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Calcium is an ambivalent signal: it is essential for the correct functioning of cell life, but may
also become dangerous to it. The plasma membrane Ca2þ ATPase (PMCA) and the plasma
membrane Naþ/Ca2þ exchanger (NCX) are the two mechanisms responsible for Ca2þ extru-
sion. The NCX has low Ca2þ affinity but high capacity for Ca2þ transport, whereas the PMCA
has a high Ca2þ affinity but low transport capacity for it. Thus, traditionally, the PMCA pump
has been attributed a housekeeping role in maintaining cytosolic Ca2þ, and the NCX the
dynamic role of counteracting large cytosolic Ca2þ variations (especially in excitable
cells). This view of the roles of the two Ca2þ extrusion systems has been recently revised,
as the specific functional properties of the numerous PMCA isoforms and splicing variants
suggests that they may have evolved to cover both the basal Ca2þ regulation (in the 100
nM range) and the Ca2þ transients generated by cell stimulation (in the mM range).

Ca2þ controls critical cellular responses in all
eukaryotic organisms. It controls both short-

term biological processes that occur in milli-
seconds, such as muscle contraction, as well as
long-term processes that require longer times,
such as cell proliferation and organ develop-
ment. The specificity of cellular Ca2þ signals is
controlled by a sophisticated “toolkit” compris-
ing numerous ion channels, pumps, and ex-
changers that drive the fluxes of Ca2þ ions
across the plasma membrane and across the
membranes of intracellular organelles (Berridge
et al. 2003).

The plasma membrane contains several types
of channels that mediate Ca2þ entry from the

extracellular ambient, and two systems for Ca2þ

extrusion: a low affinity, high capacity Naþ/
Ca2þ exchanger (NCX), and a high-affinity,
low-capacity Ca2þ-ATPase (the plasma mem-
brane Ca2þ pump (PMCA)) (Fig. 1). The type
of channels and the relative proportions of
NCX and PMCA vary with the cell type, the
NCX being particularly abundant in excitable
tissues, e.g., heart and brain. The regulated
opening of the Ca2þ channels by either voltage
gating, interaction with ligands or the emptying
of intracellular stores, allows a limited amount
of Ca2þ to enter the cell to transmit signals to
its designated targets. Thereafter, the Ca2þ tran-
sients must be dissipated: its extrusion from the

Editors: Martin D. Bootman, Michael J. Berridge, James W. Putney, and H. Llewelyn Roderick

Additional Perspectives on Calcium Signaling available at www.cshperspectives.org

Copyright # 2011 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a004168

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004168

1



cell is mediated by the NCX and the PMCA
pump, but Ca2þ is also restored to basal levels
by sequestration in the endo/sarcoplasmic retic-
ulum via the SERCA pump and in the mito-
chondria by the electrophoretic uniporter. The
NCX has also been found at the inner membrane
of the nuclear envelope (NE) and has been pro-
posed to mediate Ca2þ flux between the nu-
cleoplasm and the NE (Xie et al. 2002), and
then to the ER (Wu et al. 2009) in neuronal
and certain other cell types. Ca2þ binding pro-
teins also contributed to Ca2þ buffering: In this
review, we will not cover them, as we will
only discuss the systems that extrude Ca2þ out
of the cell.

The PMCA pump is a minor component of
the total protein of the plasma membrane (less
than 0.1% of it). Quantitatively, it is overshad-
owed by the more powerful NCX in excitable tis-
sue like heart; however, even cells in which the
NCX predominates, the PMCA pump is likely
to be the fine tuner of cytosolic Ca2þ, as it can
operate in a concentration range in which the
low affinity NCX is relatively very inefficient.

The PMCA was discovered in erythrocytes
(Schatzmann 1966), and was then described
and characterized in numerous other cell types.
It was purified in 1979 using a calmodulin
affinity column (Niggli et al. 1979), and cloned
about 10 years later (Shull and Greeb 1988;
Verma et al. 1988). It shows the same essential
membrane topology properties of the SERCA
pump. Molecular modeling work using the
structure of the SERCA pump as a template
(Toyoshima et al. 2000) predicts the same
general features of the latter, with 10 transmem-
brane domains and the large cytosolic head-
piece divided into the three main cytosolic A,
N, and P domains. The Naþ/Ca2þ cotransport
process was discovered at about the same time as
PMCA by two independent groups working on
heart (Reuter and Seitz 1968) and on the squid
giant axon (Baker et al. 1969). The exchanger
was cloned in 1990 (Nicoll et al. 1990). The
sequence was initially predicted to correspond
to a protein with 11 transmembrane domains
and one large cytosolic loop linking transmem-
brane domain five and six but a revised model
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Figure 1. A schematic representation of the structures involved in cellular Ca2þ homeostasis. The model shows a
cell with its Ca2þ-transporting systems: Ca2þ-ATPases (plasma membrane and sarco/endoplasmic reticulum,
PMCA and SERCA), plasma membrane (PM) Ca2þ channels, Naþ/Ca2þ exchangers (NCX and NCLX),
1,4,5-triphosphate receptor (IP3R) and ryanodine receptor (RyR), the electrophoretic mitochondrial uptake
uniporter (U). Mitochondria are drawn as yellow ellipses, nucleus as orange circle and endoplasmic reticulum
is colored in red. The different Ca2þ-transporting systems cooperate to maintain the Ca2þ concentration gra-
dient between the extracellular and the intracellular ambient.
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predicting only nine transmembrane domains
is now generally accepted.

PLASMA MEMBRANE CALCIUM PUMP

Structural and Regulatory Characteristics

The PMCA pump belongs to the family of
P-type ATPases, which are characterized by the
temporary conservation of ATP energy in the
form of a phosphorylated enzyme intermediate
(hence P-type) formed between the g 2 phos-
phate of hydrolyzed ATP and an invariant D-
residue in a highly conserved sequence of the
pump molecules: SDKTGT (L/I/V/M) (T/I/
S). The pump operates with a 1:1 Ca2þ/ATP
stoichiometry as a Ca2þ: Hþ exchanger: the
matter of Ca2þ/Hþ stoichiometry is still con-
troversial (Niggli et al. 1982; Hao et al. 1994).
The pump has high Ca2þ affinity and a multi-
tude of agents that modulate it. The Kd of the
pump for Ca2þ, which is 10 to 20 mM in the
resting state, decreases to less than 1 mM follow-
ing calmodulin interaction (Brini and Carafoli
2009). Acidic phospholipids also increase the
Ca2þ affinity of the pump. Even if the molecular
mechanism of the activation by phospholipids
is obscure, it could be physiologically mean-
ingful: It has been calculated that in the mem-
brane environment the pump is probably
permanently activated by acidic phospholipids
to about 50% of its maximal activity (Niggli
et al. 1981).

Structurally, the pump is predicted to con-
sist of 10 transmembrane domains, two large
intracellular loops, and of amino- and carboxy-
terminal cytoplasmic tails (Fig. 2). The 90-resi-
due amino-terminal tail contains a consensus-
binding site for the 14-3-3 protein, which plays
an inhibitory role on pump activity (Rimessi
et al. 2005). The first cytosolic loop between
transmembrane domains two and three is con-
sidered the “transducer domain.” It contains
one of the two sites that mediate the activa-
tion by acididic phospholipids (Zvaritch et al.
1990) and one of the two sites for the autoinhi-
bitory interaction with the calmodulin binding
domain. This loop also contains site A, which is
one of the two main sites of the alternative

splicing that generates pump variants. Interest-
ingly, the A-splice-site-insert also plays a key
role in the targeting of PMCA to specialized
portion of the plasma membrane of polarized
cells (Chicka and Strehler 2003).

The cytosolic loop that connects transmem-
brane domains four and five contains the cata-
lytic center that includes the ATP binding site
and the aspartate residue that forms the acyl
phosphate intermediate. It also contains the
second binding site for the carboxy-terminal
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Figure 2. (A) Topology model of PMCA. The pump is
organized in the membrane with ten transmembrane
domains connected on the external side by short
loops. The cytosolic portion of the pump contains
the catalytic center and other functionally important
domains. The ATP binding site is indicated with a yel-
low circle. Acidic phospholipid binding domain (PL)
and Calmodulin binding domain (CaMBD) are rep-
resented with pale blue boxes. (B) Deduced 3D struc-
ture of the PMCA pump. The three-dimensional
structure of the PMCA pump has been obtained
modeling it on that of the SERCA pump (Toyoshima
et al. 2000). The image is a kind gift of Dr. M. Hilge
(Nijmegen, Holland).
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calmodulin-binding domain. The carboxy-
terminal tail contains the main regulatory sites
for the activity of the pump: the calmodulin
binding domain (which also binds acidic phos-
pholipids), consensus sites for protein kinases A
(PKA), and C (PKC) and high affinity allosteric
Ca2þ binding sites. The calmodulin-binding
domain of the PMCA pump acts as an auto-
inhibitory domain, binding to “receptor” sites
in the first and second cytoplasmic loops of the
pump. Calmodulin would remove the domain
from the binding sites, freeing the pump from
autoinhibition.

The carboxy-terminal region of the pump is
also the target of isoform-specific phosphoryla-
tions by PKA and PKC. Phosphorylation could
influence the regulation of the pumps either
directly (e.g., by de-inhibiting it) or indirectly
(e.g., via interference with calmodulin regula-
tion). Recent studies have shown that PKC
affects the various PMCA isoforms and splicing
variants in different ways according to varia-
tions in the carboxy-terminal sequence: the
phosphorylation may activate the pump, inhibit
it, or have no effects (Strehler and Zacharias
2001). As for PKA, its consensus site has only
been described in isoform one of the pump.
The PMCA pump is also a substrate of intracel-
lular proteases, as its carboxy-terminal tail con-
tains target sequences for the Ca2þ dependent
protease calpain (Guerini et al. 2003) and for
caspase 1 and 3. Calpain cleaves the pump in the
calmodulin binding sequence, leading to per-
manent activation of the pump. Both activation
and inactivation have been described for cas-
pases 1 and 3 action on PMCA2 and 4 (Schwab
et al. 2002; Paszty et al. 2005).

The carboxy-terminal domain of the pump
also contains an important site of alternative
splicing, site C. C-site splicing occurs in all
pump isoforms (albeit with varying degree of
complexity) and causes the inclusion of one
(or two) additional exons, or of portion of
exons. The insertion has structural and func-
tional consequences: its leads to the truncation
of the pump because of a frame shift in the cod-
ing region, and alters, for instance, the pH sen-
sitivity of the interaction of calmodulin with the
calmodulin binding domain. In general, the

truncated isoforms have much decreased affin-
ity for calmodulin (Enyedi et al. 1994). Surpris-
ingly, however, the full length and the truncated
variants expressed in living cells appear to have
the same ability to restore the cytosolic Ca2þ

transient generated by cell stimulation: the find-
ing suggests that in vivo, calmodulin may not be
the only factor regulating PMCA activity (Brini
et al. 2003).

The carboxy-terminal domain also medi-
ates the interaction with PDZ domains of differ-
ent proteins, and mediates PMCA dimerization
(which also activates the pump (Kosk-Kosicka
and Bzdega 1988; Vorherr et al. 1991)). The
interaction with PDZ domains is apparently
limited to the full-length splice isoforms, as the
carboxy-terminally truncated variants lack the
consensus site for its binding. PMCA has been
reported to interact with PDZ domain-contain-
ing proteins involved in the recruitment and
maintenance of membrane proteins in specific
membrane domains, such as members of mem-
brane associate guanylate kinase (MAGUK)
family, i.e., SAP, CASK, the Na/H exchanger
regulatory factor 2, PISP and the Ania3/Homer
protein (reviewed in (Brini and Carafoli 2009)).
These proteins could contribute to targeting
and retention of PMCA in specialized domains.
The increased local pump concentration could
regulate Ca2þ signaling. The PDZ binding
domain also directs the interaction of one of
the PMCA-isoforms (4b) with nitric oxide syn-
thase 1 (NOS-1) in a ternary complex with a-
syntropin. The latter would bind to a domain
further upstream in the pump sequence (Wil-
liams et al. 2006). The double interaction would
thus down-regulate the production of NO by
decreasing Ca2þ in the immediate vicinity of
the synthase: i.e., the pump could function as
a modulator of signal transduction, in addition
to regulating cell Ca2þ (Cartwright et al. 2009).

Isoforms and Tissue Distribution

The four basic PMCA isoforms (the PMCA is
the product of four separate genes) have tissue-
specific expression (Brini and Carafoli 2009).
Although PMCA1 and PMCA4 are expressed
in most tissues, PMCA2 and 3 are found in a
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restricted number of tissues, among them in
brain, striated muscle and the mammary gland.
In particular, PMCA2 is abundant in specialized
cells such as cerebellar Purkinje neurons and
cochlear hair cells, and it is also present in
uterus and in lactating mammary glands. It is
also expressed in significant amounts in liver
and kidney. PMCA3 distribution is more re-
stricted, the choroid plexus expressing signifi-
cant amounts of it.

The transcript of each of the four genes
encoding PMCA pumps is subject to alternative
splicing: The sites in which it occurs are named
A, B, and C. Of the large number of splice
variants theoretically possible about 30 have
being detected at the RNA or protein levels
(Brini and Carafoli 2009). Alternative splicing
at site A and C occurs for all four isoforms
(however, PMCA1 is never spliced at site A).
Alternative splicing at site B has been described
only for human isoform one and four and it
could be artifactual. Splice site A is located
upstream of one of the regulatory binding sites
for acidic phospholipids and involves up to
three exons that can be optionally inserted or
excluded. In PMCA3 and 4 a single exon may
be included or excluded in the mature mRNA,
thus generating the x and z splice variants, re-
spectively. The situation in PMCA2 is more
complex: in the human pump, three exons of
33, 60, and 42 nt, alternatively used, could in
principle originate eight different variants.
However, only four of them have so far been
detected as mRNAs in a variety of tissues. Var-
iant w includes all three exons, variant z ex-
cludes all three exons, variant x includes the
42 nt exon, and variant y includes the 33 and
60 nt exons. This alternative splicing was shown
to be essential in the apical targeting of PMCA,
and thus could also be involved in the regulation
of the pump distribution in specialized portions
of the plasma membrane (directly or through
the interaction with other molecular determi-
nants). Considering that splice site A is contig-
uous to one of the two phospholipid-binding
domains, it could in principle effect the phos-
pholipid regulation of PMCA isoforms by alter-
ing the accessibility of the binding domain to
acidic phospholipids. As mentioned, the splicing

at site B may be an artifact, as its occurrence in
vivo has been a point of controversy. It has been
proposed to remove a carboxy-terminal 108 nt
segment, leading to the loss of the 10th trans-
membrane domain and causing a reorgani-
zation of the pump topology (Preiano et al.
1996). Splice site C is located in the carboxy-
terminal of PMCA protein, within the calmo-
dulin binding domain: the inclusion of a large
exon (154–175 nt) alters the carboxy-terminal
half of the domain in all isoforms, and changes
the reading frame of the remaining carboxy-
terminal tail. This splicing is thus responsible
for the generation of variant a, truncated after
the first 12 residues of the calmodulin bind-
ing domain. The variant has reduced respon-
siveness to calmodulin with respect to the
full-length variant (termed variant b). Lower
Ca-calmodulin affinity and a significantly ele-
vated basal pumping activity are general charac-
teristics of the a splice variants in comparison
with the b variants (Preiano et al. 1996; Elwess
et al. 1997; Caride et al. 2007).

Interestingly, the expression of the PMCA
pumps is transcriptionally regulated by Ca2þ

itself (Zacharias and Strehler 1996; Carafoli
et al. 1999). The phenomenon has been studied
on cultured neurons and is correlated to their
maturation. In cerebellar granule cells, as Ca2þ

concentration in the cytoplasm increases, the
pattern of expression of the PMCA pumps un-
dergoes a dramatic rearrangement: isoform two
and three become strongly up-regulated, where-
as isoform one undergoes a splicing switch that
generates high levels of the truncated a variant.
In contrast, PMCA4 disappears in a process that
is calcineurin dependent (Guerini et al. 2000).
The reprogramming of the transcription of
PMCAs is essential to the survival of the devel-
oping neurons: the regulation of PMCA expres-
sion may thus be critical to the survival of cells
exposed to pathological increases in intracellu-
lar Ca2þ. Parallel amplification of Ca2þ influx
and efflux pathways may enable differentiated
neurons to precisely localize Ca2þ signals in
time and space (Usachev et al. 2001). Similarly,
in rat hippocampal neurons, transcripts for all
isoforms of the PMCA pump have been found
to be strongly up-regulated during the second
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week in culture, the overall increase in Ca2þ ex-
trusion systems being accompanied by changes
in the expression and cellular localization of dif-
ferent isoforms. The accumulation of PMCAs in
dendrites and dendritic spines coincided with
the functional maturation of these neurons,
underlining the importance of the proper spa-
tial organization of the Ca2þ extrusion systems
in synaptic function and development (Kip
et al. 2006).

Role in Physiology and Pathology

PMCA pumps are expressed ubiquitously, thus,
they are unlikely candidates as molecules that
could mediate cell specific processes. However,
the existence of so many PMCA variants (basic
isoforms and alternative spliced forms), the find-
ing on knockout mice for the specific PMCA
isoforms, and studies on the mechanisms mod-
ulating their cell/tissue specific distribution
indicate that PMCA pumps may play important
roles as signaling molecules, in addition to
having a constitutive role as Ca2þ housekeeping
enzymes.

The ablation of isoforms two and four in
mice has indeed revealed that they are important
in specialized biological processes. PMCA2 plays
an essential role in the hearing process, because
it dissipates with peculiar kinetics the Ca2þ

transients generated by the opening of the
mechanoelectrical transduction (MET) chan-
nels in the stereocilia of cochlear hair cells.
Mutations in the PMCA2 pumps in hereditary
deafness impair the longer-term export of Ca2þ

from hair cells, but not their ability to respond
to a sudden increase of Ca2þ. This suggests
that the mutated pumps reduce the extracellular
Ca2þ gradient in the endolymph surrounding
the hair cells, compromising the adaptation
process responsible for the control of the open-
ing of MET channels (Ficarella et al. 2007;
Spiden et al. 2008). Interestingly, the PMCA2
isoform has another peculiar function in mam-
mary gland: its activity is responsible for the
high content of Ca2þ in the milk. PMCA2 is
strongly up-regulated in lactating mammary
gland, and PMCA2 null mice have 40% less
Ca2þ in the milk (Reinhardt et al. 2004).

PMCA4 is crucial to male fertility: in mice,
its ablation reduces sperm motility, probably
resulting from Ca2þ overload and mitochon-
drial damage (Schuh et al. 2004). Interestingly,
PMCA4 is also essential for the modulation of
the activity of the calcium/calmodulin depend-
ent neuronal nitric oxide synthase (nNOS)
(Schuh et al. 2001) and thus, in turn, controls
nitric oxide production, which is important in
the regulation of excitation-contraction cou-
pling of the heart. It has been shown that
PMCA4b regulates cardiac contractility in vivo
through its interaction with nNOS (Oceandy
et al. 2007).

PMCA defects have been described in a large
number of disease conditions, among them
those linked to the oxidative stress in several
tissues, particularly brain, in brain ischemia,
diabetes, atherosclerosis, aging, neurodegenera-
tive diseases, and various disturbances of Ca2þ

metabolism. PMCA defects have also been re-
ported in various cancer types (reviewed in
Monteith et al. 2007), in line with accumulating
evidence on the involvement of Ca2þ homeo-
stasis dysfunction in the process of malignant
transformation. The genetic diseases involving
the PMCA pump are best characterized: a num-
ber of dysfunctions linked to the ablation, or to
partial disruptions, including point mutations,
of its genes, have been described in mice. So far,
the only identified spontaneous human disease
related to a PMCA pump (isoform 2) defect is
the form of hereditary deafness described above
(Schultz et al. 2005; Ficarella et al. 2007).

Genetic Manipulations

Knockout mice have been developed and the
phenotypes studied for PMCA1, PMCA2, and
PMCA4, but not yet for PMCA3. As this iso-
form is widely expressed in developing em-
bryos, it may be essential for normal gestation.

The ablation of the PMCA1 gene has re-
sulted in early embryonic lethality in homozy-
gotes, underlying the essential role of PMCA1
in the early stages of development and in
organogenesis, in line with its suggested house-
keeping function (Okunade et al. 2004). Heter-
ozygotes, by contrast, appeared healthy, however,
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loss of one copy of the PMCA1 gene in mice
with a PMCA4 null background led to increased
propensity to apoptosis in the smooth muscles
of blood vessels, possibly because of Ca2þ over-
load (Okunade et al. 2004). The ablation of the
PMCA2 gene revealed its involvement in the
hearing process: the phenotype of the PMCA2
knockout mice (Kozel et al. 1998) was charac-
terized by balance impairment and hearing
loss. The study of the vestibular inner ear re-
vealed the absence of the otoconia and the pro-
gressive degeneration of the hair cells beginning
10 days after birth. The PMCA2 pump is prob-
ably also important to general neuronal Ca2þ

homeostasis because PMCA2 null mice showed
a significant reduction in the number of spinal
cord motor neurons (Kurnellas MP 2005) and
abnormalities in Purkinje neurons (Kurnellas
MP 2007). However, the balance defect was ap-
parently not due, as could in principle have been
expected, or was only partially due, to a cerebel-
lar dysfunction. It was apparently related to the
absence of the Ca-carbonate crystals of the oto-
conia embedded in the otolithic membrane
overlying the sensory epithelium that sense
gravity and linear acceleration in the inner ear.
In keeping with the high level of expression of
PMCA2 in the mammary gland, the ablation
of its gene, in addition to generating the hearing
loss phenotype, also strongly reduced the
concentration of Ca2þ in the milk (Reinhardt
et al. 2004).

The ablation of the PMCA4 gene failed to
cause a very evident general pathological phe-
notype (Schuh et al. 2004), but local defects
were present. This is interesting, as PMCA4 is
also widely expressed, and has also been pro-
posed to play a housekeeping role. However, it
has now become evident that PMCA4 plays
more specialized roles, and is not only essential
for the general function of controlling Ca2þ

homeostasis in all cells. One prominent defect
caused by PMCA4 dysfunction was male infer-
tility, reflecting the dominance of the PMCA4
pump in the testis, where it represents more
than 90% of the total PMCA protein (Prasad
et al. 2004). The ablation of the PMCA4 gene
produced other localized dysfunctions, for in-
stance in the modulation of the Ca2þ signals in

B-lymphocytes (Chen et al. 2004), and in the
contractility of vascular or bladder smooth
muscles (Okunade et al. 2004).

Studies on mice overexpressing PMCA4 iso-
form had revealed other important functions
for this isoform. Early studies, in which the
PMCA4 pump had been expressed specifically
in the myocardium of the rat, and in vascular
smooth muscle cells in mice, had indicated a
role in the modulation of myocardial growth
and hypertrophy (Hammes et al. 1998). They
have also indicated a role in the regulation of
the peripheral vascular tone, as the mice dis-
played increased peripheral blood pressure
(Gros et al. 2003; Schuh et al. 2003).

SODIUM/CALCIUM EXCHANGER

Structural and Regulatory Characteristics

NCX accomplishes Ca2þ extrusion by using the
electrochemical gradient of Naþ: during each
cycle three Naþ ions enter the cell and one
Ca2þ ion is extruded against its gradient (for
comprehensive reviews see Blaustein and
Lederer [1999]; Lytton [2007]). In addition to
being transported, cytoplasmic Naþ and Ca2þ

ions also regulate exchanger activity. Binding
of Ca2þ ions to sites located in the cytosolic
loop generally activate the exchanger, whereas
binding of Naþ ions has been shown to deacti-
vate it: the physiological importance and mo-
lecular mechanisms underlying the regulation
remain unclear. The operation of NCX is fully
reversible, and the direction of the movement
of the transported ions depends entirely on
the electrochemical gradients of Naþ and
Ca2þ and on the number of ions that bind to
the molecule and are transported. Under resting
cellular ionic condition and membrane poten-
tial, the NCX acts to extrude Ca2þ from the cy-
toplasm. However, in the heart, when the plasma
membrane becomes depolarized during systole,
and the Naþ levels rise because of the opening of
the plasma membrane voltage–operated Naþ

channels, the exchanger reverses its operation
and mediates Ca2þ entry. The influx of Ca2þ

may play an important regulatory role in the
excitation-contraction process by influencing
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the gating of voltage-operated Ca2þ channels
and by altering the SR Ca2þ load.

A membrane topology model based on iso-
form one of the NCX now predicts nine trans-
membrane a-helices that divide the molecule
in a amino-terminal portion composed of the
first five transmembrane domains, and a car-
boxy-terminal portion composed of the last
four transmembrane domains (Fig. 3A). These
two portions are separated by a cytosolic loop

of about 500 residues that contains the site for
NCX1 regulation, and is thus the target for the
development of inhibitory compounds. NCX1
also contains two regions of internal repeats:
thea repeats (a1 anda2 in Fig. 3A) are involved
in ion binding and transport; the b repeats in
the large intracellular loop are involved in bind-
ing of regulatory Ca2þ (CBD1 and CBD2 in
Fig. 3). The b repeats have been structural de-
fined by crystallization (Nicoll et al. 2006) and
NMR studies (Hilge et al. 2006).

The first portion of the large cytosolic loop
(close to transmembrane domain five) is an
amphipathic sequence, called XIP (exchanger
inhibitor peptide) because the addition of a
peptide corresponding to this sequence inhibits
the exchanger. This first portion of the region is
responsible for the regulation by Naþ and the
acidic phospholipids. The second portion of
the loop contains the two Ca2þ binding do-
mains (CBD1 and CBD2) that are arranged in
an antiparallel fashion, and connected through
a third domain designated as CLD (a-catenin
like domain) to the membrane portion of the
NCX (Fig. 3B). The CBD1 is the primary
Ca2þ sensor that detects small cytosolic Ca2þ in-
creases and undergoes large structural changes
that activate the exchanger. The CBD2 under-
goes instead modest structural alterations and
binds Ca2þ only at elevated concentrations
(Hilge et al. 2006; Nicoll et al. 2006). The car-
boxy-terminal end of the large cytosolic loop
contains a hydrophobic and proline-rich se-
quence that had been originally modeled as a
transmembrane domain. Recent evidence has
positioned it on the cytosolic side of the
membrane.

In addition to the two transported species,
other regulatory agents of the exchanger include
the intracellular pH, metabolic components
(e.g., ATP, phosphatydyl inositol 4,5 bisphos-
phate), protein kinases PKA and PKC, redox
agents, hydroxyl radicals, H2O2, dithiothreitol,
O22, Fe3þ, Fe2þ, Cu2þ, and OH2 (Doering
and Lederer 1993; Matsuoka et al. 1995; Mat-
suoka et al. 1997; Iwamoto et al. 1998; He et al.
2000).

As is the case for the PMCA, a number of cy-
toskeletal proteins have been shown to interact
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Figure 3. (A) Topology model of NCX. The nine
transmembrane domains comprise the two putative
transport repeat regions: a-1 and a-2. XIP region,
CBD1 and CBD2 are indicated by yellow boxes. The
red spheres indicate the Ca2þ binding sites position
(B) Hypothetical structural model of the intact
NCX. The nine transmembrane domains are shown
as yellow a-helices, the CLD as blue a-helices and
the CBD1 and CBD2 b repeats as red and green b

strands, respectively. The red spheres indicate the
Ca2þ binding sites position. The image is a kind
gift of Dr. M. Hilge (Nijmegen, Holland).
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with the NCX. The large cytosolic loop interacts
with several proteins: the 14-3-3 protein, phos-
phorylated PLM (phospholemman, a member
of a family of transport regulators, best known
as modulators of Na, K-ATPase activity) and
calcineurin: they all have inhibitory function
on NCX activity (Katanosaka et al. 2005; Pulina
et al. 2006; Wang et al. 2006; Zhang et al. 2006).
Other proteins have also been shown to interact
with the NCX: ankyrin (Li et al. 1993), the fila-
mentous actin network (Condrescu and Reeves
2006), caveolin 3 (in the heart) (Bossuyt et al.
2002; Camors et al. 2006), and caveolin 1 and
2 (in neuronal cells) (Cha et al. 2004). These
interactions have been proposed to regulate
NCX activity by modulating the membrane
NCX localization and by recruiting it to speci-
alized portions of the plasma membrane as a
part of macromolecular complexes (Schulze
et al. 2003; Lencesova et al. 2004), similarly to
PMCA, which can be recruited through the
interaction with nNOS to form a specialized
Ca2þ concentration microdomain.

The phosphorylation of NCX1 remains a
topic of much controversy: several studies have
claimed that PKA and/or PKC, operating
through adrenergic stimulation, could modu-
late NCX function. The regulation could also
be indirect and mediated by interactions with
other proteins in macromolecular complexes.

Isoforms and Tissue Distribution

The NCX family belongs to a larger superfamily
of related Ca2þ/cation antiporter genes that has
five major branches. Three of them relate to the
Naþ/Ca2þ transport in mammals: NCX (SLC8
family), NCKX (Naþ/Ca2þ-Kþ exchangers,
SLC24 family) and the CCX (Ca2þ/anion ex-
changers), which contains the Naþ/Ca2þ-Liþ

exchanger (NCLX). NCKX proteins play a cru-
cial role in regulating Ca2þ fluxes during photo-
receptors adaptation, synaptic plasticity, and
skin pigmentation (for a comprehensive review
see Lytton [2007]). NCLX is the single mamma-
lian member of the phylogenetically ancestral
CCX family. It has been initially characterized
as a novel plasma membrane Naþ/Ca2þ

exchanger that catalyzes Naþ or Liþ-dependent

Ca2þ transport, but very recent evidence indi-
cates that it is the long elusive mitochondrial
Naþ/Ca2þ exchanger (Palty 2009).

The SLC8 family includes three basic pro-
teins, NCX1, NCX2, and NCX3, encoded by
three separate genes. A fourth member, de-
scribed in teleost fish, is not present in the
mammalian genome (Marshall et al. 2005).
NCX1 was originally characterized and cloned
from heart, but its expression is almost ubiqui-
tous, with high levels in brain and kidney. NCX2
and NCX3 are selectively expressed in the brain
and skeletal muscle, and in some neuronal pop-
ulations, respectively. NCX1 is the best-charac-
terized member of the family. Its expression is
controlled by alternative promoters in a tissue-
specific and transcription factor-specific man-
ner: one of them is specific to heart, one to
kidney, and one to the other tissues. The tran-
scripts of NCX1 gene are alternatively spliced
at two sites: the first is located in the 50-untrans-
lated region and does not change the structure
of the mature protein. The second is located
within the coding region and leads to the intro-
duction of two mutually exclusive exons (exon
A in excitable tissues such as brain and muscle,
and exon B in nonexcitable tissues), and of four
other exons, thus potentially encoding a large
number of NCX1 isoforms with differences in
the cytosolic loop. Interestingly, giant excised
patch clamp experiments have shown that
exon A containing isoforms, in contrast to
exon B containing variants, may not have intra-
cellular Naþ-dependent inactivation (Dyck
et al. 1999). NCX3, but probably not NCX2, is
alternatively spliced to generate variability in
the cytoplasmic region corresponding to that
of NCX1. No distinctive properties have been
described for the different splicing isoforms,
suggesting that their specific function is prob-
ably related to different spatial targeting.

Importantly, as is the case for the PMCA
pump, the transcription of NCX genes is also
differentially regulated by Ca2þ during develop-
ment, and also in adult neurons (Carafoli et al.
1999). NCX2 and NCX3 transcripts are down-
regulated and up-regulated in cerebellar granule
neurons, respectively, under the conditions of
intracellular Ca2þ-increase that reprogram the
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pattern of transcription of the PMCA pumps.
The down-regulation of NCX2 transcription
in cerebellar granules is calcineurin dependent
(Li et al. 2000), whereas that of NCX3 in model
neuroblastoma neurons is regulated by Ca2þ

through the transcriptional repressor DREAM
(Gomez-Villafuertes et al. 2005).

Role in Physiology and Pathology

As the NCX is not an enzyme, the qualitative
measurement of its activity has always been
difficult and the role of NCX in physiological
conditions has been mostly inferred from theo-
retical considerations and from observations
obtained on isolated systems in artificial condi-
tions, or with invasive approaches such as giant
patch techniques. More recently, the availability
of selective inhibitors (Iwamoto 2007) and ge-
netic manipulation approaches have permitted
the dissection of many physiological aspects of
NCX activity. The role of NCX has so far been
best characterized in the heart: contraction is
initiated by a small influx of Ca2þ from the
extracellular ambient that induces a larger re-
lease of Ca2þ from the SR; relaxation requires
Ca2þ removal, which is achieved mainly by the
extrusion activity of NCX1 and the pumping
back of Ca2þ in the SR lumen by the SERCA
pump. Ca2þ extrusion through NCX1 also gen-
erates an inward depolarizing current (because
of Naþ entry and to the uneven charge translo-
cation) which may contribute to the shaping of
the action potential, and/or counteracts the
Ca2þ entry pathway by reducing its driving
force. The Ca2þ entry during the reverse mode
operation of NCX1 (induced by signals that
generated Naþ entry, i.e., through ionotropic
glutamate receptors) has been described to con-
tribute to Ca2þ influx. These actions probably
do not modify the single action potential, but
they have been suggested to play a possible
role in the refilling of the stores with Ca2þ,
thanks to the formation of protein complexes
and functional coupling between plasma mem-
brane microdomains and the ER lumen me-
diated by local Ca2þ gradients (Blaustein and
Golovina 2001). In addition to the heart,
where its function has received great attention,

numerous studies have underlined the role of
the NCX in other tissues as well. The NCX1
has been shown to play a special role in the kid-
ney, where the Ca2þ filtered at the glomerulus is
reabsorbed passively along the proximal neph-
ron. However, at the distal nephron level, vita-
min D3 and parathyroid hormone regulate
Ca2þ transport. NCX1 is highly expressed in
the basolateral membrane of the distal neph-
ron, and helps regulating the active transcellular
Ca2þ reabsorption, thus contributing to the
regulation of systemic Ca2þ levels rather than
to the intracellular levels. The role of the ex-
changer in other tissues has not been analyzed
in the same detail as it has in the heart (or kid-
ney); however, in the last few years its role in the
brain has received increasing attention, par-
ticularly as a means to protect neurons from is-
chemic damage. The specific contribution of
each of the three basic NCX isoforms cannot
be established with certainly, because they are
coexpressed in brain neurons. However, the
widespread and abundant expression of NCX2
has indicated a key role for it in neuronal Ca2þ

homeostasis. NCX3 also appears to be impor-
tant to neurons: its specific cleavage during
brain ischemia and in neurons undergoing exci-
totoxicity has shown that it plays a critical role
in protecting them from ischemic insults
(Bano et al. 2005; Annunziato et al. 2007). How-
ever, the issue still has controversial aspects: evi-
dence has been provided that during brain
ischemia changes in membrane potential and
unregulated Ca2þ entry could activate the NCX
Ca2þ entry-mode, and thus contribute to
Ca2þ overload and eventual neurodegeneration
(Kintner et al. 2007). Other work has suggested
instead that during excitotoxic insults, the acti-
vation of calpain leads to the cleavage of NCX
and thus to the impairment of the Ca2þ extru-
sion process, culminating in excitotoxic death.
Thus, the inhibition (or the down-regulation)
of the exchanger could be neuroprotective
(Luo et al. 2007), but could also transform a
Ca2þ transient elicited by nonexcitotoxic stim-
ulation into a lethal Ca2þ overload (Bano et al.
2005; Annunziato et al. 2007).

Considering the essential role of NCX in
regulating Ca2þ homeostasis in a variety of
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tissues, the importance of understanding how
changes in its activity could contribute to
pathological situations is obvious. No genetic
disease has so far been associated to NCX muta-
tions, but a number of pathologies have been
related to its malfunctioning. Again, the best
documented studies are related to heart dys-
functions: NCX deficiencies have been claimed
to play a role both in cardiac arrhythmias and in
the ischemia/reperfusion injury. They can con-
tribute to the former in two ways: through
changes in the balance between the forward-
mode of Ca2þ efflux and the reverse-mode of
Ca2þ influx consequent on the deregulation of
intracellular Naþ, or through conditions that
could lead to Ca2þ overload in the SR, and
thus to spontaneous Ca2þ release from it that
could generate extrasystolic events: the extra
Ca2þ release could enhance NCX activity, thus
generating a depolarizing current that can con-
tribute to the elongation of the action potential.
Up-regulation of NCX expression at the tran-
scriptional level has been described in cardiac
hypertrophy, ischemia, and failure (Kent et al.
1993). However, it is difficult to establish
whether the up-regulation is the cause of the
dysfunction or rather an adaptive mechanism
that, in the end, leads to cardiac hypertrophy
and heart failure.

In ischemia/reperfusion injury the action of
NCX is still linked to its reverse mode of opera-
tion: although other factors could contribute,
the removal of Hþ ions that accumulate during
the ischemic period by the Naþ/Hþ exchanger
could enhance the intracellular Naþ, thus acti-
vating Ca2þ entry, and eventually causing SR
Ca2þ overload.

Genetic Manipulations

In the last few years, various NCX knockout
mice have been generated. Homozygous NCX1
KO mice were not vital and died during embry-
onic development, possibly because of heart
failure (Wakimoto et al. 2000). However, the
cardiac-specific knockout of NCX1 was not
lethal (Henderson et al. 2004) suggesting that
the cause of lethality in NCX1 KO may have
been extra-cardiac, and that NCX2 and 3 could

not compensate for the absence of NCX1. The
cardiac-specific NCX1 KO mice presented only
a mild deficit in cardiac function that culmi-
nated in hypertrophy and heart failure only as
the mice aged. Ca2þmeasurements on myocytes
revealed that the reduced Ca2þ clearance in the
absence of NCX1 led to enhanced Ca2þ depend-
ent inactivation of L-type Ca2þ channels. These
myocytes also displayed a shorter action poten-
tial because of hyperpolarization caused prob-
ably by the increase in the expression of Kþ

channel subunits. The outcome of these modifi-
cations was a reduction of about 80% of Ca2þ

fluxes through the plasma membrane: however,
this reduction did not impair the Ca2þ release
from the SR and contractility because of com-
pensation mechanisms involving the gain of
excitation-contraction coupling.

NCX2 KO mice displayed impairment in
several hippocampal-dependent learning and
memory tasks (Jeon et al. 2003). Larger pre-
synaptic Ca2þ transients evoked an increase in
the neurotransmitter release, and the increased
postsynaptic Ca2þ transient enhanced long-
term potentiation: the findings are consistent
with the predominant role of NCX2 in pre-
and postsynaptic Ca2þ clearance.

Mice lacking the NCX3 gene, which is highly
expressed in cerebellum and in the peripheral
nervous system, showed reduced motor activity
and weakness of forelimb muscles (Sokolow
et al. 2004). In addition, skeletal muscle defects
were also observed, in line with the finding of
abundant NCX3 expression in skeletal muscle.

CONCLUDING REMARKS

To respond dynamically to the changing needs
of Ca2þ signaling, cells must be able to precisely
control the type, amount, localization, and ac-
tivation of Ca2þ transporters. This control is
performed in two ways: through the variable
expression of Ca2þ transporters with different
biochemical characteristics, and through the
fine modulation of their function by express-
ing differently active isoforms in response to
the local or temporal cell demands. The cell
also modulates the activity of its transporters
by choosing specific molecular partners. This
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increases the complexity of the controlling
machinery, but protects the cells from “the
Ca2þ damage” that would inevitably follow
the general failure of the Ca2þ controlling oper-
ation. The absence, or malfunction, of specific
Ca2þ transport proteins would induce a con-
fined defect: although generating functional
discomfort, it would frequently still be compat-
ible with cell life.
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