs and chemicals
Ionomycin and thapsigargin were purchased from Sigma Chemical; Ouabain from MP bio-
medicals; Fura-2-AM and pluronic acid from Invitrogen. All were dissolved in dimethyl sulf-
oxide (DMSO). The final concentration of DMSO was 0.1% (v/v) and had no effect on [Ca2+]i.

Statistical analysis
All results are based on at least three different sessions of experiments. The Fura-2 ratio is an 
average of ≥ 65 individual cells. Values are expressed as means ± S.E.M. Statistical significance 
(P < 0.05) was determined using One-way ANOVA with the Bonferroni’s procedure.

Results

Expression profile of NCX3-B and NCX3-AC in excitable tissues
In order to elucidate the expression of NCX3 variants in excitable tissues, the mRNA 
expression of NCX3-B and NCX3-AC was quantified in brain, heart and skeletal muscles. 
Type I and type II skeletal muscle fibers confer slow-twitch and fast-twitch properties to 
the myofibers respectively. In this study, four different skeletal muscles were selected; 
Soleus and Extensor digitorum longus (EDL) for their predominantly constitution of type 
I and type II fibers respectively, Tibialis anterior (TA) and Gastrocnemius for their mixed 
constitution of fibers in mammals (26). Due to high sequence homology between the 
two variants, primers were designed to anneal specifically to the alternatively spliced 
regions corresponding to exons B and AC (Figures 1A and 1B). A third set of primers was 
designed to measure the expression of both NCX3 variants. Quantification of total NCX3 
expression showed low levels in cardiac tissue whereas a high expression was measured 
in brain (Figure 1C). Among the different skeletal muscles, NCX3 was more abundantly 
found in the slow-twitch muscle fibers constitutive of the soleus than in the fast-twitch 
or mixed fibers with a 6 to 10-fold difference. In the brain, the expression of NCX3-B was 
3-fold higher than NCX3-AC (Figure 1C). In soleus, the opposite trend was observed 
with NCX3-AC being 3-fold higher than NCX3-B. In the fast-twitch skeletal muscles 
NCX3-B was poorly expressed while NCX3-AC expression levels appeared to be more 
than 6-fold higher. 

Both NCX3 variants display reverse-mode exchange activity
Next, the investigation of NCX3 functional activity was performed using HEK293T cells 
transfected with NCX3-AC, NCX3-B or empty vector (mock). The activity of these 
exchangers was assessed by measuring changes in [Ca2+]i using the ratiometric probe 
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Fura-2. Under resting conditions, basal [Ca2+]i was similar in NCX3-AC, NCX3-B and mock 
transfected cells (Figure 2A). Thapsigargin has been shown to induce a rise in [Ca2+]i and 
consequently fully activates NCX (27). Addition of thapsigargin (1 μM) increased [Ca2+]i in 
all three conditions (Figure 2A). However, this increase was significantly lower in cells 
expressing NCX3-AC (Figure 2B) compared to the other conditions. Removal of 
extracellular Na+ was used to energize Ca2+ uptake via the reverse-mode of NCX. This 
protocol yielded an increase in [Ca2+]i in cells expressing NCX3-AC and NCX3-B (Figure 
2C), indicating reverse-mode of exchange activity. Strikingly, the increase in [Ca2+]i was 
3-fold higher in cells expressing NCX3-AC than NCX3-B. Mock-transfected cells failed to 
respond, indicating that the endogenous NCX expressed in HEK293T cells could not be 
detected with our method. Cell surface quantification of NCX3 confirmed that both 
variants were similarly expressed at the plasma membrane (Figure 2D).

 

Figure 1 NCX3 splice-variants and their tissue expression. 

A, Alternative splicing of the mice Na+/Ca2+ exchanger isoform 3 pre-mRNA and the two variants 
obtained after alternative splicing of the exons A, B and C. B, Alignment of amino acid sequences in 
alternatively spliced NCX3 exons in the mice NCX3-AC and NCX3-B using ClustalW software. 
Missing residues are indicated by dashes. Symbols below the sequence indicate conserved (.) 
highly conserved (:) and identical residues (*). C, NCX3 mRNA levels in different mice tissues. Total 
NCX3 (black), NCX3-B (grey) and NCX3-AC (white) transcripts expression levels were quantified by 
real-time PCR. mRNA copy numbers were calculated from the NCX3 standard curves generated by 
using a diluted pCINeo-IRES-eGFP-mNCX3-AC and pCINeo-IRES-eGFP-mNCX3-B vectors. Heart has 
been used as a negative control to show the absence of NCX3. 

Forward exchange activity of NCX3-AC is most sensitive to intracellular 
Ca2+

Further, to explain the reduced increase in [Ca2+]i upon addition of thapsigargin in NCX3-
AC expressing cells (Figure 2B), we hypothesized that the forward-mode of NCX3-AC 
would be more active, leading to a smaller apparent increase in [Ca2+]i compared to 
NCX3-B-expressing cells. In the absence of extracellular Na+ and Ca2+, conditions under 
which the forward-mode is abolished, the Ca2+ level in the ER and the change in [Ca2+]i in 
response to thapsigargin, were similar in all cells (Figure 3A-D). 
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Figure 2 NCX3 variants exhibit functional differences in their reverse-mode. 

A, Ca2+ influx in HEK293T cells expressing NCX3-AC (♦), NCX3-B (▲) or an empty vector (○) and loaded 
with Fura-2-AM. Cells were perfused with Krebs medium (147 mM Na+). At 100 seconds, internal Ca2+ 
stores were depleted by applying 1 μM thapsigargin. At 245 seconds, reverse NCX mode was initiated 
by perfusing with a Na+-free medium (NMDG medium). The 340/380nm emission ratios are shown. 
Each point represents the mean of the data, studied in three independent experimental sessions 
for a number (n) of cells monitored. Mock, n=126; NCX3-B, n=96; NCX3-AC, n=106. B, Mean values 
of the maximum Fura-2 ratio after addition of thapsigargin (1 μM) shown in A. C, Mean values of the 
maximum Fura-2 fluorescence, shown in A, after removal of extracellular Na+. For B and C *P < 0.05. 
D, Quantification and representative immunoblots of total cellular NCX3 at the plasma membrane 
(Cell surface) and in the total cell lysates (Input) in cells expressing NCX3-AC, NCX3-B or an empty 
vector (Ctrl). For each condition, cells that were not treated with biotin are included for comparison. 
(n=4 per condition). 

In order to strengthen our hypothesis, the forward-mode was triggered by perfusing the 
cells with the Ca2+ ionophore ionomycin (1 μM) in the presence of extracellular Na+. 
Under these conditions ionomycin allows for a complete release of Ca2+ in a fast manner 
from the ER to the cytoplasm, thereby inducing an activation of NCX in its forward-mode 
of exchange. Upon addition of ionomycin, an increase in [Ca2+]i was recorded in the 
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control condition (Figure 3E). This rise in [Ca2+]i was greatly diminished in both variants 
of NCX3 confirming the extrusion of Ca2+ via the forward-mode of the exchanger. The 
forward-mode activity, expressed as the ability to extrude Ca2+, was significantly larger 
for NCX3-AC than for NCX3-B (78 ± 9% and 47 ± 11%, respectively, P<0.05) (Figure 3F). 

 

Figure 3 Differences in threshold of activation of the NCX3 variants in the forward-mode. 

A-D, Release of Ca2+ from the ER in HEK293T cells expressing NCX3-AC (♦), NCX3-B (▲) or an empty 
vector (○) during perfusion of thapsigargin (1 μM) in Na+ and Ca2+-free conditions A, after loading 
and recording of the Fura-2 ratio (340nm/380nm) and C, after recording of the D1ER sensor.  
Each point represents the mean (± S.E.M.) of the data, for a number (n) of cells monitored. A, Mock, 
n=72; NCX3-B, n=85; NCX3-AC, n=114 and C, Mock, n=119; NCX3-B, n=99; NCX3-AC, n=150.  
B, Mean values of the maximum Fura-2 ratio after addition of thapsigargin (1 μM) shown in A.  
D, Average value of the baseline YFP/CFP ratio shown in C. E, Fura-2 ratio (340nm/380nm) in HEK293T 
cells expressing NCX3-AC (♦), NCX3-B (▲) or an empty vector (○) during perfusion of ionomycin (1 μM) 
in Ca2+ -free conditions. Each point represents the mean of the data, for a number (n) of cells monitored. 
Mock, n=111; NCX3-B, n= 78; NCX3-AC, n=94. F, Percentage of [Ca2+] extrusion after addition of 
ionomycin (1 μM) shown in A and calculated as described in the experimental procedures. *P < 0.05
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The activity of NCX3-AC in reverse exchange is higher than NCX3-B
Figure 2A and 2C show that NCX3-B and NCX3-AC can both operate in the reverse-mode 
and that NCX3-AC induces a larger increase in [Ca2+]i. The capacity of the reverse-mode 
of the NCX3 variants was then investigated by adding thapsigargin in the absence of 
extracellular Na+, thus preventing a contribution from NCX3 in its forward-mode. In 
these conditions, [Ca2+]i rose (Figure 4A) in accordance with the pattern seen previously 
after addition of thapsigargin (Figure 2A). The increase in [Ca2+]i observed after the 
switch to the Na+-free condition was significantly higher in NCX3-AC compared to NCX3-
B-expressing cells (Figure 4B), pinpointing either a lower sensitivity of NCX3-B to [Ca2+]i 
or a poor sensitivity to extracellular [Na+].

 

Figure 4 Differences in properties of NCX3-B and NCX3-AC in the reverse-mode of exchange. 

A, Ca2+ influx in HEK293T cells expressing NCX3-AC (♦), NCX3-B (▲) or an empty vector (○) in Na+-free 
conditions simultaneously with applying thapsigargin (1 μM), conditions for which forward-mode 
exchange is abolished. Mock, n=158; NCX3-B, n= 153; NCX3-AC, n=139. B, Mean values of the maximum 
Fura-2 ratio after the switch to Na+-free medium containing 1 μM thapsigargin shown in A with *P < 0.05. 
C, Fura-2 ratio in cells expressing NCX3-AC (♦), NCX3-B (▲) or an empty vector (○) in Na+-free conditions 
in absence of thapsigargin. Each point represents the mean of the data, for a number (n) of cells 
monitored. Mock, n=88; NCX3-B, n=66; NCX3-AC, n=104. D, Representative recording of eight HEK293T 
cells expressing NCX3-AC during removal of extracellular Na+ in absence of thapsigargin. 
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Nevertheless, the Ca2+ uptake observed in NCX3-B-expressing cells under removal of 
extracellular Na+ (Figure 4A) was not detected in the absence of thapsigargin (Figure 
4C) demonstrating the importance of intracellular Ca2+ in the activation of this variant. In 
the case of NCX3-AC, a low average was observed (Figure 4C), suggesting a poor 
activation of the reverse-mode. Nevertheless, considering the cells separately, 45% of 
the NCX3-AC-expressing cells appeared to respond strongly to a change in Na+ gradient 
(Figure 4D). This effect was less frequent for NCX3-B and mock cells, a response being 
observed in 7% and 1% of measured cells, respectively (data not shown). 

High sensitivity of NCX3-AC reverse-mode to intracellular Na+

To investigate the regulation of NCX3 in the reverse-mode by intracellular [Na+], Fura-2 
ratios were recorded following incubation of NCX3-AC and NCX3-B-expressing cells with 
ouabain (1 μM, 60 min), a Na+-K+-ATPase inhibitor which has been shown to induce a rise 
in [Na+]i (28). An activity in reverse-mode was observed for both variants upon removal 
of extracellular Na+. In both cases, this activity was higher than the one recorded during 
activation by the increased [Ca2+]i (Figure 4A and 5A). Additionally, the maximum Fura-
2 ratio of NCX3-AC in these conditions was found to be significantly higher than recorded 
in the variant B (Figure 5C). 

Surprisingly, after incubation with ouabain, the basal [Ca2+]i measured in NCX3-AC-
expressing cells was found to be very close to the maximum value recorded in the 
absence of extracellular Na+ (Figure 5A), as demonstrated by the low increase in [Ca2+]i 
provoked by the removal of extracellular Na+. The Fura-2 ratio in the presence of 
extracellular Na+ was observed to be already 4-times greater than NCX3-B (Figure 5B). 
This effect was not observed upon activation by intracellular Ca2+ (Figure 4A) or in the 
NCX3-B-expressing cells for which removal of extracellular Na+ seems to be required for 
the activation of the exchanger. The activation of NCX3-AC by intracellular [Na+], in high 
extracellular Na+ condition, demonstrates a much greater sensitivity than NCX3-B to 
intracellular Na+. 

 
Molecular determinants of the Na+ and Ca2+ sensitivity of NCX3 variants
The data recorded in Figure 4 and 5 demonstrated that the NCX3-AC variant is more 
sensitive to intracellular Ca2+ and Na+. To get a better understanding of the molecular 
mechanisms responsible for this increased sensitivity, the role of several residues of the 
alternatively spliced region of NCX3 variants was investigated. This region, located in the 
intracellular loop, within the Ca2+-binding domain 2 (CBD2) of the protein, differs 
significantly from one variant to the other. For instance, negatively charged residues 
such as glutamate and aspartate found in NCX3-B sequence are absent in NCX3-AC 
(Figure 6A). These residues have been shown to participate in the formation of the Ca2+-
binding site of NCX1 (29). Furthermore at these positions several positively charged 
residues are present in the variant AC, residues that are described in the case of NCX1 as 
critical for stabilization of the tertiary structure of the CBD2 (30,31).
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To study the possible role of these residues in the regulation of the exchanger, site-
directed NCX3-B mutants were generated targeting different glutamate residues (Figure 
6A) E573D, E574K, E575A, E580K and E588G. The different mutants were subjected to 
recording of the forward and the reverse-mode by applying the similar protocols as 
described in the aforementioned paragraphs. Interestingly, E580K NCX3-B displayed 
similar properties compared to NCX3-AC in both forward and reverse-mode (Figures 6B 
and 6C) triggered by an elevation in [Ca2+]i. With respect to the activation of the reverse-
mode through a rise in [Na+]i, the measurements of the Fura-2 ratio at basal and maximum 
level revealed a significant increase in the sensitivity to [Na+]i in Na+ conditions for four 
out of the five mutants tested (Figure 6D). In the absence of extracellular Na+, only 
mutation E573D showed a significant increase in the maximum [Ca2+]i recorded (Figure 
6E). However, the four mutations accounting for the increase seen in Figure 6D displayed, 
in Na+-free conditions, a trend toward a Ca2+ influx similar to NCX3-AC. Furthermore, the 
comparison between NCX3-AC and the three mutations E573D, E574K and E580K did 
not reveal any significant difference. To be noted, in all four conditions, E588G NCX3-B 
showed no difference in its capacities compared to NCX3-B.

Figure 5 NCX3 variants exhibit distinct sensitivities to [Na+]i. 

A, Fura-2 ratio (340nm/380nm) in HEK293T cells expressing NCX3-AC (♦), NCX3-B (▲) or an empty 
vector (○) after one-hour treatment with ouabain (1 μM). Each point represents the mean of the 
data, for a number (n) of cells monitored. Mock, n=124; NCX3-B, n=152; NCX3-AC, n=176. B-C, Mean 
values of Fura-2 ratio recorded at the baseline B; Average of the first 60 seconds of the experiment 
shown in A, in 147 mM Na+ medium, and C, maximum Fura-2 ratio recorded after the switch to Na+-
free medium shown in A with *P < 0.05.
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Figure 6 Glutamate residues: key regulators of Ca2+ and Na+ sensitivity in NCX3-AC. 

A, Alignment of the amino acid sequences of the mutually exclusive exon A/B of NCX3-B to NCX3-
AC. Missing residues are indicated by dashes. Specific NCX3-B single mutants were generated from 
corresponding amino acid of NCX3-AC (indicated by an arrow). For B to E, *P < 0.05. B, Mean values 
of the maximum Fura-2 ratio recorded during forward-mode followed by the addition of ionomycin 
(1μM) in Ca2+-free conditions in cells expressing NCX3-AC, NCX3-B or mutants of NCX3-B. NCX3-B, 
n= 108; NCX3-AC, n=116; E573D NCX3-B, n= 93; E574K NCX3-B, n= 110; E575A NCX3-B, n= 82; 
E580K NCX3-B, n= 90; E588G NCX3-B, n= 110; C, Mean values of the maximum Fura-2 ratio, in 
reverse-mode triggered by the switch to Na+-free medium containing 1μM thapsigargin, values 
recorded in HEK293T cells expressing NCX3 variants and mutants of NCX3-B. NCX3-B, n= 102; 
NCX3-AC, n=120; E573D NCX3-B, n= 77; E574K NCX3-B, n= 110; E575A NCX3-B, n= 121; E580K 
NCX3-B, n= 86; E588G NCX3-B, n= 102; D-E, Fura-2 ratio recorded during reverse-mode triggered by 
one-hour treatment with ouabain (1μM) in NCX3-AC, NCX3-B and NCX3-B mutants expressing 
HEK293T cells. NCX3-B, n= 99; NCX3-AC, n=88; E573D NCX3-B, n= 86; E574K NCX3-B, n= 76; E575A 
NCX3-B, n= 122; E580K NCX3-B, n= 123; E588G NCX3-B, n= 99; D, Mean values of Fura-2 ratio at the 
baseline; Average of the first 60 seconds of the experiment, in 147mM Na+ medium. E, Mean values 
of the maximum Fura-2 ratio after the switch to Na+-free medium during the same experiment as D. 
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Discussion

In the present study, we show, for the first time, functional recordings of the variant 
NCX3-AC. These recordings indicate a higher capacity of this variant in reverse and 
forward-mode of exchange compared to NCX3-B. A difference that can be fully attributed 
to the intrinsic properties of both variants considering that the plasma membrane 
expression in HEK293T cells did not differ between the two variants, and that the Ca2+ 
level in the endoplasmic reticulum were similar in these cells as proven by the 
thapsigargin addition in absence of extracellular Na+ and Ca2+. Furthermore, the reduced 
[Ca2+]i measured in NCX3-AC-expressing cells upon thapsigargin addition compared to 
NCX3-B, together with the activation of NCX3-AC reverse-mode in absence of an 
elevation in [Ca2+]i suggest a higher sensitivity of NCX3-AC to changes in [Ca2+]i. Thereby, 
a value slightly above the [Ca2+]i recorded during the resting state is sufficient to trigger 
the exchanger. 

The lower sensitivity of NCX3-B to [Ca2+]i, in both modes of exchange, could be 
suppressed by mutating the glutamate residue at position 580. This gain of sensitivity 
observed in the E580K NCX3-B mutant reveals that the activation by Ca2+ of the forward 
and reverse-mode of the exchanger is regulated through the same site for which the 
residue 580 represents a key residue. In NCX1, the equivalent residue Lys585 is involved in 
the formation of a salt bridge that, in Ca2+-free conditions, stabilizes the Ca2+-binding site 
I and II through the preservation of the tertiary structure (29,32). NCX1 mutation of this 
lysine into a glutamate causes a drop in the Ca2+ affinity (29,32). In NCX3-AC, Lys580 
confers to the site I of the CBD2 a high affinity for Ca2+ (31-33). In contrast, this variant has 
two Ca2+-binding sites in its Ca2+-binding domain 2 whereas ITC (isothermal titration 
calorimetry) measurements showed that NCX3-B has three Ca2+-binding sites (30,33). 
However, none of these Ca2+ sites featured a high affinity for Ca2+ (33). Our data concurs 
with the literature in suggesting that during a rise in [Ca2+]i, the high-affinity site I of 
NCX3-AC CBD2 will bind Ca2+ at a lower concentration than NCX3-B. This could result in 
a disruption of the salt bridge at Lys580 as hypothesized for NCX1 (29) and, therefore, in an 
activation of the exchanger at lower [Ca2+]i. 

Another important finding from the current study is that NCX3-B displayed a higher 
Na+-dependent inactivation, given that only the reverse-mode of NCX3-AC could be 
activated, during a rise in [Na+]i in presence of extracellular Na+. The partial suppression 
of this effect by mutating glutamate residues suggests that the hydrophilic domain 
found between the position 572 and 580 in the CBD2 domain is involved in this 
inactivation. For NCX1, it has been demonstrated that the alternative splicing of the 
same region can alleviate the Na+-dependent inactivation (34,35). Moreover, D578R and 
K585C mutations in NCX1, corresponding to the position 573 and 580 in NCX3, reversed 
the Na+-dependent inactivation in a complete and partial manner, respectively (36). The 
emerging hypothesis concerning the functioning of this Na+-dependent inactivation is a 
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regulation by the Ca2+-binding site of the CBD2 through proximity with the catenin-like 
domain of the protein (CLD) (32). This domain, formed by residues of the intracellular 
loop outside CBD1 and CBD2, would control the Na+-dependent inactivation. Our results 
are consistent with the hypothesis predicting that E573D, E574K, E575A and E580K 
NCX3-B are responsible for the partial disruption of a Ca2+-binding site that will alter the 
interaction with the CLD and, therefore, lower the Na+-dependent inactivation.

The tissue-specific distribution observed for the two variants of NCX3, NCX3-B being 
mostly expressed in the brain and NCX3-AC being the main variant detected in skeletal 
muscle, is consistent with the functional properties measured for these variants. In 
neurons, NCX3-B and its low capacity to perform Ca2+ uptake would have a protective 
effect against severe Ca2+ overload, a phenomenon that could have dramatic 
consequences on neurons. With this respect, the low sensitivity to an increase in [Na+]i 
would confer this preservation during the firing of neurons. In the same manner, 
activation of the forward-mode of NCX3-B requires a substantial rise in [Ca2+]i. This feature 
would have the same protective effect and yet will not interfere with the synaptic 
activity, highly dependent on [Ca2+]i (37). 

In skeletal muscle, sensitivity to [Ca2+]i and the high capacity of NCX3-AC in the 
forward-mode corroborates with the necessity in such fibers to activate the Ca2+ 
extrusion as soon as the contraction starts. Moreover, the high sensitivity of NCX3-AC to 
changes in [Na+]i and its high capacity to perform Ca2+ uptake in reverse-mode suggest 
that NCX3-AC might have additional implications via its reverse-mode. The operation 
and relevance of the reverse mode has been previously observed for several members of 
the NCX family in numerous tissues, in both physiological (38-40) and pathological 
situations (41,42). From another angle, during prolonged exercise, extracellular Ca2+ has 
been shown to have a beneficial effect on the resistance to muscle fatigue, an effect that 
could only be observed in slow-twitch muscle, like soleus, dedicated to this type of 
prolonged exercise (43,44). Together with the high expression of NCX3-AC observed in 
soleus, these results suggest that NCX3-AC might be implicated in Ca2+ influx in slow-
twitch muscle, a hypothesis consistent with the findings from the Danieli-Betto’s group 
(44). Here, the Ca2+ free conditions provoke a dramatic increase of muscle fatigue in 
soleus, an effect also obtained by inhibition of NCX. This is also in accordance with the 
increased fatigability observed in NCX3-/- mice (18). The underlying mechanism linking 
Ca2+ uptake and muscle fatigue is still poorly understood but presumably involves a 
refilling of the SR Ca2+. Many variants of the NCX family are already known to contribute 
to this latter process (45,46), particularly in excitable cells (47-49). Therefore, NCX3 could 
in principle be involved in this process in slow-twitch muscle. Nevertheless, our study 
was only performed in HEK 293 cells, albeit a well-used cell model to study mechanistic 
properties and ionic regulation of NCX isoforms (35,50,51). Therefore, confirmation of the 
latter hypothesis needs further investigations using muscular excitable tissue, in 
particular in soleus.
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In conclusion, two variants of NCX3, which depict a tissue-specific distribution among 
excitable tissues, have distinct properties with regard to capacity of exchange and 
sensitivity to [Ca2+]i and [Na+]i, NCX3-AC functioning with a greater capacity in all 
situations. Our data indicated that NCX3-AC is the main variant expressed in skeletal 
muscle with a high expression in soleus, a muscle in which NCX have been shown to be 
implicated in the resistance to fatigue (44). Additionally, our results are, to the best of our 
knowledge, the first functional recordings of NCX3-AC and provides evidence of a high 
capacity to achieve Ca2+ influx that can be triggered by a simple increase in [Na+]i. This 
exchanger might, therefore, play a role in the resistance to muscle fatigability observed 
in the slow-twitch muscle. Altogether, this study provides insights into the ionic 
regulation of NCX3 through its alternative splicing in a tissue specific manner. In fact, the 
two variants may contribute to Ca2+ handling beyond their role in Ca2+ extrusion.
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Abstract

Isoform 3 of the Na+-Ca2+ exchanger (NCX3) participates in the Ca2+ fluxes across the 
plasma membrane. Among the NCX family, NCX3 carries out a peculiar role due to its 
specific functions in skeletal muscle and the immune system and to its neuroprotective 
effect under stress exposure. In this context, proper understanding of the regulation of 
NCX3 is primordial to consider its potential use as a drug target. In this study, we 
demonstrated the regulation of NCX3 by protein kinase A (PKA) and C (PKC). Disparity in 
regulation has been previously reported among the splice variants of NCX3 therefore the 
activity of Ca2+ uptake and extrusion of the two murine variants was measured using 
fura-2-based Ca2+ imaging and revealed that both variants are similarly regulated. PKC 
stimulation diminished the Ca2+ uptake performed by NCX3 in the reverse mode, 
triggered by a rise in [Ca2+]i or [Na+]i, whereas an opposite response was observed upon 
PKA stimulation, with a significant increase of the Ca2+ uptake after a rise in [Ca2+]i. For 
both kinases, the Ca2+ extrusion capacity remained unaffected. Next, using site-directed 
mutagenesis, the sensitivity of NCX3 to PKC was abolished by singly mutating its 
predicted phosphorylation sites T529 or S695. The sensitivity to PKC might be due to the 
influence of T529 phosphorylation on the Ca2+-binding domain 1. Additionally, we 
showed that stimulation of NCX3 by PKA occurred through residue S524. This effect may 
well participate in the fight-or-flight response in skeletal muscle and the long-term 
potentiation in hippocampus.

Keywords: Sodium-calcium exchange, Ca2+ transport, phosphorylation, skeletal muscle, 
reverse mode, forward mode, plasma membrane, NCX, Ca2+-binding domain, long-term 
potentiation
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Introduction

The plasma membrane family of Na+-Ca2+ exchangers (NCX) consists of low-affinity/
high-capacity ion transporters that play a crucial role in the control of intracellular Ca2+ 
homeostasis. NCX family members are involved in diverse physiological processes such 
as Ca2+ re-absorption in the kidney (1), heartbeat development in cardiac tissue (2,3), 
vasoconstriction in smooth muscle (4) and spatial learning in neurons (5). Of the four 
isoforms of the NCX family, three are expressed in mammals (6). Constituted of two 
clusters of five transmembrane domains separated by a large cytoplasmic loop, NCX 
isoforms function in a similar manner, allowing Ca2+ translocation in exchange of Na+ 
with a stoichiometry of 1:3, respectively (7). Depending on the membrane potential and 
the transmembrane concentration gradient for Na+ and Ca2+, NCX can either perform 
Ca2+ uptake or efflux, referred as reverse mode and forward mode, respectively. 

The third member of the NCX family, NCX3, was originally found solely in brain and 
skeletal muscle (8). Later on, however, it was also detected in the immune system (9,10) 
and osseous tissue (11,12). Its peculiar tissue distribution is associated with specific 
physiological functions of these tissues. Thus, NCX3 is required for neuronal development 
(13) and long-term potentiation in the hippocampus, a process involved in spatial 
learning and memory (14). In skeletal muscle, Ca2+ disturbances observed in the absence 
of NCX3 give rise to electromyographic abnormalities and muscle necrosis (15). 
Furthermore, NCX3 has been implicated in Ca2+ refilling of the sarcoplasmic reticulum 
(16). More recently, NCX3 was found to be involved in TNFα production in macrophages 
(9) and in the bone formation and resorption (12). 

In the past few years, growing attention has been devoted to NCX3, not only because 
of its role in the immune system and osseous tissues but also because recent studies 
highlighted its involvement in cellular Ca2+ handling in stress situations (17,18). For 
example, in hypoxia (19-22) and anoxia (23,24), NCX3 upregulation has been associated 
with neuroprotection. Such effect is also seen in excitotoxic cell death. The initial Ca2+ 
influx that occurs during glutamate and β-amyloid peptide exposure has been 
demonstrated to induce calpain-mediated cleavage of the intracellular loop of NCX3 
thus causing the exchanger to become hyperfunctional (17,18). These findings 
demonstrate the potential of NCX3 as a relevant target for disease treatment. However, 
rational drug development requires detailed understanding of the molecular 
mechanisms underlying the post-translational regulations of its activity. 

Although the first NCX member, NCX1, has been extensively studied (25-27), the 
information obtained in regard to post-translational regulation cannot simply be 
extrapolated to NCX3. First, the intracellular loop carrying the regulatory sites shows a 
low sequence homology of about 60% between NCX1 and NCX3 with some regions 
sharing only 55% homology, whereas the remainder of the two exchangers is 70% to 
80% identical. This lack of conservation in the regulatory sites may suggest the existence 
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of different post-translational regulatory mechanisms. Consistent with this idea is the 
observation that regulation by calpain cleavage appears to be limited to NCX3 (17).

Phosphorylation of NCX can affect its plasma membrane stability, proteolysis, protein-
protein interactions or directly alters its exchange activity. The protein kinase A and C 
(PKA and PKC) are serine/threonine protein kinases that play a significant role in the 
regulation of the activity of Ca2+ transporters (6,28), particularly ion exchangers (29-33). 
Strong evidence supports the importance of NCX phosphorylation in the modulation of 
its activity (25,34). However, the exact mechanism remains largely unknown. 

In this study, we addressed the potential of PKC and/or PKA phosphorylation to alter 
NCX3 activity. To this end, cells treated with either PMA (PKC activator) or forskolin (PKA 
activator) were loaded with the fluorescent Ca2+ indicator fura-2, after which the changes 
in fura-2 emission ratio, reflecting the changes in cytosolic free Ca2+ concentration ([Ca2+]i), 
were monitored under conditions that specifically activate either the forward or reverse 
exchange activity of NCX3 (16). As variants of NCX3 are differentially regulated by 
intracellular ionic concentrations (16) and post-translational modifications such as calpain 
cleavage (35), both murine variants NCX3-AC and NCX3-B were investigated following 
transient expression in HEK293T cells. Both PKC and PKA activation independently 
altered NCX3 activity. Therefore, as a next step, the potential phosphorylation sites of 
PKC and PKA were identified and one by one subjected to site-directed mutagenesis 
into an alanine to assess their contribution to the effects of PKC and PKA activation on 
NCX3 activity. 

Materials and methods

cDNA Cloning
Coding sequences of murine NCX3-AC and NCX3-B (16) were subcloned into a bicistronic 
mammalian vector pCINeo containing an internal ribosome entry site and enhanced 
green fluorescent protein (eGFP). A HA tag was added to the N-terminus of the NCX 
protein and plasmids were subsequently checked by Sanger sequencing.

Site-directed Mutagenesis
All NCX3-AC mutants were generated using a Quikchange site-directed mutagenesis kit 
(Stratagene, la Jolla, CA) according to the manufacturer’s instructions. All mutations were 
subsequently validated by Sanger sequencing. 

Expression of NCX3 in Human Embryonic Kidney Cells
Human Embryonic Kidney Cells (HEK293T) were cultured in a Dulbecco’s modified 
Eagle’s medium (BioWhittaker-Europe, Verviers, Belgium) containing 10 % (v/v) fetal calf 
serum and 2 mM L-Glutamine at 37 ºC and 5 % (v/v) CO2. The cells were seeded on a glass 
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coverslip coated with 50 μg/mL fibronectin (Roche, Mannheim, Germany) in a six-well 
plate. 24 hours after seeding and 48 hours prior to measurement, cells in six-well plate 
were transiently transfected with the respective constructs (2 μg/well) using 
polyethylenimine cationic polymer PEI (Polysciences, Inc, Warrington, PA) in accordance 
with the manufacturer’s instructions. 

[Ca2+]i measurements
30 minutes prior to measurement, cells were loaded with 3 μM fura-2 acetoxymethyl 
ester (fura-2/AM) and 0.01 % (v/v) Pluronic F-127 for 20 min at 37 °C in Krebs solution (5.5 
mM KCl, 147 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES/
NaOH, pH 7.4). After a 10 min wash in Krebs medium, coverslips were placed into a 
perfusion chamber mounted onto the stage of an inverted microscope (Zeiss Axiovert 
200M, Carl Zeiss, Jena, Germany). Addition of compounds and changes of solution were 
facilitated using a perfusion system. [Ca2+]i was monitored by alternately exciting fura-2 
with monochromatic light of wavelength 340 and 380 nm (Polychrome IV, TILL Photonics, 
Gräfelfing, Germany). Fluorescence emission light was directed by a 415DCLP dichroic 
mirror (Omega Optical, Inc., Brattleboro, VT) through a 510WB40 emission filter (Omega 
Optical, Inc.) onto a CoolSNAP HQ monochrome CCD-camera (Roper Scientific, Vianen, 
the Netherlands). The integration time of the CCD-camera was set at 200 ms with a 
sampling interval of 3 s. All hardware was controlled with Metafluor software (version 6.0, 
Universal Imaging Corp., Downingtown, PA). Prior to measurements, eGFP-positive cells 
were selected as transfected cells. Eight to 18 individual cells were selected and 
monitored simultaneously from each coverslip. For each wavelength, the mean 
fluorescence intensity was monitored in an intracellular region and, for purpose of 
background correction, in an extracellular region of identical size. After background 
correction, the fluorescence emission ratio (340 nm/380 nm) was calculated as a measure 
of [Ca2+]i.

Measurement of Na+-Ca2+ exchange activity
Both the Ca2+ extrusion and Ca2+ uptake activity were compared between the two NCX3 
variants and following activation of PKA and PKC. The activators of PKA (10 μM forskolin) 
and PKC (100 nM phorbol 12-myristate 13-acetate (PMA)) were added 10 min and 15 
min, respectively, prior to the onset and perfused during the measurement. In its reverse 
mode, NCX activity was evaluated as the peak fura-2 ratio increase after changing to Na+-
free NMDG medium (5.5 mM KCl, 147 mM N-methyl glucamine, 1.2 mM MgCl2, 1.5 mM 
CaCl2, 10 mM glucose, and 10 mM HEPES/HCl, pH 7.4 (36)) containing the irreversible and 
selective inhibitor of the sarcoplasmic reticulum Ca2+-ATPase, thapsigargin (1 μM), to 
increase [Ca2+]i (16). To increase the intracellular ([Na+]i), cells were treated with the Na+-K+ 
ATPase inhibitor, ouabain (1 μM), for 60 min prior to the onset of the measurement and 
during the measurement (16). The forward-mode of the exchanger was evaluated by 
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measuring the Ca2+ extrusion activity after an acute increase induced in [Ca2+]i evoked by 
addition of the Ca2+ ionophore, ionomycin, (1 μM), in Ca2+-free medium (5.5 mM KCl, 147 
mM NaCl, 1.2 mM MgCl2, 10 mM glucose, and 10 mM HEPES/NaOH, pH 7.4). All buffers 
were kept at 37 ºC. Osmolality of all buffers has been measured to ensure a difference 
smaller than 5 mOsm.

Drugs and chemicals
Ionomycin, thapsigargin, forskolin and PMA were purchased from Sigma; ouabain from 
MP Biomedicals; and fura-2-AM and pluronic acid from Invitrogen. All were dissolved in 
dimethyl sulfoxide. During Ca2+ recordings, thapsigargin, ionomycin and ouabain were 
used at a final concentration of 1 μM. PMA and forskolin were used at final concentration 
of 100 nM and 10 μM respectively. The final concentration of dimethyl sulfoxide was 0.1 
% (v/v) and had no effect on [Ca2+]i. 

Statistical analysis
All results are based on at least three independent sessions of experiments. The fura-2 
ratio shown is an average of ≥ 50 individual cells. Values are expressed as means ± S.E.M. 
Statistical significance (P < 0.05) was determined using One-Way ANOVA or Two-ways 
ANOVA followed by the Bonferroni’s procedure.

Results

HEK293T cells transiently expressing the murine NCX3 variants NCX3-AC, NCX3-B or an 
empty vector (mock), were loaded with the ratiometric fluorescent Ca2+ indicator fura-2 
to monitor the changes in cytosolic free Ca2+ concentration ([Ca2+]i) under conditions of 
forward and reverse exchange activity and to assess the effects of PKC and PKA activation 
thereupon. 

Forward mode of NCX3 is unaffected by PKC stimulation
NCX3 forward exchange activity was induced by addition of the Ca2+ ionophore ionomycin 
(1 μM) in the absence of extracellular Ca2+. Ionomycin evoked a rapid increase in [Ca2+]i, 
which, because of the absence of extracellular Ca2+, is entirely due to the leak of Ca2+ from 
intracellular stores (Figure 1A). The peak fura-2 ratio value was 1.3-fold higher in NCX3-B 
as compared to NCX3-AC expressing cells (Figures 1A and 1B), which is consistent with a 
higher forward exchange activity of NCX3-AC (see also, (16)). In neither case, pretreatment 
with PMA (100 nM) altered the peak fura-2 value, indicating that the forward exchange 
activity of these two NCX3 variants is insensitive to PKC activation. PMA itself has no effect 
on [Ca2+]i as can be judged from the observation that during the period before the addition 
of ionomycin the fura-2 ratio signal is similar between untreated and PMA-treated cells. 
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A, At 48 hours post-transfection, HEK293T cells expressing NCX3-B (grey symbols) and NCX3-AC 
(black symbols) were loaded with fura-2 ratio. The 340/380nm excitation ratio for fura-2 was 
recorded in transfected cells in absence (circles) or after (triangles) PKC activation by PMA (100 nM) 
for 15 minutes. At 100 s after the onset of recordings, Ca2+ extrusion via Na+-Ca2+ exchange was 
initiated after depletion of the intracellular Ca2+ stores by acute addition of ionomycin (1 μM) in 
Ca2+-free medium (16). Each data point represents the mean (± S.E.M.) of at least 100 cells for each 
condition monitored in four independent experimental sessions. B, Mean (± S.E.M.) of the maximum 
fura-2 ratio values recorded after replacement to ionomycin containing medium from the 
recordings shown in A.

Reverse exchange activity of NCX3 variants is reduced upon PKC 
stimulation
In a first series of measurements, NCX3 reverse exchange activity was induced by a 
simultaneous rise in [Ca2+]i by thapsigargin (1 μM) inhibition of SERCA activity and 
removal of extracellular Na+ (37). This condition, evoked a rapid increase in [Ca2+]i (Figure 
2A). Compared to mock transfected cells, which lack endogenous NCX activity (16), the 
peak value of the fura-2 ratio increase was 2.1- and 1.4-fold higher in NCX3-AC and 
NCX3-B expressing cells, respectively (Figure 2B). Pretreatment with PKC for 15 min, 
significantly reduced this value by 32% and 27% in NCX3-AC and NCX3-B expressing 
cells, respectively (Figures 2A and 2B). This reduction was not observed in the mock-
transfected cells and, therefore, specific for NCX3. PMA treatment did not detectably 
alter the fura-2 ratio signal under normal conditions of extracellular Na+ (Figure 1A).

In a second series of measurements, NCX3 reverse exchange activity was induced by 
a rise in [Na+]i by pretreatment with the Na+-K+ ATPase inhibitor ouabain (1 μM) for 60 
min. Under normal conditions of extracellular Na+, the fura-2 ratio signal was not altered 
in mock-transfected cells, whereas a 4.3- and 2.6-fold increase as compared to mock-
transfected cells was observed in NCX3-AC and NCX3-B expressing cells, respectively 
(Figures 3A and 3B). Subsequent removal of extracellular Na+ evoked a further increase 
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in fura-2 ratio, the magnitude of which was greater in NCX3-B than NCX3-AC expressing 
cells (Figure 3A). Mock-transfected cells showed a delayed and relatively small increase in 
[Ca2+]i. Pretreatment with PMA significantly decreased the elevated [Ca2+]i under normal 
conditions of extracellular Na+ in both NCX3-AC and NCX3-B expressing cells (Figures 
3A and 3B). Nevertheless, PMA treatment did not detectably alter the magnitude of the 
ratio increase evoked by subsequent extracellular Na+ removal (Figure 3C).

Figure 2 Influence of PKC activation on the reverse mode activity of NCX3 induced by 
intracellular Ca2+ mobilization. 

A, At 48 hours post-transfection, HEK293T cells transiently expressing NCX3-AC (black symbols), 
NCX3-B (grey symbols) or empty vector (white symbols) were loaded with fura-2-AM, after 15 
minutes incubation with 100 nM PMA (triangles) or in absence of treatment (circles), and transferred 
to the stage of the microscope for fluorescence emission recording. At 130 s after the onset of 
recording, Na+-containing perfusion medium (147 mM Na+) was replaced by a Na+-free medium 
(NMDG medium) containing 1 μM thapsigargin for induction of reverse NCX3 activity. The 
340/380nm excitation ratios for fura-2 are shown. Each data point represents the mean (± S.E.M.), of 
at least 140 cells monitored per condition in six independent recordings. B, Mean (± S.E.M.) of the 
maximum fura-2 ratio values after addition of thapsigargin (1 μM) and removal of extracellular Na+

shown in A. *P < 0.05.

Identification of PKC phosphorylation site 
The recordings presented in Figures 2 and 3 demonstrate that PKC activation decreases the 
reverse mode of exchange of NCX3. In order to identify the potential phosphorylation 
site(s) responsible for this regulation, we first aligned the amino acid sequences of the 
intracellular loop of NCX3 in several species (Danio rerio, Gallus gallus, Bos Taurus, Rattus 
norvegicus, Callithrix jacchus, Homo sapiens, Mus musculus), region where most of the 
regulation of the NCX family occurs, more specifically in the Ca2+-binding domains 1 and 2 
(Figure 4A). Phosphorylation sites located in the alternatively spliced region were excluded



Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016

505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel

PKA and PKC-dependent phosphorylation of NCX3 | 73

3
0 30 60 90 120 150 180 210 240 270 300

0

0.4

0.8

1.2

1.6

2.0

2.4

Time (seconds)

Fu
ra

-2
 ra

tio
 (a

.u
.)

147 mM Na+ 0 mM Na + + Ouabain + Ouabain

- PMA
+ PMA

A

BFigure 3

Moc
k

Moc
k +

 P
MA

NCX3-B

NCX3-B
 + 

PMA

NCX3-A
C 

NCX3-A
C + 

PMA
0

0.4

0.8

1.2

1.6

2.0

B
as

el
in

e 
Fu

ra
-2

 ra
tio

 (a
.u

.)
B

as
el

in
e 

Fu
ra

-2
 ra

tio
 (a

.u
.)

B
as

el
in

e 
Fu

ra
-2

 ra
tio

 (a
.u

.)

*

*

Moc
k

Moc
k +

 P
MA

NCX3-B

NCX3-B
 + 

PMA

NCX3-A
C 

NCX3-A
C + 

PMA
0

0.8

1.2

1.6

2.0

2.4

M
ax

iu
m

um
 F

ur
a-

2 
ra

tio
 (a

.u
.)

*

*

C

Figure 3 Influence of PKC activation on the 
reverse activity of NCX3 induced by increasing 
the intracellular Na+ concentration. 

A, At 48 hours post-transfection, HEK293T cells transiently expressing NCX3-AC (black symbols), 
NCX3-B (grey symbols) or empty vector (white symbols) were treated with the Na+-K+-ATPase 
inhibitor ouabain (1 μM) for 60 minutes and loaded with fura-2. The 340/380nm excitation ratio for 
fura-2 was recorded in transfected cells after PKC stimulation (triangles) for 15 minutes with PMA 
(100 nM) or in absence of stimulation (circles). At 120 s after the onset of recording, Na+-containing 
perfusion medium was replaced by Na+-free medium (NMDG medium) for induction of reverse 
NCX3 activity. Each data point represents the mean (± S.E.M.), of at least 70 cells monitored in each 
condition and in three independent experimental sessions. B, Mean (± S.E.M.) of the baseline fura-
2 ratio during the first 60 s of the recordings shown in A. C, Mean (± S.E.M.) of the maximum fura-2 
ratio in Na+-free conditions taken from the recordings shown in A. *P < 0.05.

as PMA affected both NCX3-AC and NCX3-B in a similar manner. In the intracellular loop of 
NCX3, eight serine and threonine residues were predicted by the programs NetPhosK (38) 
and NetPhos 2.0 (39) as putative PKA and/or PKC phosphorylation sites for both variants. 
Site-directed mutagenesis was performed on the six PKA and/or PKC sites conserved in 
all mammals and predicted with the highest probability of phosphorylation according to 
NetPhos 2.0. Selected serine and threonine residues of NCX3-AC were mutated into alanine 
to prevent phosphorylation. Subsequently, the reverse mode was triggered by simultaneous 
addition of thapsigargin and extracellular Na+ removal. The NCX3-AC exchangers carrying the 
mutated residues T529A and S695A, exhibited no sensitivity to PKC activation since the max-
imum fura-2 ratio was not significantly diminished after PMA treatment (Figures 4B and 4C).
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Figure 4 Identification of the PKC phosphorylation sites in NCX3-AC responsible for the 
reduced reverse activity induced by PKC activation. 

A, Alignment of the amino acid sequences of the intracellular loop of NCX3 (Slc8a3) in several 
species from top to bottom: Danio rerio, Gallus gallus, Bos Taurus, Rattus norvegicus, Callithrix jacchus, 
Homo sapiens and Mus musculus. For comparison, sequences of murine NCX1 (Slc8a1) and NCX2 
(Slc8a2) are included. The catenin-like domain (CLD) is shown in white and the Ca2+-binding 
domains (CBD) are represented in dark grey (CBD1) and light grey (CBD2). Serine and threonine 
residues of the intracellular loop that are predicted for PKC and/or PKA phosphorylation according 
to both NetphosK and Netphos2.0 programs are highlighted. Phosphorylation sites predicted with 
a score lower than 0.8 (NetPhos2.0) are represented in dark grey. The residues, shown in black, for 
which phosphorylation was predicted with a score above 0.8 (NetPhos2.0) have been mutated into 
Alanine in NCX3-AC. B-C, At 48 hours post-transfection, HEK293T cells transiently expressing the 
indicated NCX3-AC single mutant were loaded with fura-2. Fura-2 excitation ratios (340/380nm) 
were recorded in transfected cells in absence (white) or after (grey) PKC activation by PMA (100 nM) 
for 15 minutes. B, Mean of the maximum fura-2 ratio after switching to Na+-free medium containing 
1 μM thapsigargin. C, The 340/380nm excitation ratios for fura-2 of HEK293T cells expressing the 
single mutants T428A NCX3-AC (white symbols) or T529A NCX3-AC (black symbols) are shown in 
absence (circle) or following a treatment with PMA (triangle). Each data point represents (± S.E.M.), 
of at least 60 cells per condition recorded in four independent experimental sessions. *P < 0.05.
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Forward mode of action of NCX3 is unaffected by PKA stimulation
To investigate the effect of PKA activation on NCX3 exchange activity, cells were 
pretreated with the PKA activator, forskolin (10 μM) for 10 min. Similarly to PMA, forskolin 
did not alter the forward exchange activity of the two NCX3 variants as determined after 
acute addition of ionomycin in the absence of extracellular Ca2+ (Figure 5A).

Figure 5 Influence of PKA activation on the reverse and forward mode of NCX3. 

A-D, Mean of the values (± S.E.M.) of fura-2 ratio measured in cells transiently expressing NCX3-AC 
(black bars), NCX3-B (grey bars) or mock (white bars), loaded with fura-2 in absence or following a 
treatment with PKA activator, forskolin (10 μM) for 10 min prior to the experiments. A, Forward 
mode activity of NCX3 induced by acute addition of ionomycin (1 μM) in Ca2+-free medium. Each 
bar represents the mean (± S.E.M.) of the maximum fura-2 ratio of at least 80 cells monitored during 
four different recording sessions. B, Reverse mode activity was induced by the replacement of Na+-
containing perfusion medium (147 mM Na+) by a Na+-free medium (NMDG medium) containing 1 
μM thapsigargin. Each bar represents the mean (± S.E.M.) of the maximum fura-2 ratio of at least 
130 cells per condition recorded in five independent experimental sessions. *P < 0.05 C-D, Reverse 
mode of NCX3 induced by ouabain treatment (1 μM) for 60 minutes measured in three independent 
recordings for at least 63 cells in each conditions. C, Mean (± S.E.M.) of the baseline fura-2 ratio 
during the first 60 s of recording. D, Mean (± S.E.M.) of the maximum fura-2 ratio values after 
switching to Na+-free medium (NMDG medium).
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Reverse exchange activity of NCX3 variants is increased upon PKA
stimulation
When the NCX3 reverse exchange activity was assessed after a rise in  [Ca2+]i by 
simultaneous thapsigargin addition and extracellular Na+ removal, a significant increase 
in peak value of the fura-2 ratio was observed in forskolin-treated NCX3-AC and NCX3-B 
expressing cells (Figure 5B). Similarly to PMA, forskolin did not alter the small increase in 
fura-2 ratio observed in mock-transfected cells. Additionally, forskolin did not alter the 
increase in baseline [Ca2+]i evoked by ouabain in the presence of extracellular Na+ (Figure 
5C) or after subsequent removal of extracellular Na+ (Figure 5D). 

Molecular determinants involved in PKA-dependent increase in
reverse NCX3 exchange activity
To identify the molecular determinants underlying the increase of NCX3 exchange 
capacity by PKA activation seen uniquely in the reverse mode activated by simultaneous 
addition of thapsigargin and removal of extracellular Na+, we first selected six predicted 
PKA and/or PKC phosphorylation sites based on their conservation in NCX3 in all 
mammals, as mentioned above (Figure 4A) and mutated these into an alanine. 
Assessment of their forskolin sensitivity revealed that only the exchanger expressing the 
S524A mutation had become insensitive to PKA activation (Figures 6A and 6B). 

Discussion

The present study dissected for the first time the molecular mechanisms underlying the 
PKC and PKA regulation of NCX3. The data presented demonstrate that while PKC and 
PKA alter the Ca2+ uptake performed by NCX3 in the reverse mode, on the contrary, 
neither PKC nor PKA affect the [Ca2+]i-stimulated forward exchange activity of the two 
NCX3 variants, NCX3-AC and NCX3-B, as assessed by ionomycin addition in the presence 
of extracellular Na+ but absence of extracellular Ca2+. 

The reverse exchange activity of these exchangers is not (NCX3-B) or only slightly 
(NCX3-AC) activated at normal intracellular [Na+]i and [Ca2+]i, as revealed by the effect of 
extracellular Na+ removal (16). However, upon subsequent release of Ca2+ from 
intracellular stores induced by thapsigargin, or increase in [Na+]i by ouabain incubation, 
a marked stimulation of the reverse mode occurs. Here, we show that PKC and PKA exert 
opposite effects on the reverse exchange activity of the two NCX3 variants. Upon Ca2+ 
release from the intracellular stores PKC activation decreases, whereas PKA activation 
increases NCX3 activity. Furthermore, for both variants, activation of PKC, but not PKA 
resulted in a significant reduction of the reverse exchange activity induced by a drastic 
increase in [Na+]i. Nonetheless, after a rise in [Na+]i PKC activation reduced the Ca2+ 
uptake exclusively in presence of extracellular Na+; as the difference of uptake observed
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Figure 6 Targeting PKA phosphorylation sites in NCX3-AC responsible for the PKA-
mediated increase of NCX3 activity in reverse mode. 

A-B, 48 hours after transfection, HEK293T cells transfected with NCX3-AC exchanger mutated for a 
single residue were loaded with fura-2. Fluorescence emission recordings of fura-2 were performed 
in cells in absence (white bars) or following a treatment with PKA activator, forskolin (10 μM) (grey 
bars) for 10 min prior to the experiments. A, Maximum fura-2 ratio values after a switch to Na+-free 
medium containing 1 μM thapsigargin were calculated as the mean (± S.E.M.) of at least 60 cells in 
each condition and during three independent experimental sessions. *P < 0.05. B, The 340/380nm 
excitation ratios for fura-2 of HEK293T cells expressing the single mutants S524A NCX3-AC (black 
symbols) or S666A NCX3-AC (white symbols) are shown in absence (circle) or following a treatment 
with forskolin (triangle). C, Schematic representation of NCX3 depicting the PKC and PKA regulatory 
sites mutated. The 10 transmembrane domains of the NCX3 exchanger are represented here, 
together with its large intracellular loop. Localization of the residues predicted as phosphorylation 
sites and mutated by site-directed mutagenesis are indicated by the motif P. S524 appears to be 
involved in the stimulatory effect of PKA on NCX3 reverse exchange activity, whereas T529 and 
S695 are implicated in the inhibitory effect of PKC.

in presence of extracellular Na+ between the PMA-treated and non-treated cells was not 
further increased in Na+-free conditions. 

Consequently, using site-directed mutagenesis we were able to abrogate the inhibitory 
effect of PKC by the mutation of a single residue of the intracellular loop, the threonine at 
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position 529 (T529) or the serine located at position 695 (S695) (Figure 6C). Mutating these 
residues singly into an alanine completely reversed the inhibitory effect of PKC activation 
on the increase in [Ca2+]i induced by simultaneous addition of thapsigargin and removal 
of extracellular Na+. As for PKA phosphorylation, its stimulatory effect on the Ca2+ uptake 
capacity by NCX3 after a rise in [Ca2+]i was lost when mutating a unique residue S524.

The loss of sensitivity to PKC and PKA stimulation of the two mutants T529A and 
S524A NCX3-AC, respectively pinpointed the presence of two phosphorylation sites. 
Phosphorylation can modify the capacity of exchange of NCX3 by triggering a 
conformational change or by modifying its interactions with other proteins thereby 
affecting its stability at the plasma membrane or its interaction with other intracellular 
factors. Nevertheless, the latter would affect reverse and forward mode in a similar 
manner. Therefore, the absence of changes in the forward mode of NCX3 after PKC or 
PKA stimulation suggests a modulation via structural changes of the intracellular loop, a 
region known to regulate the exchanger. 

Regarding the structural aspects, the two phosphorylation sites are located in the 
Ca2+-binding domain 2 (CBD2) (Figure 6C), T529 at the beginning of the third β-strand 
of the β-sandwich that constitutes CBD2 while S524, few residues apart, is located before 
this third β-strand (40,41). Within the CBD2 structure, the location of both residues is 
diametrically opposed to the Ca2+-binding site (40). Therefore, it is unlikely that 
phosphorylation in this region interacts with the Ca2+-binding sites or influences the 
number or the stability of those sites. A direct impact of phosphorylation on NCX3 
capacity of exchange could therefore occur through interaction with CBD1. Such 
interactions have never been investigated. Nevertheless, crystal and NMR structure of 
the two Ca2+-binding domains of NCX1, CBD12, reported an antiparallel arrangement of 
the two β-sandwich of CBD1 and CBD2 that extended to NCX3 would bring the T529 in 
the proximity and S524 even closer of the Ca2+-binding sites of CBD1 (42,43).

As for the S695 site, the mutant S695A NCX3-AC was not only insensitive to PKC but 
showed as well a low sensitivity to PKA as the increase in ratio measured after forskolin 
in NCX3-AC S695A was lower than the other mutants. These observations suggest rather 
than a direct phosphorylation, a disruption in the signal integration. Nevertheless, it 
remains unclear whether the mutation disrupts the structure of the intracellular loop or 
whether the serine 695 is a key residue involved in the signal transmission to the 
transmembrane domains. The latter is more likely when taking into consideration the 
high level of conservation of the region flanking S695 among the NCX family and among 
species (42) and that S695 is located in the catenin-like domain (CLD) (44), a region 
previously linked to the relay of information to the transmembrane domains (45).

The stimulation of PKC enhanced the reverse mode activated by Ca2+. Nevertheless, it 
also increased the reverse mode activated by Na+, a mode mainly governed by the Na+-
dependent inactivation common to the entire NCX family. Therefore, one might 
hypothesize that PKC phosphorylates T529 and thus decreases the reverse mode 
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through an interaction with S695 residue and potentially a change of Ca2+-binding 
affinity of CBD1, thereby affecting the reverse mode triggered by both ions. While PKA 
phosphorylation at S524, located closer to the Ca2+-binding sites of CBD1 would increase 
the affinity for Ca2+ (42). However disruption of structure caused by the substitution 
S695A might reduce the probability of phosphorylation at S524 and in a larger extend at 
T529. In this regard, the investigation of the NCX structure in its phosphorylated state 
and the measure of the affinity of CBD1 for Ca2+ is required to confirm our hypothesis. 

The specificity of the site T529 for PKC was further confirmed by the absence of 
sensitivity of the site to PKA. Interestingly, this site is conserved in NCX2 but absent in the 
ubiquitously expressed isoform, NCX1. T529 is predicted with a high probability for PKC 
phosphorylation in NCX3 (0.82), notably because of the hydrophobic residue (V530) at 
position +1 and the basic residue at -2 (R527), an optimal phosphorylation site for all PKC 
isozymes (46). The involvement of the phosphorylation of NCX3 by PKC in physiological 
conditions remains puzzling due to the lack of information on the implications of NCX3 
in the different neuronal and muscular pathways and the multiple roles carried out by 
PKC in cell signaling. As for PKA, the lack of hydrophobic residue at +1 after S524 together 
with the basic residue at -2 fit the consensus for PKA phosphorylation (30). The eight 
residues flanking the phosphorylation sites, from -4 to +4, are conserved in NCX2 and in 
all variants of NCX1 (47). Surprisingly, phosphorylation of NCX1 by PKA is a matter of 
controversy (27,48-50) while our findings suggest that, in absence of other post-
translational modifications, NCX1 can be phosphorylated by PKA leading, most likely, to 
an increase in the reverse mode activity. 

In skeletal muscle where NCX3 is expressed, PKA is activated downstream of the 
β-adrenergic signaling pathway (51). For instance, during the fight-or-flight response 
activated under stress and intense exercise, epinephrine is released from the sympathetic 
nervous system and binds the β-Adrenergic Receptor. The subsequent rise in cAMP 
activates PKA and leads to metabolic changes and potentiation of Ca2+-mediated 
contraction by acting on several Ca2+ transporters to rapidly sustain muscle exercise (52). 
In this context, the increased activity of NCX3 phosphorylated by PKA contributes to the 
Ca2+ entry and contraction required to develop force rapidly. On the other side, the 
relaxation of the myofiber would not be favored by this stimulation, as Ca2+ extrusion by 
NCX3 remains unchanged. 

In the hippocampus, the synaptic enhancement known as long-term potentiation 
(LTP), essential for the formation of memory and learning, (53,54) is dependent on the 
activation of multiple kinases such as PKA and CaMKII but also the capacity to perform a 
strong Ca2+ influx via NMDA and other transporters (55). In such case, the increased 
capacity of NCX3, expressed in hippocampus, for Ca2+ influx after PKA stimulation could 
be involved in the Ca2+ entry. In fact, this role has been previously implied, as reduction 
of learning and memory observed in the mice lacking NCX3 has been attributed to an 
impaired long-term potentiation (14). 
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Abstract 

Ca2+ disturbances are observed when Ca2+-dependent cysteine proteases malfunction, 
causing muscle weakness and wasting. For example, loss of calpain-3 (CAPN3) activity 
leads to limb-girdle muscular dystrophy 2A (LGMD2A). In neuronal excitotoxicity, the 
cleavage of the Na+-Ca2+ exchanger isoform 3 (NCX3) has been associated with an 
increase in activity and elevation of the Ca2+ content in the endoplasmic reticulum (ER). 
Since NCX3 is expressed in skeletal muscle, we evaluated the cleavage of different NCX3 
splice variants by CAPN1 and CAPN3. Using Fura-2-based cellular Ca2+ imaging, we 
showed for the first time that CAPN3 increases NCX3 activity and that only NCX3-AC, the 
variant predominantly expressed in skeletal muscle, is sensitive to calpain. The silencing 
of the endogenous CAPN1 and the expression of the inactive form of CAPN3 (C129S 
CAPN3) confirmed the specificity for CAPN1 and CAPN3. Functional studies revealed that 
cellular Ca2+ uptake through the reverse mode of NCX3 was significantly increased 
independently of the mode of activation of the exchanger by either a rise in intracellular 
Ca2+ ([Ca2+]i) or Na+ ([Na+]i). Subsequently, the sensitivity to CAPN1 and CAPN3 could be 
abrogated by removal of the six residues coded in exon C of NCX3-AC. Additionally, 
mutation of the Leu600 and Leu601 suggested the presence of a cleavage site at Leu602. The 
increased Ca2+ uptake of NCX3 might participate in the Ca2+ refilling of the sarcoplasmic 
reticulum (SR) after the excitation-contraction uncoupling following exercise and 
therefore be implicated in the impaired reticular Ca2+ storage observed in LGMD2A. 

Keywords: Sodium-calcium exchange, alternative splicing, calpain-3, muscular dystrophy, 
muscle fatigue, exercise
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Introduction 

The calpain proteases (CAPN) are Ca2+-dependent cysteine proteases expressed 
throughout the entire body. A compromised function of one of the calpain family 
members can lead to diverse pathologies such as embryonic lethality, gastropathy, 
muscular dystrophy, or platelet dysfunction (1). In the human genome, 15 members of 
the calpain family have been found (CAPN1 to CAPN15) (2). The distinctive characteristic 
of calpain lies in its activation by a rise in intracellular Ca2+ levels ([Ca2+]i). This phenomenon 
triggers the autolysis of the protease. The cytosolic concentration of Ca2+ required for 
this activation differs between isoforms. The targets of its proteolysis are difficult to 
predict as the calpain family recognizes a tertiary structure and not the primary sequence 
unlike many conventional proteases (3). 

Contrary to CAPN1 and CAPN2 that are ubiquitously expressed, the third isoform 
CAPN3 is restricted to the skeletal muscle. Interestingly, nanomolar levels of Ca2+ are 
sufficient to activate CAPN3 while CAPN1 and CAPN2 require micromolar and millimolar 
concentrations, respectively (4). In physiological conditions, CAPN3 is activated when 
local Ca2+ levels are higher than 200 nM over a long period. Such requirements are met 
following eccentric contractions (5,6). However, in tetanic and concentric contractions, 
CAPN3 remains in its inactive state, which makes CAPN3 activity specific to certain types 
of contractions. 

CAPN3 dysfunction causes the limb-girdle muscular dystrophy (LGMD) 2A also called 
calpainopathy, which is the most common type of LGMD, with 30% of the patients (7). 
The LGMD2A is an autosomal recessive form of muscular dystrophy characterized by 
muscle weakness of the proximal limb-girdle muscles eventually leading to a loss of 
ambulation. It derives from a single mutation of CAPN3 causing a defect in CAPN3 
function. As of now, 97 distinct mutations have been identified as a cause of LGMD2A (8). 

Among many peculiarities, CAPN3 is not freely present in the cytoplasm like CAPN1 
and CAPN2 but tightly bound to the N2 region of the myofiber (9) and to the triad (10) 
formed by a central t-tubule and two terminal cisternae of the sarcoplasmic reticulum 
(SR). In this region where many Ca2+ transporters are present, a tight control of the Ca2+ 
fluxes is maintained during excitation-contraction coupling by connecting the SR to the 
sarcolemma (11). The absence of CAPN3 or its impaired function is linked with Ca2+ 
disturbances within the myofibers including a decrease in Ca2+ release from the SR (10). 
Such impairments could well contribute to the clinical phenotype of the LGMD2A. 
Therefore, the investigation of the role of CAPN3 on the Ca2+ fluxes occurring at the triad 
is of great interest.

Recently, the Na+-Ca2+ exchanger family (NCX) has been shown to be a substrate of 
CAPN1 and CAPN2 (12). The third member of the family, NCX3, was revealed to be the 
only isoform specifically cleaved during excitotoxic conditions (12). NCX cleavage 
modifies its activity and the resulting Ca2+ influx (13). Interestingly, NCX3 is also expressed 
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in the skeletal muscles and has been found at the triad (14) where it extrudes Ca2+ across 
the sarcolemma prior to relaxation. Recently, NCX3 was hypothesized to be involved in 
the regulation of Ca2+ beyond Ca2+ extrusion, and several studies have suggested a role 
for NCX3 in Ca2+ re-entry into the SR (15,16) during prolonged exercise. 

The expression of NCX3 can give rise to different variants (17) due to an alternative 
splicing. Two variants have been described in mice NCX3-AC and NCX3-B. Previous work 
from our group showed that these variants have different capacities of exchange in 
physiological situations (15). It is however unclear whether the calpain family cleaves 
both variants and how the cleavage affects their functional properties. 

In the present study, we investigated for the first time the sensitivity of the different 
NCX3 variants to calpain using Fura-2-based Ca2+ imaging in presence of the calpain 
inhibitor calpastatin. The results were confirmed by the use of a siRNA targeting 
specifically CAPN1. By expressing both CAPN3 and its inactive form (C129S CAPN3), a 
novel regulation of NCX3 variants by the skeletal muscle CAPN3 was found. These 
properties were further compared with the expression pattern of the two variants 
among the different myofiber types. Finally, the combination of data concerning the 
reverse mode triggered by [Ca2+]i and by [Na+]i, together with the use of site-directed 
mutagenesis, enabled a full characterization of the transport capacities of the exchanger 
upon regulation by calpain and provided a new insight into the molecular determinants 
responsible for this sensitivity. 

Materials and Methods

Animal model
Four C57BL/6 mice were sacrificed and subsequently, the skeletal muscles from the left 
and right hind limbs were dissected and directly frozen in liquid nitrogen in order to 
obtain the gastrocnemius, the tibialis anterior (TA), the extensor digitorum longus, and 
the soleus. The heart sample used as a negative control was removed from four C57BL/6 
mice.

Cell lines and transfection
The Human Embryonic Kidney cells HEK293T, were cultured in a Dulbecco’s modified 
Eagle medium (Bio Whittaker-Europe, Verviers, Belgium) containing 10% (v/v) fetal calf 
serum, 2 mM L-glutamine at 37ºC with 5% (v/v) CO2. 48 hours prior to experiments cells 
were seeded on a six well-plate and transiently transfected. For double transfections, 
cells received 1 μg of each constructs for a total of 2 μg/well, using polyethylenimine 
cationic polymer PEI (Polysciences Inc., Warrington, PA) in accordance with the 
manufacturer’s instructions.
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Cloning and mutagenesis
Coding sequence of the human calpastatin (hCAST) was obtained from Dharmacon 
Research Inc. (Lafayette, CO). Human calpain-3 (hCAPN3) (kindly provided by Dr. van der 
Maarel, Leiden, The Netherlands) was subcloned into a pCINeo IRES-mCherry backbone. 
The subcloning of the mice NCX3-AC and NCX3-B into pCINeo IRES-GFP vectors with a 
HA-Tag fused at the N-terminus of the protein has been previously described in detail 
(15). Calpain cleavage sites were predicted using the group base prediction system-
calpain cleavage detector (GPS-CCD) 1.0 prediction tool (18). The variant specific 
cleavage site was mutated using site-directed mutagenesis, performed on NCX3-AC 
leading to the following mutation: LL-600601-WW NCX3-AC targeting the cleavage sites. 
Additionally, the exon C consisting of the –ALLLSP- region could be removed to NCX3-
AC (NCX3-A) and the C129S mutation inserted in hCAPN3 using a Quick-change site-
directed mutagenesis kit (Stratagene, La Jolla, CA).

Expression profile and quantitative real-time polymerase chain
reaction analysis
Tissue RNA was extracted using TRIzol total RNA Isolation Reagent (Life technologies BRL, 
Breda, The Netherlands). After DNAse treatment (Promega, Madison, WI), 1.5 μg of RNA 
was reverse-transcribed by Moloney-Murine Leukemia Virus-Reverse Transcriptase 
(Invitrogen, Carlsbad, CA) as previously described (19). Using a CFX96 real time PCR 
detection system (Bio-Rad, Hercules, CA), the relative quantification of NCX3 and the 
calpain isoforms were measured in the cDNA from tissues and normalized according to 
the Livak method on GAPDH expression. Absolute quantification of the variants NCX3-AC 
and NCX3-B was calculated thanks to NCX3 standard curves generated by using a diluted 
pCINeo-IRES-eGFP-mNCX3-AC and pCINeo-IRES-eGFP-mNCX3-B vectors. Calculations 
were performed as previously described (15,20) in order to obtain the absolute copy 
number for each variant. Sequences were amplified using the validated primers 
described in the table below (Table 1). 

Table 1 Primers sets for relative and absolute quantification by RT-PCR

Name primers Forward  (5’→ 3’) Reverse  (5’→ 3’)

Total mNCX3 GAGCTGGAGTTCAAGAATG CTTCCTGTCTGTCACTTC

mNCX3-AC GAAACAGTCAAAACAATTCACATC GTCACTTCTGGAGATAACAGGAG

mNCX3-B GAAACAGTGAAAACCATAAGGG CTGTCACTTCTGATATTCC

mCAPN1 ACCACATTTTACGAGGGCAC GGATCTTGAACTGGGGGTTT

mCAPN2 ACATGCGTACTCTGTCACCG GCTGGGGCAATTGTCATTCC

mCAPN3 ACAACAATCAGCTGGTTTTCACC CAAAAAACTCTGTCACCCCTCC

mGAPDH TAACATCAAATGGGGTGAGG GGTTCACACCCATCACAAAC
 
Each set of primers amplified a fragment of 70 bp to 150 bp and has been tested and validated 
beforehand.
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Silencing of calpain-1
Downregulation of CAPN1 expression was performed using siRNA targeting human 
calpain-1 and consisting of three to five target-specific 19-25 nt siRNAs (Santacruz, Dallas, 
TX) and a control siRNA (Dharmacon Research Inc., Lafayette, CO). 24 hours after plating, 
HEK293T cells were transfected with an optimized concentration of 30 nM of siRNA and 
1 μg/well of the NCX3 construct, NCX3-AC or NCX3-B, and 1 μg/well of mock vector 
using Lipofectamine. Functional experiments were performed 72 h after transfection, 
time required for an optimal downregulation with such siRNA. 

Immunoblot analysis 
HEK293T cells were lysed at 4 ºC in a solution of 150 mM NaCl, 5 mM EGTA, 50 mM Tris, 
pH adjusted to 7.5 with NaOH, Triton X-100 0.5% (v/v) and protease inhibitors (1 mM 
PMSF, 5 μg/mL leupeptin, 1 μg/mL aprotinin, 1 μg/mL pepstatin). After centrifugation at 
12,000 x g for 10 min, 5x Laemmli buffer containing 100 nM dithiothreitol was added to 
the supernatant. Lysates were subjected to SDS–PAGE 8% (w/v) and electroblotted onto 
polyvinylidene difluoride (PVDF) membranes. Blots were incubated with 5% (w/v) non-
fat dried milk in TBS-T (137 mM NaCl, 0.2% (v/v) Tween-20, and 20 mM Tris/HCl, pH 7.6). 
Immunoblots were incubated overnight at 4 ºC with either a mouse anti-Beta-actin 
antibody (1:1,000) (Sigma, MO, USA) or a goat anti-calpain-1 (1:150) (Santacruz, Dallas, 
TX) diluted in 1% (w/v) milk in TBS-T. PVDF membranes were incubated one hour at room 
temperature with a sheep horseradish peroxidase-conjugated anti-goat (1:2,000) or anti-
mouse (1:10,000) antibody (Sigma, MO, USA) in TBS-T. Afterwards, blots were visualized 
using the enhanced chemiluminescence system (ECL, Thermo Fisher). 

Fura-2 measurements 
NCX3 activity was measured by recording intracellular Ca2+ level. HEK293T cells were 
seeded on coverslips coated with fibronectin (Roche, Mannheim, Germany) prior to 
transfection. 48 hours after transfection the cells were loaded for 20 min at 37 ºC with the 
ratiometric probe Fura-2-AM 3 μM and 0.01% (v/v) pluronic acid F-127 (Invitrogen, 
Carlsbad, CA) in Krebs solution (5.5 mM KCl, 147 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 
10 mM glucose, and 10 mM HEPES/NaOH, pH 7.4). After a 10-min wash, coverslips were 
mounted onto a stage of an inverted microscope (Zeiss Axiovert 200M, Carl Zeiss, Jena, 
Germany). Changes in medium and addition of compounds were facilitated using a 
perfusion system. [Ca2+]i was monitored by exciting Fura-2 with monochromatic light of 
wavelength 340 and 380 nm (Polychrome IV, TILL Photonics, Gräfelfing, Germany). 
Fluorescence emission was directed by a 415DCLP dichroic mirror (Omega Optical, Inc., 
Brattleboro, VT) through a 510WB40 emission filter (Omega Optical, Inc.) onto a CoolSNAP 
HQ monochrome charge-coupled device (CCD) camera (Roper Scientific, Vianen, The 
Netherlands). The integration time of the CCD camera was set at 200 ms with a sampling 
interval of 3 s. All hardware was controlled with Metafluor software (version 6.0, Universal 
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Imaging Corp., Downingtown, PA). For each wavelength, the mean fluorescence intensity 
was monitored in an intracellular region and, for purpose of background correction, in an 
extracellular region of identical size. After background correction, the fluorescence 
emission ratio (340 nm/380 nm) was calculated to determine the Fura-2 ratios. Ten to 
nineteen individual GFP-positive cells were selected and monitored simultaneously from 
each coverslip. After double transfection of CAPN3 and NCX3, only cells positive for both 
GFP and mCherry were selected. The reverse mode of NCX activity was evaluated using 
the Ca2+ uptake that follows the removal of extracellular Na+ using a NMDG solution (5.5 
mM KCl, 147 mM N-methyl glucamine, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, 
and 10 mM HEPES/HCl, pH 7.4) (21). All buffers were kept at 37 ºC and the variability in 
osmolality was lower than 5 mOsm. The activation of the reverse mode of the exchanger 
was achieved by either raising the [Ca2+]i using the sarcoplasmic reticulum Ca2+-ATPase 
inhibitor thapsigargin (1 μM) simultaneously with the Na+ removal, or raising the [Na+]i 
with a 60-min incubation in presence of the inhibitor of the Na+-K+ ATPase ouabain (1 
μM) (21) prior to the experiments with a perfusion during recordings. 

Statistical analysis
All results are based on at least three different sessions of experiments. The Fura-2 ratio is 
an average of ≥ 50 individual cells. Values are expressed as means ± S.E.M. Statistical 
significance (P < 0.05) was determined using One-way ANOVA with the Bonferroni’s 
procedure.

Results

Expression of calpains and NCX3 in skeletal muscle 
Using RT-PCR, mRNA levels of the calpain family members were measured in cardiac 
tissues and skeletal muscles of different fiber types: slow-twitch fibers predominant in 
the soleus, fast-twitch fibers dominant in the extensor digitorum longus (EDL), or mixed 
fibers such as those found in the gastrocnemius and the tibialis anterior (TA). The 
measurements revealed that calpains were highly expressed in soleus, showing 2.3-, 2.9- 
and 3.3- fold increases for CAPN1, CAPN2, and CAPN3, respectively, compared to the 
other skeletal muscles (Figure 1A-C). Expression of CAPN1 in the heart was somewhat 
lower with a 1.3 fold increase expression compared to the gastrocnemius, while CAPN2 
was increased by a factor of 4.1. Finally, CAPN3 expression in cardiac tissue was more 
than 55 times lower than in skeletal muscle. A similar expression pattern was observed 
for NCX3, which confirmed the specific enrichment of both CAPN3 and NCX3 in the 
skeletal muscle (Figure 1D). NCX3 expression was highest in the EDL, followed by the 
soleus, the TA, and the gastrocnemius. Using an absolute quantification method, we 
were able to obtain the percentage of the different variants of NCX3, NCX3-AC containing 
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both exons A and C, and NCX-B containing only the exon B (Figure 1E). These data 
revealed the predominance of NCX3-AC in all fiber types. However, in the soleus, NCX3-
AC was 72% of the total NCX3 while for the other fiber-type this percentage was higher 
than 94%. 

Figure 1 NCX3 and calpain expression in mice skeletal muscle. 

A, CAPN1, B, CAPN2, C, CAPN3 and D, NCX3 expression at mRNA levels in several types of skeletal 
muscle. Values are normalized on the housekeeping gene GAPDH. E, The percentage of each NCX3 
variants represented as the absolute copy number of either NCX3-B (white) and NCX3-AC (grey) 
compared to the sum of both quantifications. For clarity, S.E.M. of value < 3 % in each case is not 
depicted. 

Effect of CAPN on NCX3 activity 
The effect of calpain activation on NCX3 reverse activity was investigated using the 
ratiometric Fura-2 probe. The reverse mode of exchange, where Ca2+ enters the cell, was 
triggered by the switch to a Na+-free medium together with a rise in either [Na+]i or [Ca2+]i. 
In order to elevate the Ca2+ levels, the cells were perfused with a Na+-free medium 
containing thapsigargin. Thapsigargin inhibits the SERCA ATPase and therefore prevents 
the re-uptake of Ca2+ in the endoplasmic reticulum (ER). As the ER constitutively leaks 
Ca2+, the Ca2+ stocks were emptied in a slow manner. [Na+]i was elevated by incubating 
cells with ouabain in a Na+-rich medium prior to the measurements. By blocking the Na+-
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K+-ATPase, ouabain causes a gradual rise in intracellular Na+ until similar concentrations 
across the plasma membrane are reached. The activity of both variants of NCX3 was 
recorded in HEK293T cells expressing an NCX3 variant together with an empty vector 
(Mock) or the calpain inhibitor calpastatin (CAST). Importantly, our group previously 
determined the plasma membrane localization of NCX3 in transfected HEK293T cells by 
cell surface biotinylation. Importantly, NCX3-AC and NCX3-B were both expressed at the 
plasma membrane in similar amount (15). 

In NCX3-B expressing cells, exchange activity remained unchanged by the expression 
of calpastatin, while the exchange capacity of NCX3-AC was decreased (Figures 2A and 
2C). Thus, in the reverse mode, the calpastatin expression caused a significant decrease 
in the maximum Ca2+ levels measured in the NCX3-AC expressing cells under Na+-free 
conditions (Figures 2B and 2E), regardless of whether intracellular Ca2+ or Na+ was 
increased. Furthermore, the expression of the calpain inhibitor significantly diminished 
the initial Ca2+ uptake observed in NCX3-AC expressing cells in presence of extracellular 
Na+ and ouabain (Figure 2D).

 
Silencing of CAPN1 and the NCX3 Ca2+ uptake
CAPN1, CAPN2, and CAPN3 are the three major isoforms of calpains found in skeletal 
muscle. CAPN1 and CAPN2 are also ubiquitously expressed and therefore endogenously 
expressed in HEK293T. Due to their different thresholds of activation by Ca2+, CAPN1 was 
more likely to be the unique isoform activated during our functional assays as its 
threshold is in the micromolar range and CAPN2 is activated by Ca2+ fluxes in the 
millimolar range. Incubating the cells with thapsigargin resulted in a mild rise of [Ca2+]i in 
the micromolar range. In a similar manner, the incubation of cells expressing NCX3 with 
ouabain gradually raised Na+ levels and triggered a Ca2+ influx that was able to activate 
CAPN1 (22). In order to investigate the potential role of CAPN1 on the activity of NCX3 
variants, CAPN1 was silenced using siRNA specifically targeting CAPN1 in HEK293T. The 
expression of CAPN1 was measured by immunoblotting 72 h after transfection (Figure 
3E). CAPN1 has an electrophoretic mobility of 80 kDa (23). The quantification revealed a 
significant downregulation of 50 %. As with the cells transfected with calpastatin, the 
direct silencing of CAPN1 had no effect on NCX3-B activity in reverse mode activated by 
either [Na+]i or [Ca2+]i (Figures 3A and 3D). Nonetheless, in the reverse mode conditions 
triggered by intracellular Ca2+, silencing CAPN1 significantly decreased the maximum 
Ca2+ uptake of the NCX3-AC expressing cells compared to the untargeted siRNA 
conditions (Figure 3B). This effect is also observed when [Na+]i is increased, where 
intracellular Ca2+ uptake is significantly decreased during perfusion with a Na+-rich 
medium (Figure 3D). 
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Figure 2 Influence of the calpain inhibitor calpastatin on the reverse mode of exchange 
of NCX3. 

The reverse mode of exchange of NCX3 was measured by recording the ratio 340/380 nm in 
HEK293T cells loaded by Fura-2-AM. Ca2+ influx was measured in HEK293T cells expressing NCX3-AC 
(filled) and NCX3-B (open) after double transfection with an empty vector (circle) or calpastatin 
(triangle). Cells were perfused with a Na+-rich medium (147 mM Na+). A, At 120 s, reverse NCX mode 
was initiated by perfusing with a Na+-free medium and depleting the internal Ca2+ stores by 
applying 1 μM thapsigargin. B, Mean values of the maximum Fura-2 ratio, shown in A, after removal 
of Na+. C, Reverse NCX mode was recorded after rising intracellular Na+ by a 60-min incubation with 
the Na+-K+ ATPase inhibitor ouabain and at 120 s by perfusing the cells with a Na+-free medium. The 
340/380 nm emission ratios are shown representing for each point the mean of the data, after three 
independent experimental sessions for a number (n) of cells (n > 71). D, Baseline of Fura-2 ratio after 
incubation with ouabain shown in C. E, maximum values of Fura-2 ratio after removal of extracellular 
Na+, shown in C.

A B

C

D

E

NCX3-B
 + M

oc
k

NCX3-B
 + CAST

NCX3-A
C + M

oc
k

NCX3-A
C + CAST

0

0.75

1.00

1.25

1.50

M
ax

im
um

 F
ur

a-
2 

(3
40

/3
80

)

*

NCX3-B
 + M

oc
k

NCX3-B
 + CAST

NCX3-A
C + M

oc
k

NCX3-A
C + CAST

0.0

0.8

1.0

1.2

1.4

1.6

1.8

Ba
se

lin
e 

Fu
ra

-2
 (3

40
/3

80
)

*

NCX3-B + M
ock

NCX3-B
 + CAST

NCX3-AC + M
ock

NCX3-A
C + CAST

0

1.2

1.6

2.0

2.4

M
ax

im
um

 F
ur

a-
2 

(3
40

/3
80

)

*

0 30 60 90 120 150 180 210 240 270 300
0

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Time (seconds)

Fu
ra

-2
 (3

40
/3

80
)

147 mM Na+ 0 mM Na + Thapsigargin +

0 30 60 90 120 150 180 210 240 270 300
0

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

Time (seconds)

Fu
ra

-2
 (3

40
/3

80
)

147 mM Na+ + Ouabain 0 mM Na+ + Ouabain

Figure 2

Inner Layout Lauriane Michel def.indd   96 05-09-16   13:25



Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016

505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel

Regulation of NCX3 variants by calpain | 97

4

A B

C

D

E

NCX3-B
 + M

oc
k

NCX3-B
 + CAST

NCX3-A
C + M

oc
k

NCX3-A
C + CAST

0

0.75

1.00

1.25

1.50

M
ax

im
um

 F
ur

a-
2 

(3
40

/3
80

)

*

NCX3-B
 + M

oc
k

NCX3-B
 + CAST

NCX3-A
C + M

oc
k

NCX3-A
C + CAST

0.0

0.8

1.0

1.2

1.4

1.6

1.8

Ba
se

lin
e 

Fu
ra

-2
 (3

40
/3

80
)

*

NCX3-B + M
ock

NCX3-B
 + CAST

NCX3-AC + M
ock

NCX3-A
C + CAST

0

1.2

1.6

2.0

2.4

M
ax

im
um

 F
ur

a-
2 

(3
40

/3
80

)

*

0 30 60 90 120 150 180 210 240 270 300
0

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Time (seconds)

Fu
ra

-2
 (3

40
/3

80
)

147 mM Na+ 0 mM Na + Thapsigargin +

0 30 60 90 120 150 180 210 240 270 300
0

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

Time (seconds)

Fu
ra

-2
 (3

40
/3

80
)

147 mM Na+ + Ouabain 0 mM Na+ + Ouabain

Figure 2
A B

C

D

E

0 30 60 90 120 150 180 210 240 270 300
0

0.4

0.6

0.8

1.0

1.2

Time (seconds)

Fu
ra

-2
 (3

40
/3

80
)

147 mM Na+ 0 mM Na+ + Thapsigargin 

Calpain-1 

β-Actin

   siRNA        Untargeted                Calpain-1
NCX3-AC   NCX3-B  NCX3-AC  NCX3-BkDa

72

40

Unta
rge

ted

siR
NA 

0

40

80

120

%
 e

xp
re

ss
io

n 
of

 C
A

P
N

1 
no

rm
al

iz
ed

 to
 β

-a
ct

in

*

CAPN1

siR
NA 

0 30 60 90 120 150 180 210 240 270 300
0

0.8

1.2

1.6

2.0

2.4

Time (seconds)

Fu
ra

-2
 (3

40
/3

80
)

147 mM Na+ + Ouabain 0 mM Na+ + Ouabain

NCX3-B
 + 

siR
NA U

nta
rge

ted

NCX3-B
 + si

RNA C
APN1

NCX3-A
C + 

siR
NA U

nta
rge

ted

NCX3-A
C + si

RNA C
APN1

0

0.8

1.0

1.2

1.4

1.6

B
as

el
in

e 
Fu

ra
-2

 (3
40

/3
80

)

*

Figure 3

NCX3-B
 + 

siR
NA U

nta
rge

ted

NCX3-B
 + 

siR
NA C

APN1

NCX3-A
C + 

siR
NA U

nta
rge

ted

NCX3-A
C + 

siR
NA C

APN1
0

0.8

1.0

1.2

M
ax

im
um

 F
ur

a-
2 

(3
40

/3
80

)

*

Figure 3 Ca2+ influx by NCX3 after silencing of CAPN1. 

Ca2+ influx measured in HEK293T cells loaded with Fura-2-AM and exposed for 72 h to either the 
CAPN1 siRNA (triangle), either the untargeted siRNA (circle) and simultaneously transfected with 
NCX3-AC (filled) or NCX3-B (open). A, Ca2+ uptake was triggered by an increase in intracellular Ca2+ 
caused by exposure to a Na+-free medium together with thapsigargin (1 μM) and C, by an increase 
in intracellular Na+ obtained after 60 min incubation with ouabain (1 μM) followed by the exposure 
to Na+-free medium after 120 s. The ratios are shown representing for each point the mean of the 
data, after three independent experimental sessions for a number (n) of cells (n > 70). B, Mean 
values of the maximum Fura-2 ratio after addition of thapsigargin (1 μM) shown in A. D, Mean 
values of the baseline of Fura-2 ratio after exposure to ouabain, the first 60 s of measurements are 
averaged. E, Representative immunoblots of the downregulation of CAPN1 expression 72 h after 
exposure to siRNA. β-actin is used as a loading control. Percentage of downregulation of CAPN1 
was normalized on β-actin expression and data were measured on four different experiments and 
for both cells expressing NCX3-B and NCX3-AC.

Influence of the proteolytic activity of CAPN3 on NCX3 capacity
The third isoform of calpain, CAPN3, was not expressed in our cell model and was 
therefore transfected together with NCX3 variants. The overexpression resulted in an 
increase in the maximum intracellular Ca2+ levels recorded in NCX3-AC expressing cells 
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in both thapsigargin and ouabain conditions (Figure 4). Additionally, the baseline 
measured after ouabain incubation was significantly elevated compared to the normal 
conditions revealing a higher Ca2+ uptake in presence of extracellular Na+ (Figure 4D). In 
both conditions, the exchange capacity of the NCX3-B expressing cells remained 
unchanged.

Site-directed mutagenesis was used to introduce a C129S mutation in the CAPN3 
sequence. This mutation inactivated the catalytic site of CAPN3 (24). In cells expressing 
C129S CAPN3, the function of NCX3-B measured in both ouabain and thapsigargin 
conditions was unchanged while the increase in Ca2+ uptake observed for NCX3-AC was 
abrogated (Figures 4B, 4D and 4E).

Figure 4 The reverse mode of NCX3 and the skeletal muscle-specific CAPN3. 

The reverse mode of NCX3 was measured in HEK293T cells by recording the 340/380 nm ratio after 
loading the cells with Fura-2. Cells were transfected with NCX3-AC (filled) and NCX3-B (open) after 
double transfection with an empty vector (circle), CAPN3 (triangle) or C129S CAPN3, an inactive 
form of CAPN3. For clarity, the recordings of C129S CAPN3 have not been included in A and C. The 
reverse mode was triggered by the removal of extracellular Na+ A, simultaneously with a rise in 
intracellular Ca2+ by thapsigargin or C, after 60 min incubation with ouabain. The ratios are shown 
representing for each point the mean of the data, after three independent experimental sessions 
for a number (n) of cells (n > 47). B and E, Mean values of the maximum Fura-2 ratio after removal 
of Na+ and D, at the baseline that includes the first 60 s of measurements shown in A and C, 
respectively, and the C129S CAPN3. 
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Targeting the molecular determinants of the regulation by calpain
The data recorded in Figure 2, 3, and 4 clearly demonstrated that NCX3-AC activity is 
regulated by different calpains. Additionally, one of the cleavage sites for calpain 
predicted by the software program Group base prediction system - calpain cleavage 
detector (GPS-CCD 1.0) (18) is located in the exon C of NCX3-AC, between the Leu601 and 
Leu602 (Figure 5A). Next, exon C was removed by site-directed mutagenesis. The mutant 
NCX3-A had a significantly lower Ca2+ uptake when incubated with thapsigargin than 
NCX3-AC (Figures 5B and 5C). This decrease corresponded to the observed effect of 
silencing of CAPN1 and remained significantly higher than NCX3-B activity. Furthermore, 
expression of CAST or CAPN3 had no significant effect on the Ca2+ uptake recorded for 
NCX3-A expressing cells (Figures 5B and 5C), which confirms that the exon C is directly 
implicated in the regulation by calpain possibly by cleavage.

The positions -1 and -2 of a cleavage site are of major importance for the recognition 
of the site by calpain (25). Therefore, the residues Leu600 and Leu601 were mutated into 
Trp600 and Trp601, residues carrying the lowest probability of occurrence in a calpain 
cleavage site (25), and unlikely to be recognized by the calpain. In the reverse mode 
activated by an increase in [Ca2+]i, the capacity of the LL600601WW-NCX3-AC mutant 
was significantly decreased compared to NCX3-AC and similar to NCX3-A (Figures 5B 
and 5C). In a similar manner, during reverse activation by an increase in [Na+]i, the highest 
intracellular Ca2+ value of LL600601WW-NCX3-AC in Na+-free conditions is decreased 
compared to NCX3-AC expressing cells (Figures 5D and 5F). In Na+-rich conditions the 
exchange capacity of LL600601WW-NCX3-AC mutant as observed by the baseline of 
Fura-2 during ouabain exposure was decreased compared to NCX3-AC (Figure 5E), but 
it was identical to NCX3-AC in the presence of calpastatin while remaining, significantly 
higher than NCX3-B. The LL600601WW-NCX3-AC activity remained unchanged in CAST 
and CAPN3 conditions in both thapsigargin and ouabain conditions, similarly to NCX3-A. 
Thereby, the mutation of the two residues abrogated the regulation of the exchanger by 
both CAPN1 and CAPN3.

 

Discussion

The present study unraveled for the first time the influence of the muscle-specific CAPN3 
on the activity of NCX3. Furthermore, this study revealed the specificity of CAPN1 and 
CAPN3 for the variant NCX3-AC, predominant in skeletal muscle, as an increase of the 
reverse mode of exchange is observed solely for this variant and implicates the presence 
of the exon C to be responsible for the CAPN effect. First, the muscle-specific CAPN3 
elevated the Ca2+ uptake performed by NCX3-AC in its reverse mode triggered by a rise 
in either [Ca2+]i or [Na+]i. Such an increase was absent in NCX3-B expressing cells. 
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Figure 5 Targeting the calpain cleavage site of NCX3-AC

A, Alignment of amino acid sequence of the alternatively spliced exons A, B and C of the two 
variants NCX3-AC and NCX3-B using ClustalW software. Mutated residues are indicated by arrows 
and missing residues by dashes. The predicted calpain cleavage site is located after the second 
arrow. B-F, 340/380 nm ratios recorded in HEK293T cells transfected loaded with Fura-2-AM during 
the reverse mode of NCX3 after removal of extracellular Na+, B and D together with the exposure to 
thapsigargin (1 μM) and D to F, after 60 min exposure to ouabain (1 μM). B, Fura-2 ratio of cells 
expressing NCX3-AC (black), NCX3-A (grey) and NCX3-B (white) together with an empty vector 
(circle), calpastatin (down-pointing triangle), CAPN3 (up-pointing triangle). For clarity, the 
recordings of the mutant LL600601WW NCX3-AC are not shown. C, Mean values of the maximum 
Fura-2 ratio after removal of Na+ in all recorded conditions. D, The Ca2+ influx has been measured by 
recording the 340/380 nm ratio in cells loaded with Fura-2 ratio and expressing NCX3-AC (black) or 
LL600601WW NCX3-AC (grey) together with an empty vector (circle), calpastatin (down-pointing 
triangle), CAPN3 (up-pointing triangle). For clarity, the recordings of NCX3-B variant have not been 
included. E and F, Mean values of the baseline and maximum Fura-2 ratio, respectively. The baseline 
represents the mean values for the first 60 s of the measurements. All ratios represent for each point 
the mean of the data, after three independent experimental sessions for a number (n) of cells (n > 54).

The involvement of CAPN3 catalytic activity was further demonstrated by the lack of 
effect with the inactive form of CAPN3, the C129S mutant. Secondly, the inhibition by 
calpastatin of multiple proteases such as CAPN1 and CAPN2 decreased Ca2+ uptake by 
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NCX3-AC, an effect unique to this variant. The silencing of CAPN1 confirmed this effect, 
thereby suggesting that CAPN2 and additional intracellular proteases inhibited by 
calpastatin have no influence on NCX3 activity (26). Together, these results help to 
unravel the roles of CAPN1 and CAPN3 in increasing the reverse mode capacity of NCX3. 

In the present experiments, the NCX3 activity was triggered by a Na+ removal in the 
extracellular medium, which lead to a strong intracellular Ca2+ entry. Such entry provokes 
CAPN1 autolysis as this process can be rapidly achieved following a strong Ca2+ rise, 
although in diverse cell types CAPN1 can also be found in its autolyzed form at resting 
state (27,28). In this regard, previous study from our group has shown that Ca2+ levels in 
HEK293T cells expressing NCX3-AC and NCX3-B were unchanged in both cytoplasm and 
ER at resting state(15). Therefore, CAPN1 activation in this study is expected to be similar 
in all conditions. 

Additionally, this study identified the molecular determinants of the calpain sensitivity. 
Among the predicted sites for calpain cleavage, a variant-specific site was predicted in 
exon C, and the activity of NCX3-A, a mutant missing the exon C, was measured. NCX3-A 
had an activity similar to the one recorded under CAPN1 inhibition by either calpastatin 
or siRNA, thereby demonstrating the loss of the calpain sensitivity. The two key residues 
of the hypothesized calpain cleavage site, Leu600 and Leu601, were mutated into Trp600 and 
Trp601, respectively. These mutations diminished the Ca2+ uptake performed in the 
reverse mode of exchange by NCX3-AC. The similarity to NCX3-A activity confirmed the 
implication of the two residues Leu601 and Leu602 in the regulation of NCX3-AC by calpain, 
which possibly occurs by cleavage. However, the decreased activity of NCX3-AC in the 
absence of calpain can not fully explain the differences observed between the variant 
NCX3-AC and NCX3-B, as the mutations of Leu600 and Leu601 are not sufficient to obtain 
the properties of NCX3-B. The difference between the two variants has been previously 
attributed to the mutually exclusive exons A and B and their influence on the Ca2+-
binding domain 2 (CBD2) of the intracellular loop of NCX3. However, the exon C, 
responsible for the sensitivity to calpain, most likely contributes as well to the functional 
differences between the two variants. This additional effect of exon C could explain the 
inability of any of the mutations targeting the CBD2 in exon B of NCX3-B to fully 
reproduce NCX3-AC activity in the reverse mode activated by intracellular Na+ (15). 

Calpain recognizes its cleavage site by the primary sequence as well as the tertiary 
structure, which complicates the identification of a consensus sequence for the calpain 
cleavage site. Tompa et al. attempted to pinpoint the residues necessary for cleavage in 
11 amino acids (25). The exon C, where a calpain cleavage site is predicted at Leu602, 
carries only six residues –ALLLSP- that have a high occurrence in calpain cleavage sites 
(25). Here, the investigation of the potential cleavage of NCX3-AC at Leu602 and detection 
of its generated fragments would be needed to confirm whether or not the exon C is 
carrying a cleavage site for calpain. Furthermore, the neighboring sequence at the end 
of exon A and at the beginning of exon 5 is of importance as well for the recognition by 
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calpain. The point mutation of each residue of this region would provide further 
information on which residues are necessary for the recognition by calpain. 

Interestingly, the three Leucine residues located next to the predicted cleavage site 
are conserved within the NCX family. NCX2, expressed in the brain also expresses the 
exon C of sequence –ALLLNQ-. In NCX1, the exon C of sequence –ALLLNEL- (17) is 
alternatively spliced. The splice variants of NCX1 carrying the exon C are detected in 
excitable tissues (17,29,30). Additionally, the cleavage of NCX by the calpain family has 
only been reported in excitable tissues (12,31,32). Therefore, the implication of the exon 
C in the regulation of both NCX1 and NCX2 and its potential cleavage by calpain at 
position Leu602 warrants further exploration. 

The cleavage of NCX3 by CAPN1, leading to a hyperactive exchanger has been 
reported previously (13). The description by Bano et al. of the cleavage sites in neurons 
did not describe a site located on the exon C (12). Furthermore, NCX3-B is predominant 
in neuronal tissues, but in our experiments, NCX3-B was unaffected by CAPN1. This could 
be explained by the different cellular model used and conditions of experiments that 
would lead to diverse status of the cells. It has been found that several types of post-
translational regulation, such as calmodulin binding (33,34), phosphorylation (35,36), 
and phosphoinositide binding (37), can be involved in protecting the cleavage site of 
the target protein or favor a specific site of cleavage. From these different studies, some 
common mechanisms arise. First, the intracellular loop of NCX3 is of significant 
importance for NCX3 regulation. Secondly, in NCX3 as well as in diverse Ca2+ channels 
(38,39) and transporters (40,41), the proteolytic activity of the calpain family goes beyond 
its role in protein degradation and provides an additional Ca2+-dependent regulatory 
mechanism in order to adjust the Ca2+ fluxes of the cells. 

In this study, we have shown that CAPN1, CAPN2, and the muscle-specific CAPN3 are 
expressed in skeletal muscle. Unlike CAPN2, CAPN1 and CAPN3 can be activated under 
physiological conditions in myofibers. CAPN1, freely present in the sarcoplasm, is 
autolyzed and activated during the prolonged elevation of [Ca2+]i to micromolar levels 
such as that following eccentric exercise. In these conditions, a disruption of the 
excitation-contraction (EC) coupling can occur, caused by the decrease in Ca2+ release 
from the SR that could lead to post-exercise fatigue and contribute to the muscle 
weakness observed in several muscular pathologies (42). In the myocardium, the CAPN1 
activation observed during an ischemic event affects the SR Ca2+ content and release 
capacity leading to a cardiac contractile dysfunction (43). Therefore, the increased 
activity of NCX3-AC caused by CAPN1 could either constitute a protective attempt to 
refill the intracellular Ca2+ stores in skeletal muscle and to delay the E-C uncoupling or to 
compete with the Ca2+ re-uptake into the SR by an enhanced Ca2+ extrusion. The low rate 
of [Ca2+]i increase during these specific uncoupling events greatly favors the activation of 
the reverse mode. Furthermore, the capacity of NCX to refill the SR Ca2+ levels has been 
observed in several excitable tissues such as cardiomyocytes (44), slow-twitch fibers (16), 
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and smooth muscle cells (45,46). Additionally, both an elevated CAPN1 activity (47) and 
an increased capacity of exchange by NCX (48) were observed in the mdx model of 
Duchenne muscular dystrophy, where higher sarcoplasmic Ca2+ levels were found. 
Finally, the cleavage of NCX3 by calpain in neurons provoked a significant increase in ER 
Ca2+ content and delayed the caspase activation during neuronal excitotoxicity (13). 

Regarding CAPN3 in the myofiber, the protease is tightly bound at the myofibril and 
at the triad, a privileged region for Ca2+ fluxes responsible for the EC coupling. The 
conditions necessary for CAPN3 activation are not yet fully understood. Its activation 
seems to occur from 24 to 48 hours following eccentric exercise (49), a phase of intense 
sarcomeric remodeling where the SR Ca2+ content slowly rises again until it reaches 
normal levels 48 h after exercise (50). The increase in NCX3 activity following CAPN3 
cleavage could, therefore, be involved in the persistent increase in the Ca2+ content of 
the SR during the days following eccentric exercise. This hypothesis is consistent with 
the Ca2+ disturbances (10,51), such as a low Ca2+ release from the SR, observed in the 
CAPN3 knock-out (KO) fibers mimicking the LGMD2A condition. Additionally, while 
several potential substrates of CAPN3 appear to be affected by the protease through 
non-proteolytic action (52), the proteolytically inactive CAPN3 (C129S CAPN3) was not 
shown to have any effect on NCX3-AC activity, further demonstrating that CAPN3 
modulates NCX3-AC through cleavage. It has to be noted that in our study the CAPN3 is 
expressed in high levels and freely present in the cytoplasm of the HEK cells, therefore 
more prone to activation at lower [Ca2+]i. This might well explain the activation of CAPN3 
in our experiments despite the specific requirements for its activation, described by 
others, in terms of [Ca2+]i and exercise. Our study has been performed in HEK cells, as a 
well-used cell model for the investigation of the capacity of exchange and the ionic 
regulations of the NCX family (53,54). The study of the regulation of NCX3 by calpain in 
the dense cellular organization of the myofiber would be essential in order to conclude 
on the role of NCX3 in the Ca2+ disturbances of LGMD2A. 

In conclusion, a novel target sensitive to the muscle-specific CAPN3 was identified. 
This sensitivity was found to be restricted to the skeletal muscle variant NCX3-AC. The 
site located in the exon C was identified as implicated in the regulation of the exchanger 
by CAPN1 and CAPN3, possibly by a direct cleavage and might be involved with other 
Ca2+ transporters in the Ca2+ refilling of the SR, subsequent to the EC uncoupling. The loss 
of regulation of NCX3 by CAPN3 could therefore be implicated in diverse muscular 
pathologies such as the LGMD2A. 
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Abstract

The NCX family of Na+-Ca2+ exchangers significantly contributes to maintenance of Ca2+ 
homeostasis throughout the body. In addition to their role in neuronal differentiation, 
long-term potentiation and memory, NCX1 and NCX3, are crucially involved in 
neuroprotection during excitotoxicity and neuronal injury. Importantly, brain region-
specific expression of these isoforms remains unknown. Furthermore, the influence of 
excitotoxicity on NCX expression has never been examined. Here, we report that in 
hippocampus, prefrontal and parietal cortex the NCX1 transcript is more abundantly 
expressed than the NCX3 transcript in two mice strains, while both exchangers are 
equally expressed in striatum, cerebellum and brain stem. Next, we quantified, for the 
first time, the brain-specific expression of NCX3 splice variants and observed that in all 
regions NCX3-B expression was higher than that of NCX3-BC, while NCX3-AC transcripts 
were barely detectable. NCX3-BC is held responsible for the neuroprotective action of 
NCX3. Therefore, regions, such as brain stem, expressing most of this variant, might be 
less prone to neuronal death during excitotoxicity. Finally, NCX expression was quantified 
in brain regions of Glud1 and AβPPswe/PS1dE9 transgenic mice, facing hyper-glutamatergic 
and excitotoxic conditions due to respectively glutamate over-stimulation and 
Alzheimer’s pathology. None of the two models showed significant alterations in NCX1 
and NCX3 transcript expression compared to WT, while significant changes were 
reported following ischemic preconditioning. Furthermore, expression levels of NCX3 
splice variants remained likewise unaffected. Together these findings suggest that 
neurons may differentially respond to distinct types of stress and injuries. 

Keywords: Sodium-calcium exchange, alternative splicing, Ca2+ transport, absolute 
quantification, neuronal stress, excitotoxicity, Alzheimer’s disease 
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Introduction 

One of the primary and most common cell responses to stress conditions such as 
hypoxia (1), anoxia (2), or toxic exposure (3,4) originates from the ability of the cell to 
trigger a strong Ca2+ influx. This mechanism is found in many tissues including liver (4), 
muscle (5), cardiac tissues (6), or neurons (7). Ca2+ overload can lead to cellular damage 
by activation of many enzymes involved in protein and DNA/RNA breakdown (8,9). 
Furthermore Ca2+ influx, by increasing ROS production (10), is extremely toxic for the cell 
and an overload of mitochondria with Ca2+ might trigger cell death (11). In neurons, the 
initial Ca2+ transient occurring upon excitotoxic conditions is followed by a secondary 
gradual rise in intracellular Ca2+ levels (12). The primary rise of intraneural Ca2+ has been 
attributed to several mechanisms including activation of nicotinic, NMDA and AMPA 
receptors (13-15). However the exact mechanisms underlying the secondary rise in 
intracellular Ca2+ content and its role in cellular stress responses are not fully understood. 

The family of Na+-Ca2+ exchangers, NCX, is found in all cell types and members of this 
family are highly expressed in the brain (16). NCX is implicated in the Ca2+ fluxes across 
the plasma membrane and its exchange capacity is activated by anoxic and hypoxic 
conditions (17-19). Therefore, NCX was originally hypothesized to be responsible for the 
secondary Ca2+ influx following exposure to stress. However, previous studies revealed 
that the first and the third isoforms, NCX1 and NCX3, showed a neuroprotective capacity 
during ischemia (20,21) and are involved in preconditioning phenomena (22). 

In excitotoxic conditions, the exposure of neurons to high concentrations of 
glutamate or to amyloid peptide, as seen in Alzheimer’s disease, leads to a rise in 
intracellular Ca2+ levels. In such pathological conditions, NCX is also found to play a 
neuroprotective role, in particular NCX3. Originally thought to exert its action via efflux 
of Ca2+, a recent study on the third isoform of the NCX family, NCX3, has revealed that the 
exchanger achieves neuroprotection by maintaining the ER Ca2+ levels via a Ca2+ uptake 
in its reverse mode of exchange, thus leading to a delay in caspase activation and 
prevention of neuronal cell death (23). The neuroprotective capacity is further augmented 
by the cleavage of NCX3 by the calpain proteases (23,24).

Although NCX expression in hypoxia and anoxia has been extensively studied, little is 
known about changes in the expression of NCX3 under excitotoxic conditions in different 
regions of the brain. In particular, it remains unclear whether NCX expression is 
upregulated during excitotoxicity, as it is the case following ischemic preconditioning 
and postconditioning (25,26). Furthermore, we recently showed that specific variants of 
NCX3 can be cleaved by calpain (24). Therefore, the investigation of the expression of 
NCX3 variants and their distribution in the brain is of great interest to fully understand 
the extent to which NCX3 can be neuroprotective in each brain region. Additionally, 
despite the multiple studies dedicated to NCX in the brain, a quantitative description of 
the regional distribution of NCX1 and NCX3 in the healthy brain is missing and would be 
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important in attempting to comprehend the physiological roles of NCX isoforms in each 
region of the brain, and their action during stress.

In this study, we performed a comparative investigation of the expression of NCX 
isoforms in several brain regions in healthy and excitotoxic situations. We first 
characterized and compared the expression of NCX in healthy WT animals from two 
mouse strains. By means of absolute quantification, the expression of the different 
isoforms NCX1 and NCX3 was compared in six regions of the brain. Next, by using two 
mouse models, Glud1 and AβPPswe/PS1dE9 (AβPP/PS1) transgenic mice, we measured the 
variation in the expression of NCX isoforms in murine brains that were under stress 
conditions. These mouse models allowed us to compare NCX expression in brain regions 
under conditions of a moderate increase in synaptic concentration of glutamate 
measured in Glud1 mice (27) with that under strong excitotoxic conditions as seen in the 
AβPP/PS1 mice (28), and thus characterize the effect of hyper-excitation and excitotoxicity 
on NCX expression levels in the brain. Finally, by using primers specifically designed to 
detect single variants of NCX3, the mRNA levels of NCX3 splice variants in the brain were 
quantified in Wild-type (WT), Glud1, and AβPP/PS1 mice with specific attention paid to 
the exon C-containing variants, suggested to be implicated in neuroprotection.

Materials and Methods

Animal model
Glud1 transgenic mice were generated by the introduction of the glutamate 
dehydrogenase 1 Glud1 gene under the control of the neuron-specific enolase promoter 
in C57BL6/SJL mice. The Glud1 mice have been crossbred with C57BL/6 mice for over 40 
generations. Overexpression of glutamate dehydrogenase in these mice results in 
excessive release of glutamate at synapses of central nervous system (CNS) neurons (27). 
Six Glud1 transgenic (Tg Glud1) male mice and six littermate C57BL/6 male mice (WT 
Glud1) were sacrificed when 7-months old. Subsequently the brains were microdissected 
in order to collect specifically the following regions: cerebellum, hippocampus, prefrontal 
cortex, striatum, parietal cortex and brain stem. The AβPPswe/PS1dE9 (AβPP/PS1) mouse 
model of Alzheimer’s disease was originally obtained from John Hopkins University, 
Baltimore, MD, USA (28) and a colony was established at the Central Animal Facility of the 
Radboud University Medical Centre, Nijmegen, The Netherlands. This double transgenic 
model was created by co-injection of chimeric mouse/human AβPPswe (mouse AβPP695 
harboring a human Aβ domain and mutations K595N and M596L linked to Swedich 
familial Alzheimer’s disease pedigrees) and human mutated presenilin-1 PS1-dE9 
(deletion of exon 9) vectors controlled by independent mouse prion protein promotor 
elements. The two transfected genes co-integrate and co-segregate as a single locus 
(29). This line was originally maintained in a hybrid background by backcrossing to C3HeJ 
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x C57BL6/J F1 mice for nine generations. For the present work, five AβPP-PS1 transgenic 
mice (Tg AβPP/PS1) and five of their wild type littermate controls (WT AβPP/PS1), all at 
10 months of age were sacrificed. To reduce the variability of the data only male mice 
were used for the experiment. After microdissection, brain regions were collected. The 
experiments were performed according to Dutch federal regulations for animal 
protection and were approved by the Veterinary Authority of the Radboud University 
Medical Centre.

RNA extraction 
Tissues were homogenized and subsequently total RNA was extracted using TRIzol total 
RNA isolation reagent (Life technologies BRL, Breda, The Netherlands). After DNAse 
treatment (Promega, Madison, WI) to prevent genomic DNA contamination, DNAse 
action was stopped by the DNAse stop buffer (Promega) at 65 ºC for 10 min and RNA 
concentrations were determined by measuring the ratio of the UV absorbance at 260 
and 280 nm using the Nanodrop 2000c (Thermoscientific, Wilmington, DE). Thereafter, 
1.5 μg of RNA was reverse-transcribed by Moloney-Murine Leukemia Virus-Reverse 
Transcriptase (Invitrogen, Carlsbad, CA) in a 30 μL mix and incubated at 37 ºC for 1.5 
hours as previously described (30). cDNA obtained was diluted 10 times and used to 
determine mRNA expression levels of the genes of interest. 

Cloning
The subcloning of NCX1-BD into pCINeo IRES GFP vector and NCX3-AC and NCX3-B into 
pCINeo IRES GFP vectors with an HA-Tag fused at the N-terminus of the protein was 
described in detail previously (24,31). Next, the NCX3-BC was generated by insertion of 
the exon-C into NCX3-B using a Quick-change site-directed mutagenesis kit (Stratagene, 
La Jolla, CA). Subsequently, all constructs were validated by Sanger sequencing.

Expression profile and quantitative real-time polymerase chain
reaction analysis 
Using a CFX96 Real time PCR detection system (Bio-Rad, Hercules, CA), 2.5 μL of sample 
was mixed with the Power SYBR Green PCR master mix (Applied Biosystems, Foster City, 
CA) and exon-overlapping primers against the gene of interest in a 96-well plate. Samples 
were included in duplicate and all samples were measured on three independent 
experimental sessions. To ensure purity of the sample and the absence of contamination 
from genomic DNA, a negative control for each sample in which reverse transcriptase 
was performed in the absence of the enzyme, was tested during the first measurement. 
Sequences were amplified using the primers described in the Table 1. Prior to RT-qPCR, 
dynamic range (R2 > 0.99) and efficiency (90-110) were evaluated for each set of primers. 
Sets of primers targeting the variants of NCX3 were also tested to ensure that detection 
was restricted to only the variant targeted. Additionally, to allow absolute quantification, 
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five-fold serial dilutions of each vector were performed starting from a set concentration 
of 200 μg DNA/μL. Ten serial dilutions of the vector carrying the gene of interest were 
included in duplicate on each plate to determine a reference curve starting from a 
concentration of 0.32 μg DNA/μL. 

Table 1 Primers sets for relative and absolute quantification by RT-PCR

Name primers Forward  (5’→ 3’) Reverse  (5’→ 3’)

mNCX1 TCGGTGCCAGACACATTTGC CAGCATTGCTTCCAGTGACAT

mNCX3 GAGCTGGAGTTCAAGAATG CTTCCTGTCTGTCACTTC

mNCX3-AC GAAACAGTCAAAACAATTCACATC GTCACTTCTGGAGATAACAGGAG

mNCX3-B GAAACAGTGAAAACCATAAGGG CTGTCACTTCTGATATTCC

mNCX3-BC GAAACAGTGAAAACCATAAGGG GTCACTTCTGGAGATAACAGGAG

Each set of primers amplified a fragment of 70 bp to 150 bp and has been tested and validated 
beforehand.

Normalization Transgenic on WT mice 
Expression of the transgenic mice Tg Glud1 and Tg AβPP/PS1 were normalized on the 
expression of their WT littermates, WT Glud1 and WT AβPP/PS1, respectively. 
Normalization was expressed in percentage of variation compared to WT expression. 

Absolute quantification 
For each plate, the cycle thresholds of detection (CT) of the reference samples were 
plotted to obtain a standard curve of CT values as a function of log [concentration of 
RNA (copynumber/μL)]. First, the molecular weight of each construct was calculated 
using the following formula: 

weight (g/mol) = (bp size of vector) x (weight of a bp (Da)) where bp=base pair

As the constructs used were of about 9600 ± 20 bp, and a base pair weight is 660 Da, the 
molecular weight was of 6336000 g/mol of each construct. Hence, the number of 
copies/g was calculated as follows: 

Mass of copies (molecules/g) = (Avogadro’s number)/weight

Therefore each gram of construct contained 9.50 x 1016 molecules. Additionally, for each 
standard, the concentration of DNA in ng/μL was calculated based on the extrapolation 
of the nanodrop values according to the serial dilution. This value was subsequently 
multiplied by the number of copies/ng to obtain the concentration of copies in a μL. 
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Finally the logarithm of this value was plotted to obtain the standard curve. Next, the 
equation of the calibration curve was used to determine from the CT value of RT-qPCR 
obtained from each sample, the exact copy number of mRNA/μL. By taking into account 
the dilution of samples during the reverse transcriptase phase, the final value of copy 
number/μg RNA could be determined as previously described (24,32) and results could 
be compared intra-experimentally during data analysis. 

Statistical analysis 
All results are based on at least three independent sessions of experiments and on 5 
(AβPP/PS1) or 6 (Glud1) mice in each condition. Values are expressed as means ± S.E.M. 
or in percentage of WT expression ± S.E.M. Statistical significance was determined using 
One-Way ANOVA or two-way ANOVA followed by the Bonferroni’s procedure (P < 0.05). 

Results

Brain region-specific expression of NCX transcripts in healthy mice
Quantification of NCX transcripts in different regions of the brain of WT littermates of 
Glud1 transgenic mice revealed that NCX1 expression was highest in the parietal cortex 
(854 ± 49 copies/ng RNA), and was significantly higher than in the brain stem, cerebellum, 
and striatum in which the expression was 408 ± 63 copies/ng RNA (Figure 1A). NCX3 
transcript expression was highest in the brain stem (589 ± 243 copies/ng RNA) and 
lowest in the parietal cortex (261 ± 127 copies/ng RNA). In three brain regions, 
hippocampus, prefrontal and parietal cortex, transcript levels of NCX1 were markedly 
higher than those of NCX3, while these levels were equal in cerebellum, striatum and 
brainstem. Essentially the same brain region-specific expression pattern of NCX 
transcripts was observed in the WT littermates of AβPP/PS1 mice (Figure 1B). In these 
mice, the expression levels of NCX1 transcripts in the hippocampus, prefrontal and 
parietal cortex were significantly higher than those of NCX3 in the same regions.

Brain region-specific expression of NCX3 variant transcripts in healthy mice 
To investigate the expression of NCX3 variants, primers were designed to specifically 
amplify the mouse variants NCX3-AC, NCX3-B, and NCX3-BC. This latter variant was 
described previously as being expressed in rat brain (16) but its presence in mouse brain 
has never been examined. Our analysis revealed that this variant is present in all regions 
of the mouse brain in both WT littermates of Glud1 and WT littermates of AβPP/PS1 
(Figures 2A and 2B respectively). On the other hand with a copy number below 5/ng 
RNA, NCX3-AC was hardly detectable. NCX3-B transcript levels did not differ significantly 
among the different brain regions and, in all regions, they were significantly higher than 
those of NCX3-BC. In both mouse models, the highest levels of expression of NCX3-BC 
transcript were measured in the brain stem. Transcript levels of NCX3-BC measured in 
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the brain stem were significantly higher than those in the hippocampus, prefrontal and 
parietal cortex of WT littermates of AβPP/PS1 mice and significantly higher than those of 
all other brain regions of WT littermates of Glud1 mice. 

Figure 1 Expression of NCX1 and NCX3 in six brain regions of the WT littermates of both 
Glud1 (WT Glud1) and AβPP/PS1 mice (WT AβPP/PS1). 

Absolute quantification of the Na+-Ca2+ exchanger NCX1 (black) and NCX3 (grey) transcripts in six 
brain regions of the healthy brain microdissected from A, WT Glud1 (C57BL6) mice and B, WT AβPP/
PS1 mice (C3HeJ x C57BL6/J). Results shown represent the mean of the data ± S.E.M. for the 
following number (n) of mice: WT Glud1 n=6, WT AβPP/PS1 n=5. Expression has been quantified in 
three independent experiments for each mouse. Values for each NCX isoform are compared to the 
parietal cortex with P < 0.05. 

 

Figure 2 Quantification of transcripts of NCX3 splice variants in different brain regions of 
WT littermates of both Glud1(WT Glud1) and AβPP/PS1 mice (WT AβPP/PS1). 

The copy number per ng of RNA of several NCX3 splice variant transcripts was quantified in six brain 
regions of the brain from A, WT Glud1 (C57BL6) mice and B, WT AβPP/PS1 mice (C3HeJ x C57BL6/J). 
NCX3-B (black) NCX3-BC (light grey) and NCX3-AC (dark grey). Results represent the mean of the 
data ± S.E.M. for the following number (n) of mice: WT Glud1 n=6, WT AβPP/PS1 n=5. Expression 
has been quantified in three independent experiments for each mice. Values for each NCX3 variant 
are compared to the brain stem with P < 0.05. 
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Effect of chronic glutamate-induced neuronal hyper-excitation on NCX 
expression 
In order to investigate whether neuronal stress induced by higher than normal activation 
of synaptic glutamate receptors might affect the expression of NCX proteins, similar 
measurements to those done on WT mouse brains were conducted on Tg Glud1 mice. 
Due to the introduction of the glutamate dehydrogenase gene under a neuronal 
promoter, these mice are subjected to moderate excess of synaptic release of glutamate 
from glutamatergic neurons in the CNS (27). No significant differences in NCX1 (Figure 
3A) or NCX3 (Figure 3B) transcript levels were observed in the different brain regions 
between WT and Tg Glud1 mice. Similarly, measurement of mRNA expression levels of 
the NCX3 variants revealed, once again, no significant differences between Tg mice and 
their WT littermates. Of note were the higher levels of NCX3-B and NCX3-BC in the 
striatum of the Tg Glud1 mice as compared with those of the WT littermates (Figure 3C). 
NCX3-AC transcripts were hardly detectable (data not shown).

Effect of severe excitotoxicity associated with Alzheimer’s disease on 
NCX expression
Alzheimer’s disease is associated with high levels of excitotoxicity. To investigate a 
possible effect of an excitotoxic state on NCX protein expression, we determined NCX 
transcript levels in the AβPP/PS1 mouse model of Alzheimer’s disease. Transgenic AβPP/
PS1 (Tg AβPP/PS1) mice carry mutations of both presenilin-1 and AβPP genes leading to 
the development of Alzheimer’s pathology and the neuronal accumulation of amyloid 
peptide already at 6 months of age (33). NCX1 (Figure 4A) and NCX3 (Figure 4B) 
transcript levels in the different brain regions did not differ significantly between Tg 
AβPP/PS1 mice and their WT littermates. Similarly, quantification of the levels of 
expression of NCX3 variants mRNAs showed no significant differences in transcript 
expression (Figure 4C). The NCX3-AC variant was not detected in most samples (data 
not shown). 
 

Discussion

The present study quantified, for the first time, the Na+-Ca2+ exchanger NCX1 and NCX3 
transcripts in different regions of the murine brain in two WT mice strains. The WT 
littermates of Glud1 and AβPP/PS1 mice had a similar pattern of expression of NCX 
isoforms. NCX1 mRNA levels were higher than NCX3 levels in all regions of the WT mouse 
brains. Furthermore, whereas NCX1 transcripts were highly expressed in both paleo- and 
neocortex, i.e., in hippocampus, prefrontal cortex, and parietal cortex, a significantly 
lower expression of NCX3 was detected in these regions. On the other hand, NCX3 
expression was highest in the brain stem. A similar level of expression of NCX1 and NCX3 
was observed in striatum. Additionally, brain expression of the three NCX3 variants: 
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NCX3-AC, NCX3-B, and NCX3-BC were measured and revealed a low level of expression 
for NCX3-AC. NCX3-BC and NCX3-B were detected in all regions of the brain with NCX3-B 
expression being higher than NCX3-BC. Thereafter, NCX expression was quantified in 
hyper-glutamatergic and excitotoxic conditions using the Glud1 Tg mouse model in 
which CNS neurons are subjected to chronic glutamate over-stimulation, and the AβPP/
PS1 mouse model of Alzheimer’s disease (AD), mice that develop β-amyloid deposits as 
early as 6 months of age (33). Comparison of the NCX isoforms expression with WT mice 
revealed no significant changes in NCX1 and NCX3 expression in Glud1 and AβPP/PS1 
mouse model. Similarly, the expression of NCX3 variants was unchanged in both 
transgenic mouse models. 

Figure 3 Effect of chronic excess of synaptic glutamate release on NCX expression in 
different brain regions of the transgenic Glud1 mice. 

Percentage of difference of A, NCX1 expression, B, NCX3 expression, and C, NCX3-B (black) and 
NCX3-BC (grey) expression between transgenic Glud1 mice and their WT littermates in six regions 
of the brain. Copy number quantification in each condition has been performed in three 
independent experimental sessions for each mouse. Results of the Tg Glud1 are represented as the 
percentage ± S.E.M. of the expression measured in their WT littermates, for a number (n) of mice in 
each conditions (n=6).
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Figure 4 Impact of a severe excitotoxicity on NCX expression in different brain regions of 
the transgenic AβPP/PS1 mice.

Percentage of difference in transcripts levels corresponding to A, expression of NCX1, B, NCX3, C, 
NCX3-B (black) and NCX3-BC (grey) from the brain of transgenic AβPP/PS1 mice compared to their 
WT littermates. Expression between transgenic AβPP/PS1 mice and their WT littermates and is 
quantified in six independent regions of the microdissected brain. Copy number quantification in 
each condition has been performed in three independent experimental sessions for each mouse. 
Results of the Tg AβPP/PS1 are represented as the percentage ± S.E.M. of the expression measured 
in their WT littermates, for a number (n) of mice (n=5).

While the high expression in WT of NCX1 in hippocampus and NCX3 in the striatum and 
cerebellum has been previously reported (34,35), the expression quantified in our 
experiments differs in several regions from previous studies of the Annunziato’s group 
(35,36) where high levels were found in cerebellum and NCX3 was predominantly 
expressed in hippocampus (36). These conflicting results might be due to different 
analysis techniques or related to the variation among animal models, our study being 
performed on mouse brain whereas Papa et al. studied NCX isoforms in rat brain (36). The 
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former explanation for the disparities is most likely as tissue distribution is in many cases 
conserved among rodents (37). Additionally, while previous studies investigated NCX 
isoforms at the RNA levels in the detailed regions of the brain, quantitative measurements 
were not performed and therefore NCX isoforms expression were not accurately 
measured nor compared. 

The specific isoform distribution together with the different properties attributed to 
each isoform in terms of Ca2+ uptake and extrusion suggest an isoform-specific role in 
each brain region. In this regard, one phenomenon regulated by NCX fluxes is the 
differentiation and maturation of neuronal cells (38,39). By modulating intracellular Ca2+ 
levels, NCX isoforms affect the role of Ca2+ as a second messenger in the different 
signaling pathways implicated in neuronal differentiation. In this manner, high expression 
of NCX1 has been linked with neuronal differentiation (40). However, for oligodendrocyte 
differentiation, NCX3 upregulation is required (38) together with a downregulation of 
NCX1. This observation confirms the specificity of the NCX isoforms for the different 
physiological situations to which each cell type is adapted. These specificities have 
however not been fully investigated in each brain region, thus most of them remain 
largely unknown. A recent study, pointed out the implications of NCX3 in the long-term 
potentiation and the spatial learning and memory formation in the hippocampus (41), a 
finding consistent with our study where NCX3 was detected in hippocampus. However, 
several regions showed higher NCX3 expression levels such as the striatum, cerebellum 
and brain stem. NCX3 is, therefore, expected in such regions to be implicated as well in 
important physiological situations. Although so far its involvement in brain stem and 
striatum has not been investigated, NCX3 has been suggested to participate in the 
ability of cerebellar neurons to sustain and buffer the repetitive Ca2+ entry resulting from 
the firing of mossy fibers (42).

Quantification of the transcripts of NCX3 variants revealed in mice the presence of 
NCX3-BC, a variant described until now solely in rat (16). NCX3-BC was expressed in all 
regions of the mouse brain, as was also NCX3-B. Of these two variants, NCX3-B was 
expressed more highly than NCX3-BC, while the NCX3-AC variant was expressed at very 
low levels. These results were in line with the tissue distribution described in rat, where 
NCX3-AC is predominantly expressed in skeletal muscle and the remaining variants 
restricted to the brain (16). The quantification of the NCX3 variant in the different areas 
of the brain is of importance in fully understanding their function in neuronal physiology. 
The properties of both NCX3-B and NCX3-AC have been previously examined in mice 
(43), while the activity of NCX3-BC has yet to be characterized.

Numerous studies have focused on the implications of NCX activity during neuronal 
stress and pointed out a neuroprotective role for NCX1 and NCX3 in hypoxic and anoxic 
conditions linked to an upregulation of both exchangers following ischemic 
preconditioning (20,21,25,26,44,45). Furthermore, the neuroprotective action of NCX3 
has been associated with its cleavage by the calpain protease leading to a hyperactive 
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exchanger (23). Such process was observed following the induction of neuronal hypoxia 
as well as upon severe excitotoxic conditions, such as those present in Alzheimer’s 
disease and following glutamate overexposure. Additionally, the increase in the Ca2+ 
uptake via NCX in its reverse mode of exchange, following ischemic preconditioning and 
exposure to β-amyloid peptide, has been shown to participate in the maintenance of ER 
Ca2+ levels and leading to a delay in caspase activation and neuronal death (23,26), thus 
suggesting the neuroprotective action of NCX3 originates from a common cellular 
response to neuronal injury (46). 

 Surprisingly, either exposure to a moderate synaptic hyper-excitation of neurons as is 
observed in transgenic Glud1 mice or to a severe excitotoxicity condition as is the case 
in the AD mouse model AβPP/PS1, did not lead to significant changes in NCX1 and NCX3 
expression. This lack of an apparent transcriptional response to glutamate hyperactivity 
and excitotoxicity in NCX1/3 expression contrasted with the upregulation induced by 
hypoxic conditions (22). Altogether, these data suggest that implications of NCX in 
neuroprotection result from stimulation of distinct signaling pathways depending on 
whether neurons are facing hypoxic stress or exposure to an excitotoxic molecule such 
as glutamate or β-amyloid peptide. Consistently with this hypothesis, the Glud1 mice 
exhibit a partial resistance to in vivo cerebral ischemia, i.e., a glutamate-induced “pre-
conditioning”-like effect (47) observed in absence of a significant upregulation of NCX1/3 
expression between WT and transgenic mice. The molecular pathways of neuroprotection 
induced by synaptic glutamate hyperactivity are not fully defined (48) and may implicate 
certain isoforms of NCX, if not in terms of changes in expression, possibly in terms of 
changes in post-translational modifications and activation of the exchanger.

Additionally, recent investigations suggested that exon C, alternatively spliced in 
NCX3 variants and present in NCX3-AC and NCX3-BC, is responsible for calpain cleavage 
by carrying a cleavage site (43). Therefore, rearrangement of NCX3 variants expression 
levels in the various brain regions would be expected under conditions of hyper-
excitability or excitotoxicity leading to a potential enrichment of NCX3-BC or NCX3-AC. 
However, no significant changes in the expression levels of NCX3 variants were observed 
suggesting that the plasma membrane expression of NCX is not increased under 
conditions of high glutamate synaptic activity or excitotoxicity and that the hyperactive 
state of the cleaved exchanger is exclusively accountable for the increased Ca2+ fluxes. To 
confirm these observations, the measures investigating RNA levels of the two variants 
should be supplemented by a quantitative approach at protein levels. Such method can 
unfortunately not be applied yet to splice variants sharing such degree of similarity in 
both size and sequence. Finally, a neuroprotective effect of NCX3 restricted solely to 
NCX3-BC after calpain cleavage would provide further protection to the area of the brain 
expressing high levels of NCX3-BC such as the cerebellum, striatum, and, particularly, the 
brain stem where NCX3-BC levels were significantly higher than in other brain regions. 
On the contrary the remaining areas would be more sensitive to excitotoxic stress and 
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prone to injury. Consistent with this hypothesis, a lower susceptibility to ischemia-induced 
cell damage is observed in brain stem compared with the remaining regions of the brain, 
while the neocortex and the hippocampus are more prone to neuronal injury (49).

In conclusion, our study reports a high expression of NCX1 in hippocampus, prefrontal 
and parietal cortex and a high expression of NCX3 in striatum, cerebellum and brain 
stem of the mouse brain. Such differential expression patterns for these two NCX 
isoforms are probably an indication of the role that the exchangers play in the regulation 
of physiological activities in these regions. The neuroprotective action that has been 
attributed to NCX1 and NCX3 could provide these regions a higher protection against 
neurotoxicity and neuronal injury. However, in contrast to what has been observed 
following hypoxic conditions, NCX expression as well as the distribution of NCX3 variants 
remained unchanged under conditions of glutamate synaptic hyperactivity or 
excitotoxicity. These results indicate a differential response of neurons to distinct types of 
stress stimuli. Finally, we showed for the first time in the present study, the specific 
expression of NCX3 variants in mouse brain regions. NCX3-AC was barely expressed, and 
NCX3-BC and NCX3-B were detected in all regions of the brain with NCX3-B expression 
being higher than NCX3-BC. The expression of NCX3-BC correlated with the tolerance to 
ischemia found in the different regions of the WT brain. As NCX3-BC is suggested to be 
exclusively responsible for the neuroprotective action of NCX3, the study of the 
expression and post-translational modifications of NCX3-BC, following ischemic and 
hyper-glutamatergic conditioning, would be of great interest to understand the different 
mechanisms by which NCX3 prevents neuronal cell death.  
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Introduction 

The NCX family of plasma membrane Na+-Ca2+ exchangers significantly contributes to 
the control of the intracellular Ca2+ concentration ([Ca2+]i) and are implicated in a wide 
range of physiological processes such as blood pressure regulation, heartbeat 
development and insulin secretion. The diversity of these functions is paralleled by a 
tight control of isoform expression and regulation. This is achieved i) at the transcriptional 
level, in the nucleus, where the activation of the promotor and the alternative splicing of 
the messenger RNA lead to a specific distribution of each splice variant and isoform, ii) at 
the post-translational level, in the endoplasmic reticulum and Golgi apparatus and at the 
plasma membrane, where modifications affect the ionic regulation and the capacity of 
exchange. 

The third member of the NCX family, NCX3, is essential for numerous and diverse 
physiological functions. The exchanger is responsible for bone resorption in osseous 
tissue and inflammatory processes throughout the body. In excitable tissues, for instance 
in skeletal muscle, NCX3 contributes to muscle relaxation and neuromuscular 
transmission. In the central nervous system, spatial learning and memory are impaired in 
its absence. Furthermore, NCX3 has a crucial role in pathological situations such as brain 
injury and excitotoxicity. In contrast to the extensively studied first isoform NCX1, the 
molecular basis of the modulation of NCX3 activity remains poorly understood. Therefore, 
this thesis aimed to elucidate novel regulatory mechanisms of NCX3 and its molecular 
determinants with primary interest devoted to the alternatively spliced region through 
the study of the tissue distribution and function of NCX3 splice variants. 

Methodologies for live cell measurements of Na+-Ca2+ 

exchange

NCX isoforms can perform both influx and efflux of Ca2+ across the plasma membrane via 
the so-called reverse and forward mode, respectively. Since its first identification, Na+-
Ca2+ exchange has proven to be challenging to measure because of its bidirectional 
exchange mode and its tight control by multiple intracellular factors such as ions, 
metabolic intermediates, nucleotides and proteins. The use of an appropriate technique 
to study the activity of the NCX isoforms is of great importance in order to fully unravel 
the subtleties of their regulations. Methodological approaches should enable the study 
of both modes of exchange in order to detect potential asymmetrical regulations and 
identify the underlying regulatory mechanisms. With this aim three cell-based techniques 
have been designed i) 45Ca2+ measurement of Ca2+ influx and efflux, ii) whole-cell current 
recordings and iii) fluorophore-based intracellular Ca2+ imaging. 
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45Ca2+ measurements
In 1967, Reuter and Seitz designed the first functional assay making use of the beta-
emitter Ca2+ isotope, 45Ca2+, to study the mechanism of Ca2+ efflux across the plasma 
membrane. By demonstrating its dependence on extracellular Na+, they provided the 
first evidence of a Na+-driven antiporter, referred to as the Na+-Ca2+ exchanger or NCX (1-
3). In the subsequent 50 years, 45Ca2+ assays have been used frequently to investigate the 
exchange of Ca2+ across the plasma membrane by the NCX family. In these assays Na+-
Ca2+ exchange is initiated by a change in plasma membrane electrochemical gradients 
of Na+ and/or Ca2+ in combination with intracellular activation of the exchanger. 
Depending on the mode of exchange, the former is achieved by removal or lowering of 
extracellular Na+ or Ca2+. Thus, Ca2+ uptake via reverse exchange is assayed in Na+-free 
Ca2+-containing medium, while Ca2+ efflux in the forward mode is determined in Na+-
containing Ca2+-free medium. Intracellular activation of NCX requires the manipulation 
of intracellular ionic concentrations, most frequently by increasing the intracellular Na+ 
concentration ([Na+]i). Na+ loading was initially achieved in the presence of the ionophore, 
nystatin (4,5). However, the selectivity of the ionophore for monovalent ions is 
problematic as, in addition to increasing [Na+]i, nystatin also impairs the plasma 
membrane electrochemical gradients of Cl- and K+ (6). Nowadays, the combination of 
the Na+-specific ionophore monensin and the Na+-K+-ATPase inhibitor ouabain is 
preferred (7-9). Ca2+ influx is initiated by replacement of extracellular NaCl-containing 
medium with a Na+-free solution containing 45Ca2+ and either N-methyl D-Glucamine 
(NMDG) or choline chloride to replace Na+. Measurement of Ca2+ efflux requires 
preloading of the cells with 45Ca2+ for 4 hours (10,11) or for one minute in presence of the 
Ca2+ ionophore, ionomycin (7,12). 45Ca2+ efflux is favored by exposing the cells to the 
SERCA inhibitor thapsigargin. To lower the relative contribution of other Ca2+ transporters, 
45Ca2+ efflux is often measured in NCX overexpressing cells (13). 45Ca2+ efflux is compared 
to that obtained in Ca2+- and Na+-free medium in which no efflux takes place. Finally, Ca2+ 
efflux and uptake are calculated thanks to the 45Ca2+measured in the cells and the 
extracellular medium using liquid scintillation counting. Overall, 45Ca2+ assays provide, in 
a rapid manner, an averaged capacity of exchange for a high number of cells. However, 
the capacity of exchange is obtained in the absence of many parameters such as 
confluency, cell morphology and intracellular parameters and, most importantly from a 
regulatory point of view, in the absence of any information regarding [Ca2+]i. 

Whole-cell current recordings
The development of the patch-clamp technique in 1976 by Neher and Sackmann (14) 
revolutionized the cellular physiology research by enabling the study of individual ion 
channels and transporters. The high-resolution recording of cell currents is applicable to 
all channels and transporters, providing that the transport is electrogenic - resulting in a 
change in net charge across the membrane (15). All three mammalian NCX isoforms 

Inner Layout Lauriane Michel def.indd   134 05-09-16   13:25



Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016

505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel

General discussion and summary | 135

6

exchange Na+ against Ca2+ with a 3:1 stoichiometry, respectively, and are therefore 
electrogenic. Soon after the initial design of the patch clamp technique, procedures 
have been developed to study NCX. 

Electrophysiological measurements of NCX are performed by recording cell current 
using the whole-cell configuration. Patch-clamp experiments offer low-noise and precise 
current recordings together with the possibility to control both intracellular and 
extracellular environment, providing insights into the intrinsic properties of the 
exchanger. Interestingly in the investigation of the NCX family, patch-clamp can be 
combined with intracellular Ca2+ measurements by means of Ca2+ probes. Currents 
recordings are performed following depolarization of the membrane potential (-80mV 
to +80mV). At +80mV, an outward current corresponding to a Ca2+ influx via the so-
called reverse mode of exchange is favored. On the contrary, the NCX inward current 
associated with Ca2+ efflux occurring in the forward mode is recorded in a constant 
holding potential of -80mV (16,17). Pretreatment with diverse compounds is achieved 
prior and/or during the recordings to eliminate the contribution of others Ca2+ 
transporters and trigger sufficient Ca2+ release from the endoplasmic reticulum to 
activate NCX using the activator of the Ryanodine Receptor (RyR), caffeine and ryanodine, 
the SERCA ATPase inhibitor, thapsigargin or the Na+-K+-ATPase inhibitor ouabain to 
increase [Na+]i (17,18). Additionally, a train of prepulses (-80mV to 0mV) prior to the 
measure of inward current is often performed in order to normalize the SR Ca2+ load. 
Limitations in the patch-clamp approach directly stems from the intrinsic properties of 
this technique. The manipulation of the intracellular solution is of great help to test the 
effect of specific compounds on NCX but also affects intracellular regulations of the 
exchanger through changes in the intracellular composition such as the absence of 
second messenger, presence of buffers (19) or modification of the ionic concentrations. 
Furthermore, the recording of a single cell current with the high-resolution measurements 
remains time-consuming, which ultimately reduces drastically the number of cells 
measured by conditions. 

Intracellular Ca2+ imaging
Since the discovery in 1963, of the first Ca2+-sensitive bioluminescent protein aequorin 
from jellyfish (20), new fluorescent and bioluminescent indicators of intracellular Ca2+ 
have been engineered and have become available for the study of Ca2+ fluxes in living 
cell. The first measurements of NCX using Ca2+ indicators were performed in the 80’s, 
when only the reverse mode could be measured by fluorimetry. The exchanger was 
triggered in cells in suspension by the replacement of Na+ by Li+ in the extracellular 
medium (21). In the past 30 years, considerable advances have been made in microscopy 
and imaging techniques and we are nowadays able to combine the measure of [Ca2+]i 
with live cell imaging in order to monitor dynamic changes in up to 30 attached cells 
using a ratiometric probe. To ensure membrane permeability, commercially available 
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Ca2+ indicators often carry an additional acetoxymethyl (AM) group, removed following 
cell entry by cellular enzymes, as it is the case for the most commonly used Ca2+ probe, 
Fura-2. Despite these advances, in certain cell types the loading of the dye can remain 
problematic because of the low permeability of the cell membrane, the strong extrusion 
mechanism of the indicator and its incomplete hydrolysis or its sequestration in non-
cytoplasmic organelles. Since the first use of Ca2+ indicators in the investigation of NCX, 
many modifications have been made to the original approach due to novel findings. For 
example, Li+, often used to replace NaCl in Na+-free medium, was recently found to be 
transported by the mitochondrial NCLX (22) and hypothesized to be in a smaller extend 
transported by other plasma membrane NCX isoforms notably in skeletal muscle (23,24), 
therefore the replacement of Na+ by the N-methyl D-glucamine (NMDG) or Choline 
chloride is nowadays favored over Li+ (8,25). In chapter 2, novel protocols have been 
designed in order to measure both mode of exchange of NCX using the Fura-2 based 
Ca2+ imaging (Table 1). Ca2+ uptake by NCX3 in the reverse mode is recorded upon 
removal of extracellular Na+ and replacement by NMDG medium. The exchanger is 
activated by a rise in either [Ca2+]i or [Na+]i. On one hand, the acute addition of thapsigargin 
blocks the re-uptake of Ca2+ by the SERCA ATPase and lead to a rise in [Ca2+]i due to the 
intrinsic Ca2+ leak from the ER. On the other hand, a rise in [Na+]i is obtained after a 
60-minutes incubation with ouabain inhibiting the Na+-K+-ATPase inhibitor and thereby 
preventing Na+ extrusion. The ionophore monensin formerly employed to elevate [Na+]i 
is no longer used. Although specific to Na+ ions, monensin forms a Na+-H+ exchanger 
that impacts pH intra and extracellularly, a parameter that greatly affects the capacity of 
exchange of NCX (26). The forward mode of exchange is measured in Ca2+-free 
extracellular medium during a fast release of Ca2+ achieved by the acute addition of 
ionomycin, a Ca2+ ionophore that permeabilizes membranes from all cellular Ca2+ stores 
(ER, mitochondria) (27,28). The specificity of this approach for the forward mode of NCX 
was tested by the absence of exchange in Na+ and Ca2+-free conditions and by monitoring 
the Ca2+ load in the ER to insure a similar Ca2+ level in the different conditions as reported 
in chapter 2. Thanks to the design of this latter protocol, NCX activity and the regulations 
by [Ca2+]i or [Na+]i can be examined by Ca2+ imaging in both modes of exchange, similarly 
to 45Ca2+ assays and patch-clamp recordings (Table 1). Overall intracellular Ca2+ recordings 
are qualitatively more accurate than radioactive measurements as living cells can be 
selected based on morphology, transfection, etc. and [Ca2+]i can be monitored over time. 
Furthermore Fura-2 based Ca2+ imaging enables a higher throughput than whole-cell 
current recordings and therefore offer a great combination for the study of the NCX 
family. This is why this technique has been selected and used further in the investigation 
of NCX3 variants in chapters 2, 3 and 4. 
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Regulation of NCX3 by its intracellular loop

The intracellular loop: a decisive region

Na+ and Ca2+ are translocated across the biological membrane by the Na+-Ca2+ exchanger 
expressed in all living beings. This process occurs thanks to the 10 transmembrane 
domains of the exchanger anchored in the phospholipidic bilayer. While the intracellular 
loop located after the five first transmembrane segments could appear to have a 
secondary role, its importance is actually central for the regulation of the exchanger by 
its environment (Figure 1). 

Figure 1 Structural features of NCX3.

Structural model of the Na+-Ca2+ exchanger NCX3 representing the transmembrane domain (blue) 
as the crystal structure of the bacterial NCX_Mj (29). Ca2+-binding domains are depicted as NMR 
structure of NCX1-CBD1 (orange) and NCX3-B-CBD2 (red) with bound Ca2+ ions (green) (30). NCX1-
CBD1 and NCX3-CBD2 structures have been obtained independently; the two CBD domains are 
arranged similarly to NCX1-CBD1/2 structure (31). NMR structure of NCX3-CBD2 domain has been 
obtained in absence of bound Ca2+. Ca2+ ions have been represented according to the described 
Ca2+-binding sites of NCX3-B. (30) (Protein Data Bank PDB accession numbers: NCX_Mj: 3V5S; NCX1-
CBD: 2FWS; NCX3-CBD2: 2LT9)
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Since the isolation of the first isoform of NCX, NCX1, in 1988, physiological and molecular 
studies have identified many regulators of NCX1 including ionic factors such as [Ca2+]i, 
[Na+]i, pH, several molecules and proteins as well as numerous post-translational 
modifications. Most of the factors identified for NCX1 exert their regulatory action by 
directly acting on its cytoplasmic domain. The diversity of the intracellular sequence 
modulates further the influence of the factors on each isoform of the NCX family. Due to 
alternative splicing events, the cytoplasmic loop differs within splice variants of a same 
isoform, leading to different regulatory mechanisms. The studies presented in chapters 
2, 3 and 4 of this thesis extend our knowledge on several regulatory factors of NCX3. The 
roles of factors regulating NCX1 have been investigated and confirmed in NCX3 and a 
new pathway has been described. The ionic regulation of NCX3 and their links with 
alternative splicing was investigated in chapter 2. Regulatory mechanisms of NCX3 
activity by post-translational modifications, in particular PKC and PKA phosphorylation 
and calpain cleavage were identified in chapters 3 and 4, respectively (Table 2).

Ionic regulation and exchange capacity
Exerting a tight control on NCX function, [Ca2+]i and [Na+]i insure the NCX activity to be 
in balance with each cell type requirements. The role of the intracellular loop in the 
regulation by ions of NCX was originally unraveled by the exposition to a low concentration 
of α-chymotrypsin. Ultimately disrupting the cytoplasmic loop, α-chymotrypsin induced 
an apparent loss of modulatory effect by both Ca2+ and Na+ (32-34). Distinction has to be 
made between the Na+ and Ca2+ ions binding at regulatory sites of the cytoplasmic loop, 
exclusively involved in its regulations, and the transported Na+ and Ca2+ ions. Difficulties 
to fully comprehend the modulation of NCX function by Ca2+ and Na+ taking place in this 
loop derives from the impossibility to measure the capacity of exchange in his native 
form independently of the ionic regulation, these two remain closely intertwined. NCX1, 
found in numerous cell types such as cardiomyocytes, neurons and smooth muscle cells 
and first cloned isoform of the NCX family, has been extensively studied and a strong 
dependence to Ca2+ and Na+ was shown. While thermodynamic considerations would 
suggest a low [Ca2+]i to favor Ca2+ entry mode, a rise in [Ca2+]i is actually required to 
operate in reverse mode. (35). This phenomenon has been attributed to the binding of 
Ca2+ ions at the two Ca2+-binding domains CBD1 and CBD2 (36). Similarly, raising [Na+]i 
activates the Ca2+ entry mode (37,38). An additional counterintuitive regulation, the so-
called Na+-dependent inactivation, enables the [Na+]i- and time-dependent reduction of 
the Ca2+ entry mode in response to an increase in cytoplasmic Na+ (39) and is attributed 
to the CBD2 domain (36). Transmission of the ionic regulations to the transmembrane 
domain responsible for ion translocation is postulated to be carried out by the Catenin-
like domain (CLD)(11,39,40). 

Despite the low sequence homology between the cytoplasmic loop of the NCX 
isoforms (about 60%), the conservation of key residues leads to a similar structure of the 
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cytoplasmic loop among NCX isoforms with two distinct Ca2+-binding domains CBD1 
and CBD2 formed in β-sandwiches and arranged together in a antiparallel fashion 
(Figure 1) (30). In chapter 2, the modulation of NCX3 function by [Ca2+]i and [Na+]i was 
confirmed and further investigated. The large intracellular loop is responsible for the 
ionic regulation as can be seen from the distinct regulations of NCX3 variants, alternatively 
spliced in the CBD2. The Ca2+ uptake via the reverse mode of exchange requires a 
elevation in either [Ca2+]i or [Na+]i for activation and similarly to NCX1 and NCX2, NCX3 is 
subjected to Na+-dependent inactivation. As with the reverse mode, the forward mode 
is highly dependent on the Na+ and Ca2+ concentrations on either side of the membrane 
providing a fine-tuning of the Ca2+ fluxes. In all these aspects, alternative splicing of the 
NCX3 exchanger represents an additional regulatory mechanism for each isoforms of 
NCX.

Alternative splicing, variants and NCX activity 
During alternative splicing, alternative exons are retained or spliced out of the messenger 
RNA, a process resulting in multiple variants. Splicing events are mainly controlled by the 
core splicing machinery together with multiple sequence-specific RNA binding proteins 
that are cell-type dependent. The unique sequence obtained after splicing confers 
distinct properties and capacities to each splice variant of the NCX family. More than 
twelve variants of the first isoform, NCX1, have been detected while no splicing event 
was observed for NCX2 (41). In the case of NCX3, since its first cloning in 1996 by Philipson 
et al (42), three variants have been described in rat (41). In the mice only two variants, 
NCX3-AC and NCX3-B, have been originally found and a third variant NCX3-BC was 
identified in chapter 5 (Figure 2). Similarly to NCX1, exon A and B in NCX3 are mutually 
exclusive while exon C is optional in both isoforms. The so-called exons D, E and F are 
only present and spliced in NCX1(43). 

The function of the two NCX3 variants, NCX3-B and NCX3-AC, has been dissected in 
chapter 2 (Table 1) and great disparities in their capacities of exchange were brought to 
light as the two variants differ greatly in both forward and reverse mode. In term of 
primary amino acid sequence, NCX3-AC and NCX3-B differ for only 24 residues located 
within the CBD2, which alters tremendously their capacity of exchange and their 
regulation by ions. In reverse mode, NCX3-AC capacity of Ca2+ uptake is significantly 
higher (>80%) with a faster rate of uptake compared to NCX3-B. As for the forward mode, 
while both variants perform Ca2+ efflux, NCX3-AC has a 60% higher Ca2+ efflux in forward 
mode (44). 
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Table 1 Activation and modes of exchange of NCX3 depending on [Na+] and [Ca2+]. 

Mode of 
exchange

Extracellular 
conditions

Intracellular
conditions

Activity Remarks
[Na+]e or [Ca2+]e

Type of 
ions

Applied 
changes

Compound 
used

Reverse 
mode

[Na+]e = 0 mM

Resting 
levels

none none +/-

Solely in 
NCX3-AC 

with a 
partial 

activation 

[Ca2+]i
moderate 
increase

Thapsigargin +

In both 
variants. 
Higher in 
NCX3-AC

[Na+]i increase Ouabain +++

In both 
variants. 
Higher in 
NCX3-AC 

[Na+]e = 147 mM [Na+]i increase Ouabain ++

In both 
variants. 
Higher in 
NCX3-AC

Forward 
mode

[Ca2+]e = 0 mM [Ca2+]i
Fast 

increase
Ionomycin ++

In both 
variants. 
Higher in 
NCX3-AC

[Ca2+]e = 1,5 mM [Ca2+]i
moderate 
increase

Thapsigargin +
Observed 
solely in 

NCX3-AC

Conditions necessary for the activation of NCX3 splice variants. These conditions were applied in 
Chapter 2 by Fura-2-based [Ca2+]i measurements and validated for the two variants tested: NCX3-B 
and NCX3-AC. With reverse and forward mode corresponding to Ca2+ uptake and efflux, respectively. 
Extracellular concentration of Na+ and Ca2+ are reported as [Na+]e and [Ca2+]e, respectively. 
Compounds used at a final concentration of 1 μM. 

In terms of regulation by [Ca2+]i and [Na+]i, NCX3-AC is activated at a lower threshold of 
[Ca2+]i than NCX3-B expressed predominantly in the brain in both forward and reverse 
modes due to an increased affinity for Ca2+ of the CBD2 (44,45). Besides, NCX3-AC elicits 
an increased sensitivity to intracellular Ca2+ (44) caused by the structural stabilization of 
the Ca2+-binding site of the CBD2 by Lys580 (Table 2). Consistently, in NCX1 the equivalent 
residue, Lys585, is implicated in the stabilization of the Ca2+-binding site (31,46) (Figure 2). 
As for the reverse mode, a rise in [Na+]i triggers Ca2+ uptake in both NCX3 variants. 
However NCX3-AC presents a stronger sensitivity to intracellular Na+, since in such 
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conditions a stronger Ca2+ influx occurs even in presence of extracellular Na+ (44). 
Moreover the Na+-dependent inactivation of the reverse mode could be alleviated by 
NCX3-AC but not by NCX3-B, an effect presumably attributed to the interaction between 
the mutually exclusive exons A/B and the CLD. Similarly, in NCX1 splice variants, stronger 
Na+-dependent inactivation was observed in the B-containing variant NCX1-BD, 
compared to the exon A-containing variants NCX1-AD and NCX1-ACDEF (47). 
Resemblances in the implications of exons A/B in NCX1 and NCX3 suggests that despite 
a low conservation of the mutually exclusive exons between isoforms (50% for exon B 
and 64% for exon A) and some variations in the degree of Na+-dependent inactivation, 
their role in shaping the ionic regulations in particular the Na+-dependence is conserved 
within the NCX family (40). 

 

Figure 2 Alternative splicing of NCX3.

A, NMR structure of the Ca2+-binding domain 2 of NCX3-B (PDB accession number 2LT9). Alternatively 
spliced region is shown in blue. B, The nine exons constituting the nucleotide sequence of NCX3 
with a focus on the alternatively spliced region (blue) and its corresponding amino acids, coded by 
exons A, B and C. A-B, In orange is highlighted the position of the residue 580, responsible for the 
modulation of the sensitivity of NCX3 variants to Ca2+ (Lys580 in NCX3-AC)

The variant NCX3-BC reported in mice brain for the first time in chapter 5 is similar in 
sequence to the variant NCX3-BC found in rat by Philipson et al. (41). Functional 
characterization of NCX3-BC in both species has not yet been performed. Nevertheless, 
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NCX3-BC is expected to have a strong Na+-dependent inactivation alike NCX3-B. While 
NCX3-BC could be expected to have identical regulation by ions as NCX3-B, the exon C 
much as the entire cytoplasmic loop is subjected to post-translational modifications that 
confer additional regulation to NCX3-BC compared to NCX3-B such as its possible 
cleavage by the calpain proteases.

Phosphorylation by PKC and PKA 
Among the most common post-translational modifications of eukaryotic proteins, 
phosphorylation leads to numerous regulations of targets proteins. In this regard, 
phosphorylation of Ca2+ transporters can affect its interactions with other proteins, 
plasma membrane stability, proteolysis or even directly influence its transport activity 
(48,49). As for the NCX family, multiple consensus sites for several kinases are present in 
the sequence, hence a large number of predicted phosphorylation sites for each isoform. 
The kinases predicted to phosphorylate NCX3 include two important kinase families 
activated by intracellular second messengers; the protein kinase A (PKA) activated by 
cyclic AMP (cAMP) and the protein kinase C (PKC) regulated by both Ca2+ and 
diacylglycerol (DAG). PKA and PKC are playing primordial roles in various signal 
transduction cascades and are implicated in many physiological processes such as 
vasoconstriction, glycogenolysis and lipolysis. PKA and PKC consensus phosphorylation 
sites share a requirement for basic residues upstream and hydrophilic residue 
downstream of the phosphorylated Serine/Threonine. 

Contrary to PKA, for which phosphorylation of NCX1 remains controversial (49,50), 
phosphorylation of NCX1 by PKC has been previously shown, although its impact on 
NCX1 activity remains unclear. As for NCX3, data measured by means of fura-2 based 
Ca2+ imaging shown in chapter 3 confirmed the modulation of NCX3 activity by both 
PKA and PKC phosphorylation (Table 2). The stimulation of PKC by phorbol 12-myristate 
13-acetate (PMA) diminished the Ca2+ uptake of the NCX3-expressing HEK293T cells. On 
the contrary, PKA activation by forskolin increased significantly the capacity for Ca2+ 
uptake. PKC and PKA influenced in a similar manner the two murine variants tested, 
NCX3-B and NCX3-AC. For its part, Ca2+ efflux unaffected by PMA and forskolin provided 
evidence that PKA and PKC exert a direct action on the capacity of exchange of NCX3 
independently of plasma membrane expression. Single mutation of potential 
phosphorylation sites by site-directed mutagenesis suggested that PKA and PKC act on 
NCX3 by phosphorylating the residues S524 and T529, respectively (Table 2). Both sites 
are located in a region of the CBD2 not subjected to alternative splicing. Therefore, the 
additional variant NCX3-BC is expected to be similarly affected by PKA and PKC. The two 
phosphorylation sites are diametrically opposed to the Ca2+-binding site of CBD2 (Figure 
3). Nevertheless, due to the antiparallel arrangement of the two CBD1 and CBD2 
domains, phosphorylation is more likely to modulate the affinity of the CBD1 Ca2+-
binding sites. The close proximity of the two phosphorylation sites and the diametrically 
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opposite effect of the two kinases on the reverse mode of NCX3 attest to the complex 
interplay between the two CBDs and the transmembrane domains (Figure 3). Differences 
in proximity of the phosphorylated residues to the Ca2+-binding site and possible 
interaction with the CLD might be accountable for this opposite effect of the two 
kinases. Nonetheless the determination of NCX3 structure in its phosphorylated state is 
necessary to fully comprehend these regulatory mechanisms. 

 

Figure 3 Phosphorylation sites of NCX3.

NMR structure of the CBD2 of NCX3-B where the localization of the two phosphorylation sites of 
NCX3 is highlighted in blue. The domain is rotated compared to the arranged form CBD1/2 (circle). 
The two residues S524 and T529, conserved among mammals, have been identified in Chapter 3 
as being responsible for PKA and PKC modulation of NCX3 activity, respectively. For clarity, the 
antiparallel arrangement of the two β-sandwiches of CBD1 and CBD2 is reminded (circle) to 
highlight the proximity of CBD1 Ca2+-binding sites with the phosphorylation sites identified. (PDB 
accession number 2LT9)

Cleavage by the Ca2+-dependent protease calpain
Modulatory proteolysis constitutes an additional post-translational regulation and 
impacts the length and/or the three-dimensional arrangement of the protein by a direct 
cleavage. In the past 20 years, research showed that as multiple proteases are primarily 
involved in proteolysis and protein degradation, several proteases are implicated in 
modulatory proteolysis that regulates the activity of the target proteins as it is the case 
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for the Ca2+-dependent cysteine proteases of the calpain family (CAPN). Expressed 
throughout the entire body, calpains are involved in very diverse physiological processes 
such as cellular response to neuronal injury and gastric defense. Calpain proteases are 
inactive in their native conformation. Calpain proenzymes autolyse rapidly, upon a rise in 
[Ca2+]i, each isoforms requiring distinct Ca2+ levels to become catalytically active. Among 
their numerous substrates calpain proteins cleave multiple ion transporters and are 
strongly implicated in the regulation of ionic fluxes across the plasma and organelles 
membranes (endoplasmic, mitochondrial…). Chapter 4 provides evidence for a variant-
dependent regulation of NCX3 by the Ca2+-dependent protease calpain 1 (CAPN1) and 
identified NCX3 as a novel target of the muscle-specific calpain, CAPN3 (Table 2). 

In neurons, specific cleavage of NCX3 was previously reported following glutamate 
and β-amyloid peptides exposure (51). This cleavage, associated with a hyperfunctionality 
of the exchanger in the reverse mode lead to a significant increase in Ca2+ uptake. 
Consistently, data presented in chapter 4 indicates a stronger capacity for Ca2+ influx in 
presence of calpain. This effect was not restricted to neuronal calpains, as similar effect 
was induced by the muscle-specific isoform of calpain, CAPN3. Importantly, while both 
NCX3-B and NCX3-AC were subjected to Fura-2 based Ca2+ imaging, sensitivity to CAPN1 
and CAPN3 was restricted to NCX3-AC. Removal of the exon C from NCX3-AC by 
mutagenesis abolished CAPN3-mediated increase of activity and thereby confirmed the 
implication of this exon in the sensitivity to calpain, possibly by a direct cleavage since 
the increase activity of NCX3 was lost during expression of the catalytically inactive 
CAPN3. Similarly, the variant-specific decrease in Ca2+ uptake capacity observed for 
NCX3-AC in presence of the endogenous CAPN1 inhibitor calpastatin or the silencing of 
CAPN1 indicated a stronger sensitivity for the C-containing exons. This further suggests 
that the variant NCX3-BC described in chapter 5 would be, similarly to NCX3-AC, more 
prone to calpain cleavage than NCX3-B. 

Fura-2 based Ca2+ imaging measurements of NCX3 performed in chapter 4 in 
presence of the catalytically inactive CAPN3 demonstrated a direct cleavage of the 
exchanger within the exon C located in the CBD2 without excluding additional cleavage 
sites. In fact, Nicotera’s group (52) identified several cleavage sites in NCX3-B in the brain 
located on either side of the CBD1 and for which cleavage would result in the loss of the 
entire domain (Table 2). Both results do not exclude each other as chapter 4 postulates 
a cleavage of NCX3 in exon-C containing variants, namely NCX3-BC in the brain as 
reported in chapter 5. Nicotera’s group investigated exclusively the intracellular loop of 
NCX3-B and therefore could not detect the cleavage site postulated in exon C. These 
differences might be indicative of various sensitivities or a joint action between the 
different sites reported. This discrepancy might as well be caused by differences in cell 
types investigated causing distinct protections of the cleavage sites by post-translational 
modifications as it is seen with phosphorylation and calmodulin binding of NCX. On the 
other hand, one might be puzzled by the capacity of the cleaved NCX3 to retain its 
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Table 2 Overview of the regulatory factors of NCX3.   

Type of 
regulation

Regulation Effect on  
NCX3 

activity

Residues 
targeted Remarks / References

Type Actors

Ionic

[Ca2+]i ➚ activation Lys580

Activation of forward 
or reverse mode 
dependent on [Ca2+]i 
(Chapter 2)

[Na+]i ➚ activation 
inhibition

exons 
A/B/C

Activation until a 
certain extend
At high [Na+]i NCX is 
inhibited

[H+]i ➚ Inhibition CBD1/2
Competition with Ca2+ 
for binding at CBD1/2 
(53-55)

Post-
translational 

modifications

Phospho-
rylation

PKA ➚ S524
Increase NCX3 reverse 
mode (Chapter 3)

PKC ➘ T529
Decrease NCX3 
reverse mode 
(Chapter 3)

Cleavage

Signal 
peptidase

Insertion
1-30 at the 
N-terminal

Predicted by SignalP 
3.0 
Insertion in the plasma 
membrane 

Calpain 
1, 2, 3 ➚

• Leu602 * 
• Lys370 

• Asn504 

• Arg510 

• Val512

Hyperactive reverse 
mode 
*Leu602 tested in 
functional studies 
(Chapter 4) 
Other sites identified 
by cleavage in vitro of 
NCX3 intracellular 
loop (52)

Dimerization - Trafficking CBD1

Postulated to 
participate with Ca2+ 
in trafficking to the 
plasma membrane 
(56)

Overview of the regulatory mechanisms of the exchange activity of NCX3 by intracellular ionic 
concentrations and post-translational modifications. 

exchange activity particularly due to the separation of the intracellular loop holding 
together the two clusters of transmembrane domains. In this respect, the first mechanistic 
studies of NCX, already revealed that disruption of the cytoplasmic loop, for instance 
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following α-chymotrypsin treatment, still enabled proper Na+-Ca2+ exchange although 
ionic regulation is lifted. This capacity is attributed to a close proximity of the 
transmembrane segments and the tightly packed core containing eight of the 10 
transmembrane helices as indicated by the recent cristallization of the transmembrane 
region of the exchanger (29). Finally, the cleavage of the site located in exon C and 
identified in chapter 4 would disrupt the CBD2 Ca2+-binding site and result in a loss of 
interaction between the CBD2 and the downstream CLD. This loss would therefore 
abolish the Na+-dependent inactivation as it is observed in NCX3-AC. For this reason the 
higher capacity of NCX3-AC for Ca2+ uptake in reverse mode compared to NCX3-B can 
not be solely attributed to the alternative splicing of the mutually exclusive exon A/B and 
is more likely to result from a combined effect of the modulation of NCX3 activity by Na+ 
and Ca2+ of exon A together with an increased capacity due to the cleavage of exon C 
upon [Ca2+]i increase and calpain activation. In this context, the functional characterization 
of the newly identified variant NCX3-BC compared to NCX3-B would be of great interest 
to confirm the role of exon C in the regulation of NCX3.

Intracellular loop: adaptive regulation to (patho) 
physiological processes 

Tissue expression 
Splicing events, by modifying the messenger RNA coding for a given protein, shape the 
amino-acid sequence of each protein to match its tissue requirements. In the case of 
NCX3, alternative splicing confers distinct properties and capacities to each splice variant 
with respect to ionic regulation and post-translational modifications. Therefore, a better 
understanding of the tissue distribution of NCX3 splice variants is of great interest to 
comprehend the implications of NCX3 to meet the requirements of the different tissues. 
Numerous studies investigated alternative splicing events to unravel the factors that 
enable tissue-specific splicing. Although several family of proteins have been implicated 
in this process in several tissues such as the exonic/intronic splicing silencers/enhancers 
and the SR (Ser-Arg) nuclear factors (57,58), none of them has been directly correlated to 
the splicing of NCX isoforms. Given the similarity of sequence and the presence of 
mutually exclusive exons A and B in both NCX1 and NCX3, the splicing of both isoforms 
is most likely guided by a similar splicing protein and/or machinery. 

Data presented in chapter 2, established the predominance of the splice variant 
NCX3-AC in mice skeletal muscle, consistently with its expression in rat muscle (41). 
Furthermore, the study demonstrated the 6 to 10-fold enrichment of NCX3 expression in 
slow-twitch muscle fibers compared to mixed and fast-twitch fibers. The ratio calculated 
in chapter 4 confirmed the predominance of NCX3-AC in all fiber types as this variant 
represented 72% of the total NCX3 in soleus and more than 94% in extensor digitorum 
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longus (EDL), gastrocnemius and tibialis anterior. Nevertheless the high expression of 
NCX3 found in the fast-twitch muscle (EDL) in chapter 4 is in disagreement with the 
expression levels found in chapter 2. In addition, NCX3 expression in mixed fibers varies 
between the two measurements. This puzzling difference might well be due to the use 
of the “housekeeping” gene, GAPDH, for normalization of the NCX3 expression performed 
in chapter 4. Absolute quantification is more suitable to direct comparison of different 
tissues and/or organs, because of the discrepancy in expression of “housekeeping” genes 
such as GAPDH and β-actin between tissues, presumably because of their different 
energetic status, metabolism and cellular proliferation (59,60). However, GAPDH 
expression was assumed to be constant in similar tissues such as skeletal muscles types. 
This assumption has been recently rejected by evidences of the fiber type dependence 
of GAPDH expression (61). Normalized expression of NCX3 in skeletal muscle shown in 
chapter 4 is therefore less relevant than results shown in chapter 2 for which total NCX3 
measurements are consistent with the expression of NCX3-AC together with NCX3-B. As 
for NCX3-BC, the expression of the newly described variant has not been measured in 
skeletal muscles, NCX3-BC being unknown in mice until its recent description as 
indicated in chapter 5. Contrary to primers used in chapters 4 and 5, primers detecting 
NCX3-B and NCX3-AC in chapter 2 were not tested for unspecific amplification of NCX3-
BC. Therefore, NCX3-BC could contribute to the measure of one of the two variants 
presented in chapter 2, most likely in a negligible extent, as this variant was not detected 
in rat skeletal muscle. 

With respect to the murine brain, expression of NCX3 and its variants has been first 
determined in chapter 2, where high expression of NCX3 could be measured with 6.5 to 
68–fold enrichment compared to skeletal muscle. Moreover, NCX3-B appeared to be 
highly expressed compared to NCX3-AC. Importantly, the study performed in chapter 5 
represents the first investigation of NCX3-BC and measured, by absolute quantification 
of messenger RNA, the expression of NCX3 variants in brain regions of two independent 
WT mice strains. NCX3-BC could be detected in every region although from 1.7 to 6.3-fold 
lower compared to NCX3-B. Despite variations between the two mouse strains, a similar 
NCX3-B distribution was observed with a higher expression in brain stem, cerebellum and 
striatum compared to prefrontal, parietal cortex and hippocampus. NCX3-BC depicted a 
similar pattern (Table 3). Neuronal detection of NCX3-AC in chapter 2 indicated a higher 
expression than measured in chapter 5. This effect could well be linked with unspecific 
detection of NCX3-BC by the primers used in the former study, as in subsequent 
investigations, performed with highly specific primers, NCX3-AC expression was negligible 
in any regions and mice strains tested. To conclude, the predominance of exon-B-
containing variants in the brain and restriction of NCX3-AC to the skeletal muscle 
demonstrates the variant specific tissue distribution of NCX3. Similarly to NCX1, each splice 
variants elicits unique ionic regulation providing a better adaptation of NCX3 to each tissue 
and suggests new implications for NCX3 in physiological processes in health and disease. 
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Intracellular, sarcoplasmic and mitochondrial Ca2+ levels
The study of the forward and reverse exchange activity of NCX3 by Fura-2 Ca2+ recordings 
evidenced the inactive state of NCX3 in resting conditions as firstly reported in chapter 
2 and confirmed in chapters 3 and 4. Investigations of NCX3 activation, consistently 
with previous examinations of NCX1, corroborated the absolute requirement for either a 
[Ca2+]i and/or [Na+]i elevation (35). Furthermore, NCX3-AC, having the lowest requirement 
for [Ca2+]i and [Na+]i, is only partially active in absence of extracellular Na+, demonstrating 
that intracellular requirement can not be fully lifted by extracellular ionic concentration. 
Thereby these properties limit NCX roles to physiological situations implicating dynamic 
changes in intracellular ionic levels. In chapter 2, both modes of exchange have been 
separately examined to obtain a better understanding of their activation in physiological 
situations. Activation of reverse exchange is dependent on [Ca2+]i and [Na+]i while the 
forward mode depends exclusively on [Ca2+]i. Upon [Ca2+]i elevation, the mode of 
exchange favored is determined by extracellular Na+ levels. Lower [Na+]e will triggers Ca2+ 
uptake while in normal serum Na+ levels (135 to 145 mM), Ca2+ efflux is activated. Because 
of these properties, researchers have for long thought that NCX exerted its physiological 
role solely via its forward mode, particularly in excitable tissues by extruding Ca2+ across 
the plasma membrane following an action potential as the electrochemical gradient 
across the plasma membrane would not favor a reversal of NCX. 

Reversal of NCX has been matter of debate in the past decades, as several groups 
observed NCX Ca2+ uptake in both pathological and physiological conditions (62-64) 
while it was originally thought that the electrochemical gradient across the plasma 
membrane in physiological conditions could not favor NCX reversal. In this regard, Ca2+ 
uptake dependence to [Na+]i is of great importance, as sufficiently high [Na+]i would 
thermodynamically favor reversal of NCX at the resting membrane potential (65) As 
evidenced in chapter 2, elevation of [Na+]i, generated by incubation of HEK293T cells 
with the Na+-K+ ATPase inhibitor, ouabain, induced Ca2+ uptake via reverse exchange of 
NCX3 at physiological serum Na+ levels. [Na+]i is dynamic during many processes in 
particular in excitable tissues, as action potentials triggers a Na+ transient, such as in 
neurons and skeletal muscle where NCX3 is typically expressed. If in most cases, [Na+]i is 
quickly restored in excitable tissues by the Na+-K+ ATPase, a prolonged and severe [Na+]i 
rise can occur in physiological situations such as during a prolonged exercise of slow-
twitch muscles, the bursting in motor neurons and the long-term potentiation of 
hippocampal neurons (62,66). These modifications in [Na+]i would enable reversal of the 
exchanger and induce Ca2+ uptake (Figure 4). 

In addition to reversal of activity, NCX is localized at the plasma membrane next to the 
junctional sarcoplasmic/endoplasmic reticulum (SR/ER) in numerous cell types (67-71) 
and its capacity to regulate Ca2+ levels in the ER and SR subsequently to the reversal of its 
mode of exchange has been confirmed in multiple occasions e.g. in smooth muscle cells 
(72-74), in postnatal cardiomyocytes (75,76) in neurons during hypoxia (77,78), and in 
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failing cardiomyocytes (79). As for NCX3 in reverse mode, the exchanger could influence 
the ER Ca2+ pool in multiple ways. First, the influx of Ca2+ by the reverse mode of NCX3 
could trigger the Ca2+ release from the SR, by contributing to the Ca2+-induced Ca2+-
release (CICR) together with the plasma membrane L-type Ca2+ channels as it is observed 
for NCX1 in cardiac myocytes (64,80). Because CICR does not contribute to Ca2+ release 
in skeletal muscle, where NCX3 is highly expressed, the direct participation of NCX3 in 
CICR is very unlikely (81). Secondly, an opposite relationship has been postulated for 
NCX1 with regard to the store-operated Ca2+ entry (SOCE), suggesting that NCX-
mediated Ca2+ entry would be directly induced by ER/SR Ca2+ release. SOCE has been 
originally described as a ubiquitous pathway in non-excitable tissues for store-dependent 
Ca2+ entry. One of its main functions lies in its capacity to replenish ER Ca2+ store. In the 
past 15 years, convincing results have indicated that SOCE mechanisms can be extended 
to excitable tissues such as skeletal muscle (82), neurons (83), and vascular smooth 
muscle cells (VSMC) (84). Furthermore, Stim and Orai, main actors of the SOCE pathways 
are also expressed in excitable tissues. The first argument in favor of NCX Ca2+ uptake 
being part of SOCE is that NCX1 and NCX3 are both activated by store depletion following 
SERCA ATPase inhibition or RyR stimulation. However no valid experiments has proven 
yet that NCX activation truly results from ER Ca2+ depletion and not cytoplasmic elevation 
of Ca2+. Additionally, several studies reported the close proximity of Orai with NCX in 
SMC, and some data suggested their coupling at the plasma membrane (84). Furthermore, 
refilling of the SR Ca2+ levels has been observed in several cell types expressing NCX3 as 
in slow-twitch fibers (85) osteoclasts (86) and neurons (25). However exact mechanisms 
by which NCX would be part of the SOCE system remain extremely unclear. On the 
contrary, some studies provided evidence that NCX is not directly implicated in SOCE in 
cardiomyocytes (87) but rather activated by the store-operated channels as evidenced 
by Blaustein’s group. Interestingly, by examining the role of NCX in relation to the store 
operated Ca2+ entry in vascular smooth muscle cells (VSMC), Blaustein’s group proposed 
two Ca2+ permeable entry, the first one, as previously described, would consist of a SOCE 
pathway with the transient potential (TRP) store-operated channel (SOC) that enables 
not only Ca2+ but also Na+ influx. This latter Na+ influx mediated by SOC channels would 
induce NCX activation in its reverse mode, hence this second Ca2+ entry through NCX, 
refilling Ca2+ in the SR (Figure 4) (88). Such hypothesis has been later confirmed in VSMC 
(89) and airways SMC (90) and hold truth as well in epithelial cells (91) and platelets 
(92,93) and is consistent with the increased colocalization between SERCA and NCX 
upon SR depletion in VSMC (94). As for skeletal muscle, neurons and other cell types 
where NCX3 is highly expressed, the role of SOCE is until now unclear. In the light of this 
recent hypothesis, investigation of Na+ influx by SOC and its potential role in activating 
NCX3 reverse mode might well unravel new regulatory pathways of physiological 
mechanisms. 

 

Inner Layout Lauriane Michel def.indd   149 05-09-16   13:25



Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016

505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel

150 | Chapter 6

Figure 4 Proposed molecular mechanisms for Ca2+ refilling of the ER/SR via NCX3.

Schematic representation of the postulated pathway implicated in the refilling of the ER/SR Ca2+ 
store via the reverse mode of NCX3. First, depletion of Ca2+ from the ER/SR activates SOC channels 
thanks to their proximity. While the resulting Ca2+ influx is taken up by the ER/SR through Stim, Na+ 
influx participates to increase [Na+]i and to activate NCX3 in its reverse mode via Na+-binding at the 
CBD1-CBD2. NCX3-mediated Ca2+ uptake is transported into the lumen of the ER/SR via an 
unknown mechanism that would presumably consist of a Ca2+ transporter such as SERCA located 
within close proximity of NCX. 

In the past 10 years, in addition to the mitochondrial exchanger NCLX (22), NCX isoforms 
have also been hypothesized to participate and interfere with mitochondrial processes. 
In particular, NCX3 has been demonstrated to be implicated in the mitochondrial Ca2+ 
extrusion pathways during hypoxia (12,95). Very recently, NCX3 was further shown to 
reduce the mitochondrial Ca2+ concentration ([Ca2+]mito) during preconditioning 
protecting neurons during injury (78). This crucial mechanism in stress conditions 
remains poorly understood but would, most likely, involve a relationship between the 
plasma membrane NCX and the mitochondria through a common interacting partner or 
a signaling pathway that might implicate as well ER Ca2+ store. A direct localization of 
NCX3 at the outer membrane of the mitochondria as previously proposed is less 
probable as the presence of multiple α-helical proteins is rather rare at the outer 
membrane of the mitochondria and requires a pre-sequence recognized by the 

Inner Layout Lauriane Michel def.indd   150 05-09-16   13:25



Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016Processed on: 19-9-2016

505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel505132-L-bw-Michel

General discussion and summary | 151

6

translocase of the outer membrane (96) that is absent in NCX3. In fact, the first 
transmembrane segment of NCX3 presumably serves as a signal peptide routing this 
polytopic protein to the plasma membrane, similarly to NCX1. 

The knowledge gained in this thesis on the regulation of the Na+-Ca2+ exchange 
capacity in both forward and reverse mode together with the novel functions proposed 
for NCX3 in Ca2+ handling throughout the cell participate to a better understanding of 
the role of NCX3 in skeletal muscle and neuronal cells where the exchanger is highly 
expressed. In such tissues, the variant-specific distribution reported in chapters 2 and 5 
together with the newly described regulatory mechanisms of each variant reported in 
chapters 2, 3 and 4 suggest novel physiological implications for the exchanger in both 
tissues.

Novel implications in skeletal muscle physiology
Since its discovery, the NCX family has been postulated to participate in the Ca2+ 
clearance in skeletal muscle fibers following contraction, by extruding Ca2+ across the 
plasma membrane jointly with the re-uptake of Ca2+ by the SERCA ATPase in the SR to 
enable muscle relaxation. However, very little information is available on the role of each 
isoform and splice variant in this process. Both NCX1 and NCX3 have been repeatedly 
detected in skeletal muscle fiber (41,97). Messenger RNA expression presented in 
chapters 2 and 3 indicated the enrichment of NCX3-AC in all skeletal muscle. The 
activation of NCX3-AC in its Ca2+ efflux mode at low levels of Ca2+ as demonstrated in 
chapter 2 corroborates with its postulated role in relaxation. Nevertheless, if solely 
responsible for Ca2+ extrusion, a higher NCX3-AC expression would be expected in 
muscle predominantly constituted of fast-twitch fibers, such as EDL, where fast 
contraction/relaxation process occurs. On the contrary, higher expression of NCX3 is 
reported in slow-twitch muscles suggesting the implication of an additional NCX isoform 
in Ca2+ efflux, NCX1. In this regard, NCX1-ACDEF is the predominant variant of NCX1 
among the four detected in muscles (NCX1-ACDEF, NCX1-BDE, NCX1-BCD, NCX1-BD) 
and the only A-containing variant (41). As greater activation of NCX1 by Ca2+ is observed 
in A-containing variant compared to the B-counterparts (47), the presence of the exon-A 
containing variant may suggest capacity for the forward mode comparable to NCX3-AC. 
Furthermore, NCX1 expression is higher at both protein and RNA levels in fast-twitch and 
mixed muscle fibers compared to slow-twitch muscle (97) which would compensate for 
lower NCX3 expression in these fiber types. 

NCX3-AC enrichment in slow-twitch muscle, combined with its properties in reverse 
mode, evokes additional roles in Ca2+ homeostasis for the variant. During action potential 
(AP), the acetylcholine released from the neuromuscular junction (NMJ) triggers at the 
sarcolemma a transient Na+ current by the voltage-dependent Na+ channel Nav1.4 (98,99) 
leading to depolarization event. This event activates the voltage dependent Ca2+ channel 
DHPR located at the t-tubule and mechanically coupled to RyR at the SR membrane and 
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results in SR Ca2+ release and thus initiates the contraction. During a single AP, rise in 
[Na+]i is quickly compensated by K+ efflux and intracellular resting levels are quickly 
reestablished by Na+-K+ exchange via Na+-K+ ATPase so that the reverse exchange of NCX 
is not activated. However in slow-twitch muscle, prolonged exercise induces over time a 
significant rise in [Na+]i. Murphy et al., have shown that after a 60-min training, [Na+]i is 
increased of 80% in soleus, while this effect is absent in EDL (100). Under those conditions, 
[Na+]i would enable reversal of the NCX3-AC to favor Ca2+ uptake as indicated by the data 
presented in chapter 2. Ca2+ influx observed in slow-twitch muscle has been linked to 
the higher resistance of slow-twitch fibers to muscle fatigue (85,101). This beneficial 
effect has been fully attributed to NCX (85) and the increased fatigability observed in 
NCX3-/- mice suggests a direct involvement of NCX3 in this mechanism (102). In this 
pathway, NCX-mediated Ca2+ influx would be accountable for the strengthening of the 
contraction by a stronger Ca2+ recruitment and would enable the replenishment of SR 
Ca2+ store. 

In some cases the repeated elevation in triadic Ca2+ levels occurring during a 
prolonged exercise, in particular an eccentric exercise, leads to uncouple the DHPR and 
the RyR (103). This uncoupling, also called excitation-contraction (EC) uncoupling, 
triggers the depletion of Ca2+ store that underlies muscle fatigue and weakness (104), a 
phenomenon also observed upon uncoupling induced by pathological RyR mutations 
in ryanodinopathies (104). Upon EC uncoupling, Ca2+ release in the sarcoplasm activates 
the Ca2+ dependent protease CAPN1 having many substrates including NCX3-AC. The 
cleaved NCX3-AC exchanger showed higher capacity of Ca2+ uptake with a high 
sensitivity to Na+ levels, as reported in chapter 4, and performs stronger Ca2+ increase 
therefore having an increased efficiency to replenish the Ca2+ store. Such phenomena 
would be protective by an attempt to counteract the store depletion and more prone in 
slow-twitch muscles, muscles often subjected to prolonged exercise. Consistently, a 
similar effect of CAPN1 on SR Ca2+ content is observed during cardiac dysfunction (105). 
Furthermore, in Duchenne muscular dystrophy mice model (Mdx), an increased activity 
of SOCE has been observed that leads to CAPN1 activation (106). In such conditions, a 
significant enhancement of Ca2+ entry via Na+-Ca2+ exchange is detected in Mdx 
myotubes together with an upregulation of NCX3 and an increased sarcoplasmic Ca2+ 
(24,106). Altogether, these data corroborates the hypothesis mentioned above according 
to which the activation of the reverse mode of NCX3, as a consequence of Ca2+ and Na+ 
entry via the SOCE and CAPN1 activation, contributes to the increase in the SR Ca2+ 
storage (Figure 4). In such pathology a better understanding of the role of NCX3 in 
relation with the SR would be of great importance. In addition to muscle fatigue, this 
could suggest a beneficial effect of NCX3 in pathologies where failure in EC coupling is 
observed such as ryanodinopathies as well as age-related decline in muscle force. 

In addition to CAPN1, NCX3-AC is a target for CAPN3 cleavage, as demonstrated in 
chapter 4. CAPN-mediated regulation of NCX3 seems to occur through the same site for 
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CAPN1 and CAPN3 and thereby has similar effect on the exchange capacity of NCX3. 
Mutations of CAPN3 affecting its catalytic activity cause the limb-girdle muscular 
dystrophy 2A (LGMD2A). Although the conditions under which CAPN3 is activated are 
still controversial (107,108), the decrease in sarcoplasmic Ca2+ content and the increased 
phenotype in slow-twitch compared to fast-twitch muscles reported in CAPN3 KO mice 
could well be linked with an impaired refilling of the SR caused by a loss of NCX3-AC 
cleavage (109,110). In this regard, the investigation of the role of NCX3 on restoring SR 
Ca2+ levels in muscle fiber is crucial to conclude on its involvement in muscular 
pathologies such as the LGMD2A. 

Finally, during the fight-or-flight response occurring during stress and intense 
exercise, the activation of PKA caused by epinephrine release, enhances Ca2+-mediated 
contraction by modifying the activity of numerous Ca2+ transporters (111). In this regard 
the increased activity of NCX3 variants upon PKA activation reported in chapter 3 
suggests an increased Ca2+ uptake via NCX during the fight-or-flight response. It has to 
be noted that the PKA-mediated increase of the reverse mode is exclusively present 
upon high [Ca2+]i together with low extracellular Na+ levels. Therefore, for this mode to 
be activated would imply a decrease in plasma [Na+] or a decrease in [Na+] in the vicinity 
of the sarcolemma. In absence of information concerning these extracellular [Na+] during 
fight-or-flight response it is not possible to conclude on the participation of the 
phosphorylation of NCX3 in the enhancement of Ca2+-mediated contraction. 

Novel physiological implications in the central nervous system
In chapter 5, the absolute quantification of NCX3 splice variants in mice brain indicated 
the expression of exon-B-containing variants exclusively. In all regions investigated, both 
NCX3-B and NCX3-BC were detected, NCX3-B being predominant. NCX3 expression in 
adult brain suggests physiological implications in addition to the previously reported 
role in cell differentiation (112-115). Similarly to skeletal muscle, the Na+ transient via 
Nav1.1, initiating the neuronal depolarization is not sufficient to trigger the activation of 
NCX3 in its reverse mode. Furthermore, the reversal of NCX3 is less likely to occur than in 
skeletal muscle given the low sensitivity of exon-B-containing variants to [Na+]i, as 
reported in chapter 2. Subsequently to the Na+ transient, elevation in [Ca2+]i enables 
neurotransmitter release at the synaptic nerve terminals. This rise in absence of changes 
in [Na+]e triggers the activation of Ca2+ efflux via the forward activity of NCX. In this 
respect, NCX3-B could well participate in this process in combination with other NCX 
isoforms in order to maintain Ca2+ balance and enable subsequent action potential. 

The roles of NCX3 might also differ among CNS regions due to diversity in action 
potential and physiological functions. This possibility has been investigated solely in 
hippocampus, the region involved in memory processes. NCX3 quantification in 
hippocampus reported in chapter 5 indicated similar expression compared to other 
regions, contrary to the enrichment observed in earlier investigations (116). Nevertheless, 
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the significant impairment in spatial learning and memory observed in NCX3 KO mice 
and the enhanced memory resulting of the knockout of the transcriptional repressor of 
NCX3, DREAM, demonstrates specific functions for NCX3 in hippocampus (117,118). In 
this regard, the synaptic enhancement occurring in hippocampus also known as long-
term potentiation (LTP) is directly involved in learning and memory formation (119,120). 
The molecular mechanisms behind LTP consist of a high frequencies neural activity 
leading to NMDA-mediated Na+ transient inducing a long-lasting increase in [Ca2+]i at 
postsynaptical terminal causing enhanced transmitter release (121). Interestingly, during 
LTP induction considerable Na+ transient (over 100 mM) is measured locally, which rises 
threefold what is observed in short synaptic bursts (66). Therefore, hippocampal LTP 
provides optimal conditions for the reversal of NCX3 exchange activity. Additionally, 
large elevation of [Ca2+]i during LTP triggers the activation of multiple kinases such as 
PKA and CaMKII. The stimulation of NCX3 capacity in the reverse mode by PKA, as 
indicated in chapter 3, further enhances its capacities and could contribute to sustain 
the Ca2+ requirement during LTP. 

Mechanisms of LTP are in fact very similar to the mechanisms underlying 
epileptogenesis, as both require high-frequency neural activity (122). Furthermore, NCX3 
appears to be implicated as well in pathologies where hyperexcitability state is observed 
such as epilepsia and seizures. Early, the importance of Na+ and Ca2+ levels has been 
evidenced as both low [Ca2+]e and high [Na+]i induces seizures (123,124). Recently, 
Martinez et al. showed that the blockade of NCX3 reduces the severity and delays 
significantly the seizures (125,126). Detrimental role of NCX3 in such pathologies is 
presumably due to the inappropriate and untimely activation of several mechanisms of 
LTP, that are likely to implicate NCX3; an hypothesis consistent with the fact that the 
lowest seizure threshold of the brain is located in the hippocampus and with the 
recurrent memory impairment caused by seizures (127,128). On the other hand, in the 
light of the numerous cases of crosstalk of NCX3 with the SR/ER and the importance of 
Ca2+ refilling of the ER during LTP in hippocampus, the investigation of the possible 
implication of the NCX in ER/SR refilling is of great interest in the understanding of LTP 
molecular determinants as well as the development of therapies for pathological 
impairment of ER Ca2+ replenishment such as presenilin mutations causing early onset 
familial Alzheimer’s disease where capacitative Ca2+ entry is impaired.

With regard to pathological situations, the activation of NCX3 upon strong variations 
of [Na+]i or [Ca2+]i make it a potent actor during stress conditions (Figure 5). The activation 
of NCX3 and NCX1 in hypoxia and anoxia, reported many times, has been linked with a 
decrease in hypoxia-induced cell death (12,129-132), a neuroprotective effect attributed 
solely to NCX3 and confirmed by the accentuated brain damage following ischemia 
observed in NCX3 KO mice (117,132). In hypoxia the rise in intracellular Na+ due to a Na+ 
influx via the voltage-dependent Na+ channels, participates in the activation of NCX3 in 
its reverse mode and could well be responsible for the NCX-mediated secondary Ca2+ 
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rise observed following initial Ca2+ entry (133). Recently, Annunziato’s group reported the 
calpain-mediated cleavage of NCX3 induced by amyloid β1-42 toxicity in mice and human 
(25,134). Interestingly, in excitotoxic conditions in vivo the Ca2+-dependent proteases 
exclusively cleaved the third isoform of the NCX family. The initial study reporting this 
cleavage postulated a detrimental effect of NCX3 arguing for a defect in Ca2+ extrusion 
that would participate in the Ca2+ rise occurring upon stress conditions and precipitate 
cell death (52). However subsequent studies on the cleaved exchanger and its capacities 
of exchange evidenced (25) a neuroprotective effect for NCX3 as the exchanger showed 
hyperactive capacity in its Ca2+ uptake mode of exchange. These results, consistently 
with the CAPN1-mediated effect reported in chapter 4, suggest that NCX3 would 
participate to ER Ca2+ refilling and delay toxicity-induced cell death. This hypothesis is 
consistent with observations made 20 years ago on human post-mortem Alzheimer’s 
disease brain and reporting the increased reverse activity of NCX (135) (Figure 5).

  

Figure 5 Postulated pathways for the neuroprotective role of NCX3 in hypoxic conditions.

Schematic representation of cellular pathways in hypoxic conditions leading to NCX3 activation 
due to primary Ca2+ and Na+ entry. Left panel depicts the activation of the NMDA receptor upon 
hypoxic excitotoxic conditions triggering a primary Ca2+ entry into the cytoplasm, responsible for 
the activation of cytoplasmic proteases calpain 1 and 2. The cleavage by calpain of NCX3-BC 
(presumably at Leu602) together with the rise in [Ca2+]i triggers the reverse mode of NCX3. NCX3-
mediated influx of Ca2+ intracellularly is transported into the ER. The right panel presents the Na+ 
influx triggered in hypoxic conditions through the plasma membrane voltage-gated Na+ channels. 
Intracellular Na+ influx activates NCX3 by Na+-binding at the intracellular loop and initiates the 
reverse mode of exchange. Ca2+ is then transported across the ER membrane by one of the ER Ca2+ 
transporters.
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The study performed in 2005 by Carafoli’s group reported for the first time the cleavage 
of NCX3 and identified in vitro several cleavage sites for calpain in the exchanger, leading 
to the disruption of the CBD1 of the intracellular loop (52). Data presented in chapter 4
suggest that exon C-containing variants carry an additional calpain cleavage site within 
the CBD2 of the intracellular loop. This site is implicated as well in a calpain-mediated 
increase of the reverse mode capacity and is presumably more prone to cleavage (Figure 
5). This cleavage site, besides providing an explanation for the evolutionary splicing of 
this 6-amino acids coding exon, could be of great importance in pathological situations 
that triggers calpain activation. In neurons, this would imply a higher capacity of cleavage 
for NCX3-BC providing a lesser vulnerability to injury. According to the absolute 
quantification reported in chapter 5, NCX3-BC expression in the different brain regions 
(Table 3) is inversely proportional to the vulnerability to ischemia observed in these 
regions, as hippocampus and neocortex are more sensitive than the striatum and the 
cerebellum; all regions in turn being by far more vulnerable to ischemia- induced 
damage than the brain stem (136,137). This correlation would suggest the involvement 
of the variant NCX3-BC in the resistance to hypoxia that has yet to be proven. 

Table 3 NCX3 expression and resistance to hypoxia-induced damage in WT mice brain 
regions.

Brain regions
Expression  

NCX3 
(% BS)

Expression 
NCX3-B 
(% BS)

Expression 
NCX3-BC 

(% BS)

Sensitivity to 
hypoxia

Hippocampus 37 75 11

Neocortex 53 115 17

Striatum 80 105 57

Cerebellum 84 145 55

Brain stem (BS) 100 100 100

Percentages of RNA expression of NCX3 splice variants in various brain regions of C57BL6 WT mice 
compared to Brain stem (expression set at 100%). Percentages are calculated from copy number/ng 
RNA obtained in Chapter 5. Neocortex represents here the prefrontal and parietal cortex. Resistance 
to hypoxia is depicted as an arrow from the lowest resistance in hippocampus (black) to the lowest 
sensitivity (white) (137).

Neuroprotection via NCX3, common to multiple types of neuronal injuries such as 
shortage of nutrients and/or oxygen in hypoxia or anoxia and pathologies causing 
neurotoxicity such as Alzheimer’s disease suggests a similar pathway by which NCX3 
exerts its neuroprotective action. In this respect, both hyperglutamatergic and ischemic 
preconditioning provide additional protection preventing neuronal damage (138). 
However, while ischemic pre- and post-conditioning lead to a significant upregulation of 
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NCX3 reported in multiple mice models (12,130), the expression of the exchanger is 
unaffected by hyperglutamatergic conditions or amyloid β1-42 toxicity in all brain regions 
tested, as reported in chapter 5. This finding indicates that the neuroprotective response 
of NCX3 results from distinct signaling pathways activated according to the type of 
neuronal insults. Nevertheless, while it is clear that only ischemic conditions trigger the 
upregulation of the exchanger, it remains unclear how post-translational modifications 
and activation of NCX3 participates in these differential responses and the role played by 
NCX3-BC in these pathways. Therefore, functions carried out by NCX3 in hypoxia cannot 
be translated as originally thought to other excitotoxic conditions where most likely 
different cellular pathways are implicated. Furthermore, the study of the differential cell 
responses to the diverse stress and injuries is of great interest in the understanding of the 
mechanisms of preconditioning and of the neuroprotective effect of NCX3. 

Conclusion and future perspectives 

The general aim of this thesis was to provide more insight in the physiological and 
molecular regulation of the Na+-Ca2+ exchanger NCX3. Our studies illustrated the 
identification of regulators of NCX3 and their molecular mechanisms of action. A novel 
protocol was designed to enable the study of NCX3 in both modes of exchange by live-
cell Ca2+ imaging and is applicable to all NCX isoforms. Using this approach, deeper 
insight was obtained in the functional properties of NCX3 splice variants. Furthermore, 
the regulation of NCX3 by PKA and PKC phosphorylation was unraveled as well as the 
variant-specific modulation mediated by CAPN1 and CAPN3. The studies identified the 
role of each spliced exon, the underlying molecular determinants and further pinpointed 
the crucial role of the intracellular loop in the regulation of NCX3 activity (Table 2). One 
of the future challenges in the comprehension of the NCX family would be to understand 
the signal transmission from the regulatory loop to the transmembrane domains 
responsible for ion translocation as well as the part played by the catenin-like domain in 
this process. A first step towards this goal has been the recent determination of the 
bacterial NCX crystal structure (29). Additionally, the ionic requirements for reversal of 
NCX3 identified and investigated in this thesis together with the studies performed in 
the past years demonstrating that these ionic requirements can be met in diverse cell 
types have proven that NCX3 can participate in Ca2+ entry in pathological but also in 
physiological conditions. Future studies should now aim to investigate the physiological 
roles of Ca2+ uptake via NCX3 and the interplay between this Ca2+ uptake, the store-
operated channels and the Ca2+ storage in both SR/ER and mitochondria. 

Altogether, the ‘palette’ of distinct regulatory mechanisms constitutes a fine-tuning of 
NCX activity to match the requirements of each tissue and cell type. The investigation 
described in this thesis demonstrated a tissue-specific expression of NCX3 splice variants 
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in skeletal muscle and brain in addition with various levels of expression in each fiber 
type and brain regions. In skeletal muscle, splicing, Ca2+ uptake capacity and calpain-
mediated regulation of NCX3 suggest that the exchanger plays a more complex role 
than originally thought, by acting in both modes of exchange. This is of particular 
relevance in the comprehension of physiological events such as prolonged exercise and 
age-related muscular decline but also in several muscular pathologies where reticular 
Ca2+ imbalances are observed. Further studies focusing on the roles of NCX3 in skeletal 
muscle would be necessary. In this respect, the use of conditional knock-out models 
would be of great interest to decipher the roles of NCX3 in muscle fiber and at the 
neuromuscular junction. Finally, the neuroprotective role of NCX3 in neuronal injury and 
excitotoxicity is recognized. However examination of NCX3 expression performed in this 
thesis indicates differential stress-dependent responses that remain poorly understood. 
Future studies could make use of the recently developed CRISPR/Cas technique (139) to 
generate mice models with a deletion of the identified NCX3 cleavage sites. As NCX3 
remains a promising drug target to reestablish Ca2+ balance, new insights on its 
implications could be of great help in pathologies causing intracellular Ca2+ disturbances 
such as epilepsia, muscular dystrophy or neuronal injury.
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KDa  Kilo Dalton
KO  Knock-out
LGMD2A  Limb-girdle muscular dystrophy 2A
LTP  Long-term potentiation
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M  Molar
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Tg  Thapsigargin
TM  Transmembrane 
TNFα  Tumor necrosis factor-alpha
TPA  12-O-Tetradecanoylphorbol 13-acetate
XIP  Exchanger inhibitor peptide
WT  Wild type
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dr. Jesper V. Møller at the University of Århus, Denmark, she studied the mechanisms of 
inhibition of the sarco-endoplasmic reticulum calcium (SERCA)-ATPasis. In 2010, she 
investigated the regulation of mitochondrial fluxes by cytoskeletal proteins in cardiac 
and cancer cells at the laboratory of Bioenergetics (LBFA) of Grenoble, under the 
supervision of Prof. dr. Valdur Saks. The same year, she obtained her Master’s degree with 
distinction with her thesis entitled “Study of an organized bioenergetic system: the 
mitochondrial interactosome”. In 2011, Lauriane joined the department of Physiology 
and the Centre for System Biology and Bioenergetics (CSBB) of the Radboud university 
medical center. Under the supervision of Prof. dr. René J.M. Bindels, Prof. dr. Joost G.J. 
Hoenderop and Dr. Peter H.G. Willems, she investigated the alternative splicing and the 
post-translational regulations of the third isoform of the Na+-Ca2+ exchanger family 
(NCX3) in order to better comprehend the implications of the exchanger in the brain and 
the skeletal muscle. During her PhD, Lauriane attended and held a poster presentation at 
several international conferences such as the Calcium signaling Gordon Research 
Conference (GRC) 2013 held in Lucca, Italy and the Experimental Biology meeting (EB) 
2015 in Boston, USA. Additionally, she successfully followed the PhD training programme 
of the Radboud Institute for Molecular Life Sciences (RIMLS) and supervised four students 
from Biomedical sciences and Medicine. As of 2016, she is working as a postdoctoral 
researcher in the laboratory of Prof. dr. Jean-Luc Balligand in the Institute of experimental 
and clinical research of the University of Louvain (UCL) in Brussels, Belgium. Her new 
project is directed at understanding the implications of the β3-adrenergic receptor in 
cardiac remodeling.
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