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  Abstract 

 Plasma membrane sodium/calcium (Na + /Ca 2+ ) exchangers are an important 
component of intracellular calcium [Ca 2+ ] 

i
  homeostasis and electrical con-

duction. Na + /Ca 2+  exchangers, NCX and NCKX, play a critical role in the 
transport of one [Ca 2+ ] 

i
  and potassium ion across the cell membrane in 

exchange for four extracellular sodium ions [Na + ] 
e
 . Mammalian plasma 

membrane Na + /Ca 2+  exchange proteins are divided into two families: one 
in which Ca 2+   fl ux is dependent only on sodium (NCX1–3) and another in 
which Ca 2+   fl ux is also dependent on potassium (NCKX1–4). Both mole-
cules are capable of forward- and reverse-mode exchange. In cells and tis-
sues, Na + /Ca 2+  (and K + ) gradients localize to the cell membrane; thus, the 
exchangers transport ions across a membrane potential. Uterine NCKX3 
has been shown to be involved in the regulation of endometrial receptivity 
by [Ca 2+ ] 

i
 . In the uterus and placenta, NCKX3 expression is regulated by 

the sex steroid hormone estrogen (E2) and hypoxia stress, respectively. 
In this chapter, we described the expression and regulation of these pro-
teins for reproductive functions in various tissues including uterus, placenta, 
and kidney of humans and rodents. Evidence to date suggests that NCKX3 
and NCX1 may be regulated in a tissue-speci fi c manner. In addition, we 
focused on the molecular mechanism involved in the regulation of NCKX3 
and NCX1 in mammals, based upon our recent results and those of 
others.  
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    10.1   Introduction 

 The actions of calcium ions (Ca 2+ ) in female 
reproductive organs have been widely studied for 
several decades. It has been suggested that Ca 2+  
are involved in uterine smooth muscle contrac-
tion, fetal implantation, and fetal bone mineral-
ization. The balance between uterine muscle 
contraction and relaxation is extremely impor-
tant throughout pregnancy and during labor. 
A model of Ca 2+  transport suggests that calcium 
 fl ows into the cytoplasm via channel proteins. 
Two pathways are responsible for Ca 2+  entry into 
the body (Peng et al.  2003  ) . In the paracellular 
pathway, occludin and junction adherence molec-
ular A (JAM-A), which construct tight junctions 
and regulate paracellular transport, are needed 
for Ca 2+  absorption. Paracellular Ca 2+  absorption 
is highest in the ileum, while dietary Ca 2+  absorp-
tion via transcellular mechanisms occurs pre-
dominantly in the duodenum (Khanal and 
Nemere  2008  ) . Transepithelial Ca 2+  active trans-
port occurs according to a well-controlled 
sequence of events consisting of apical Ca 2+  entry 
involving channels such as voltage-dependent 
Ca 2+  (VDCCs) and the transient receptor poten-
tial (TRP) family, TRPV5 and TRPV6 in particu-
lar, followed by the use of calcium-binding 
proteins (Calbindin-D9k or -28 k) and transient 
receptor potential vanilloid type 5 and 6 (TRPV5 
and TRPV6), which are extruded from the cell 
membrane by plasma membrane Ca 2+  ATPase 
and to a lesser extent by Na + /Ca 2+  exchanger 
(NCX) (Opperman et al.  1992 ; Bindels  1993 ; 
Friedman and Gesek  1995 ; Hong et al.  2004 ; Lee 
and Jeung  2007  ) . Ca 2+  serves as a universal intra-
cellular messenger to modulate processes such as 
neurotransmission and hormone secretion as well 
as many biological processes, e.g., cell cycle 
regulation and programmed cell death (Berridge 
 1995 ; Clapham  1995  ) . 

 In tissues, the plasma membrane Na + /Ca 2+  
exchange proteins of mammals have been divided 
into two families, one in which Ca 2+  action is 
dependent only on sodium (NCX family 1–3) 
and one in which Ca 2+  action is also dependent on 
potassium (NCKX family 1–6) (Tsoi et al.  1998 ; 
Kraev et al.  2001 ; Li et al.  2002 ; Lytton et al. 
 2002 ; Dong et al.  2006  ) . 

 Among the different pathways that mediate 
Ca 2+  movement, Na + /Ca 2+  exchange has emerged 
as the predominant mechanism for Ca 2+  ef fl ux 
across the plasma membrane, particularly when 
overall Ca 2+  levels are high (Lee et al.  2002 ; 
Wanaverbecq et al.  2003 ; Kim et al.  2005  ) . 
Moreover, several recent studies have highlighted 
the connection between important physiological 
events and speci fi c Na + /Ca 2+  exchange molecules 
(Jeon et al.  2003 ; Li et al.  2006 ; Pott et al.  2007  ) . 
Extensive studies have demonstrated that Na + /
Ca 2+  exchange plays a crucial role in Ca 2+  extru-
sion and operates with a stoichiometry of three 
Na +  ions to one Ca 2+  ion, indicating that the trans-
port process is electrogenic (Blaustein and 
Lederer  1999  ) . The development of partially 
puri fi ed exchange preparations, antibody 
reagents, and expression cloning techniques led 
to the molecular cloning of the canine cardiac 
Na + /Ca 2+  exchanger, subsequently denoted NCX1 
(Blaustein and Lederer  1999  ) . NCX1 cDNA 
encodes a protein of 970 amino acids predicted to 
be approximately 110 kDa in size (Lytton  2007  ) . 
The mature protein is subject to both signal pep-
tide cleavage and glycosylation and, when ana-
lyzed on gels, runs with an apparent size of 
120 kDa (Lytton  2007  ) . Additional bands 
observed at 160 and 70 kDa arise by heat-induced 
aggregation and proteolytic cleavage, respec-
tively. Further, minor variations in apparent size 
(5–10 kDa) are generated by alternative splicing 
(Lytton  2007  ) . Parallel studies in retinal rod 
 photoreceptors have established the presence of 
a mechanistically similar Na + /Ca 2+  exchange 
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 process that is critical for visual adaptation and 
represent the predominant means of Ca 2+  extru-
sion from rod outer segments (Schnetkamp 
 1986  ) . The rod exchanger differs from that 
described in the heart and axon principally due to 
its absolute transport requirement for K +  (Lytton 
 2007  ) . Studies showed that the rod exchanger 
catalyzed the transport of four Na +  in exchange 
for one Ca 2+  and one K +  (Cervetto et al.  1989 ; 
Schnetkamp et al.  1989  ) . Puri fi cation of the 
bovine rod Na + /Ca 2+ /K +  exchanger subsequently 
led to its molecular cloning (Cook and Kaupp 
 1988 ; Reilander et al.  1992  ) . This cDNA, denoted 
NCKX1, encodes a protein of 1,216 amino acids 
predicted to be approximately 132 kDa in size 
(Lytton  2007  ) . Extensive glycosylation of the 
protein appears to account for the much larger 
apparent size of the native protein observed on 
gels ( £ 220 kDa) (Lytton  2007  ) . Both forward- 
and reverse-mode exchange occur via NCX and 
NCKX exchangers depending on the gradients of 
the Na + /Ca 2+  (and K + ) (Blaustein and Lederer 
 1999 ; Lytton et al.  2002  ) . NCX1 is abundantly 
expressed in the heart, brain, kidney, and smooth 
muscle (Nicoll et al.  1990,   1996  ) . However, 
NCX2 and NCX3 expression in the brain and 
skeletal muscle is limited (Longoni and Carafoli 
 1987 ; Nicoll et al.  1996 ; Kraev et al.  2001 ; Li 
et al.  2002 ; Lytton et al.  2002 ; Dong et al.  2006  ) . 
NCKX1 is expressed only in retinal rod photore-
ceptors. NCKX2 in brain neurons and cone pho-
toreceptors shows restricted expression (Kraev 
et al.  2001 ; Li et al.  2002 ; Lytton et al.  2002 ; 
Dong et al.  2006  ) . NCKX3 and NCKX4 are 
expressed not only in the brain but also in many 
other tissues, including aorta, uterus, and intes-
tine, which are rich in smooth muscle cells (Kraev 
et al.  2001 ; Li et al.  2002 ; Cai and Lytton  2004 ; 
Yang et al.  2009  ) . NCKX5 has recently been 
demonstrated to be expressed in skin and retinal 
pigmented epithelium, where it is thought to be 
present on the melanosome membrane and not 
the plasma membrane (Lamason et al.  2005  ) . 
NCKX6 has also been characterized; however, 
the physiologic function of this protein remains 
controversial (Cai and Lytton  2004 ; Palty et al. 
 2004  ) . Studies examining the physiologic role(s) 
in vascular contraction via controlling Ca 2+  

homeostasis by NCKX and NCX proteins have 
been performed in blood vessels, and some recent 
reports describe NCKX and NCX function in 
brain, spermatozoa, mast cells, and platelets 
(Kiedrowski et al..  2002 ; Aneiros et al.  2005 ; 
Kim et al.  2005 ; Kip et al.  2006  ) . NCX1 and 
NCKX3 are expressed in the reproductive organs, 
including the uterus (Yang et al.  2009,   2011 ; 
Quednau et al.  1997 ; Kraev et al.  2001 ; Li et al. 
 2002  ) . As mentioned previously, maintenance of 
the calcium balance of reproductive organs is of 
crucial importance for many physiologic functions, 
including smooth muscle contraction, embryo 
implantation, and placental transport. The regula-
tion of contraction, muscle excitability, and the 
maternofetal calcium transport system of the pla-
centa in the reproductive organs is important for 
lessening maternal and fetal mortality caused 
by pre- and postmature birth or metroparalysis 
(Wray et al.  2003  ) . In addition, calcium plays an 
important role in the endometrium and placenta. 
A number of calcium-related proteins expressed 
in the uterus mediate muscle functions (Sanborn 
 2000  )  and in the placenta (Lafond et al.  1991 ; 
Moreau et al.  2003a    ; Yang et al.  2011  )  ensure 
successful implantation. 

 In this chapter, we summarize current  fi ndings 
related to the molecular mechanisms involved in 
NCX1 and NCKX3 regulation in mammals and 
introduce research data from our recent studies 
and others.  

    10.2   Na + /Ca 2+  Exchangers 
in Reproductive Tissues 

 The kidney plays an important role in the mainte-
nance of calcium balance in both the male and 
female body by regulating calcium reabsorption 
and excretion. Ca 2+  are  fi ltered daily by the glom-
eruli, and <2% are excreted in the urine 
(Hoenderop et al.  2002b    ). In contrast, the trans-
cellular pathway allows the body to regulate Ca 2+  
reabsorption independent of Na +  balance. This 
pathway is speci fi cally controlled by the calci-
tropic hormones, including parathyroid hormone, 
calcitonin, and 1,25-dihydroxy vitamin D 

3
  

(1,25[OH] 
2
 D 

3
 ) (Bindels  1993 ; Friedman and 
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Gesek  1995 ; Hoenderop et al.  2000 ,  2002a ). Due 
to this active process, an organism can respond to 
 fl uctuations in dietary Ca 2+  and adapt to changes 
in demand during certain processes, i.e., growth, 
pregnancy, lactation, and aging (Hoenderop et al. 
 2002a ). Disturbances in active Ca 2+  reabsorption 
are most likely to be accompanied by signi fi cant 
alterations in overall Ca 2+  homeostasis (14). At 
the cellular level, active calcium transport can be 
divided into three functional steps, Ca 2+  in fl ux 
into cells, transferring through the cytosol, and 
extrusion into the bloodstream. These steps are 
mediated by three types of proteins: (1) the cal-
cium entry channel proteins of the outer mem-
brane, (2) cytosolic buffering or transfer proteins, 
and (3) excretory pump proteins (Hoenderop 
et al.  2002b ; Van Cromphaut et al.  2003 ; Diepens 
et al.  2004 ; Choi and Jeung  2008  ) . Two highly 
selective calcium channels on the apical sides of 
cells, members of the TRP superfamily of ion 
channels (TRPV6 and TRPV5), are the main Ca 2+  
entry channels (Hoenderop et al.  2002b ; Nijenhuis 
et al.  2003  ) . Calbindin-D9k (CaBP-9k) and 
Calbindin-D28k (CaBP-28k) are [Ca 2+ ] 

i
 -binding 

proteins that are thought to participate in shuttling 
Ca 2+  from the apical to the basolateral membrane, 
where the Na + /Ca 2+  exchanger and plasma mem-
brane Ca 2+ -ATPase 1b (PMCA1b) mediate Ca 2+  
extrusion (Christakos et al.  2007 ; Choi and Jeung 
 2008  ) . There has been great progress in our under-
standing of the mechanism of active calcium 
transport and its role in calcium-related disorders, 
such as hypocalcemia, rickets, and osteomalacia, 
using vitamin D receptor-null mice and 
1 a -hydroxylase-de fi cient mice (Van Cromphaut 
et al.  2001 ; Zheng et al.  2004  ) . The role of several 
calcium-processing proteins in the active calcium 
transport system, including TRPV5/6, CaBP-
9k/28k, PMCA1b, and NCX1, has been veri fi ed 
recently using gene knockout studies. 

 Previously, we reported on the phenotype of 
CaBP-9k-null mice and the effect of compensatory 
gene induction of calcium-related genes in these 
mice (Lee et al.  2007  ) . We also examined the dif-
ferential levels of NCKX3 mRNA and protein in 
the kidneys of male and female mice (Lee et al. 
 2002  ) . Renal NCKX3 expression was certainly 
increased in male mice kidneys compared to those 

of female mice (Lee et al.  2002  ) . Interestingly, 
several renal calcium-processing genes were 
highly expressed in both wild-type and CaBP-
9k-null female mice in the absence of any treat-
ment. In addition, several calcium-processing 
genes were altered in the kidneys and duodenum 
of both male and female mice by the same hor-
mones; however, we did observe differential 
expression of the calcium-processing gene between 
males and females (Lee et al.  2002  ) . We hypothe-
sized that NCKX3 plays a more important role in 
maintaining the calcium balance in the female 
reproductive system than in Ca 2+  metabolism in 
males. We investigated the importance or involve-
ment of NCKX3 in the tissues of female reproduc-
tive organs. In several current studies, we examined 
whether Na + /Ca 2+  exchangers are differentially 
expressed in the reproductive organs of females. 
We also examined whether the regulation of Na + /
Ca 2+  exchangers in female reproductive organs 
correlated with development and identi fi ed a 
potential mechanism involved in the relationship 
of female-speci fi c diseases caused by expression 
of these genes.  

    10.3   Uterine Expression 
and Regulation of Na + /Ca 2+  
Exchangers 

 The primate endometrium undergoes certain hor-
mone-dependent changes, during a particular 
time window within the preimplantation phase, 
which prepare it to receive the growing blasto-
cyst (Schlafke and Enders  1975 ; Yoshinaga  1988 ; 
Carson et al.  2000  ) . A complex interaction 
between effector molecules, including steroid 
hormones, growth factors, and cytokines, regu-
lates the development of a “receptive” state in 
the uterine epithelium (Psychoyos  1976,   1986 ; 
Sharkey  1998 ; Carson et al.  2000  ) . The action of 
Ca 2+  in female reproductive organs has been 
widely studied for several decades. It is sug-
gested that Ca 2+  is involved in uterine smooth 
muscle contraction and fetal implantation 
(Salamonsen et al.  2001 ; Daston and Naciff 
 2005 ; Dong et al.  2006  ) . Also, the balance of 
Ca 2+  during uterine contraction/relaxation is 
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extremely important throughout pregnancy and 
during labor. However, the mechanism underly-
ing the regulation of calcium levels within uter-
ine tissue remains largely unknown. While a 
physiological role for the NCKX and NCX pro-
teins in the regulation of Ca 2+  homeostasis during 
vascular and cardiac myocyte contraction has not 
yet been de fi nitively established, recent reports 
describe NCKX and NCX function in brain, 
spermatozoa, mast cells, and platelets (Kiedrowski 
 2004 ; Kiedrowski et al.  2004 ; Aneiros et al.  2005 ; 
Kim et al.  2005 ; Kip et al.  2006  ) . NCKX3 is 
expressed in the reproductive organs, including 
the uterus (Kraev et al.  2001 ; Yang et al.  2009  ) ; 
however, the speci fi c role of NCKX3 within the 
uterus has not been fully characterized. 
Maintenance of calcium balance within the uterus 
is critically important for many physiological 
functions, including smooth muscle contraction 
during embryo implantation (Salamonsen et al. 
 2001 ; Luu et al.  2004  ) . Thus, it is likely that the 
NCKX and NCX proteins may be functionally 
important in female reproductive organs. 

 In rodents, the expression of NCKX3 mRNA 
and protein  fl uctuates in the uterus during the 
cycle and is regulated by sex steroids (Yang et al. 
 2009  ) . In mice, the uterine expression of NCKX3 
mRNA and protein was highest at estrus, when 
the levels of E2 (17 b -estradiol) and P4 (proges-
terone) are relatively low (Yang et al.  2009  ) . 
However, rat uterine NCKX3 mRNA and protein 
was highly expressed in proestrus (Yang et al. 
 2011  ) . Also, the levels of NCKX3 mRNA and 
protein were regulated by distinct sex steroids 
between mice and rats. In mice, uterine NCKX3 
mRNA and protein expression was downregu-
lated by both E2 and P4 when subcutaneously 
treated with the sex steroids of immature mice 
(Yang et al.  2009  ) , and pretreatment with estro-
gen receptor (ER) or progesterone receptor (PR) 
antagonists completely recovered E2- or 
P4-mediated decreases in NCKX3 mRNA 
expression (Yang et al.  2009  ) . In rats, uterine 
NCKX3 expression was induced by E2 and 
reduced by P4, and pretreatment with ER or PR 
antagonists restored the changed NCKX3 mRNA 
and protein levels to that of the untreated group 
(Yang et al.  2010  ) . 

 In humans, endometrial NCKX3 expression is 
altered during the menstrual cycle and in an 
ER-positive endometrial cancer cell line (Ishikawa 
cell) (Boggess et al.  2006 ; Yang et al.  2009  ) . 
Expression levels of NCKX3 mRNA change dur-
ing the menstrual cycle, but that of NCX1 do not 
(Yang et al.  2011  ) . The expression levels of 
NCKX3 during the early- and mid-proliferative 
phases and the early- secretory phase increase 
during the menstrual cycle; furthermore, endo-
metrial expression of NCKX3 is lower than that 
in the early- and mid-proliferative phases and the 
early-secretory phase (Yang et al.  2011  ) . It is 
known that the expression patterns of non-cal-
cium-related proteins increase in the human 
endometrium during the early-secretory phase 
(Surveyor et al. 1998 ; Marions and Danielsson 
 1999  ) . In osteoblasts, these genes (COX-1 and 
COX-2) are regulated by extracellular calcium 
[Ca 2+ ] 

e
  via the extracellular signal-regulated 

kinase (ERK) signaling pathway (Choudhary 
et al.  2004  ) . In pigs, signi fi cantly increased con-
centrations of calcium are observed in the uterine 
lumen during the implantation period (Geisert 
et al.  1982  ) . Therefore, we speculated that the 
level of [Ca 2+ ] 

e
  observed in the human endome-

trium would be higher (Yang et al.  2011  ) . The 
transporter function of NCKX has been demon-
strated in the outer segments of rod photorecep-
tors, where NCKX1 is the principal mediator of 
Ca 2+  extrusion (Schnetkamp  1995  ) . Although the 
tissue is different, we hypothesized that NCKX3 
induces Ca 2+  extrusion to extracellular regions, 
that this high [Ca 2+ ] 

e
  concentration induces the 

expression of COX-1 and 2, and that these events 
may be involved in implantation. Na + /Ca 2+  
exchangers are involved in a multitude of key 
points for the regulation of uterine function. These 
points of regulation are of fundamental impor-
tance to the function of the uterus, as large changes 
in contractile behavior are required to satisfy the 
demands on the tissue at different gestational 
states. Changes may also be expected in the 
expression of other proteins associated with the 
role of the sarcoplasmic reticulum (SR), as well 
as Ca 2+  ef fl ux mechanisms. Therefore, Ca 2+  entry, 
together with SR Ca 2+  release and ef fl ux, opti-
mizes the Ca 2+  transient pro fi le to the function of 
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the uterus. These reports showed that expression 
levels of NCKX3 in human endometrial tissues 
vary throughout the menstrual cycle. This 
 fl uctuation appears to be regulated by sex ste-
roids, indicating that NCKX3 may be a major 
regulator of uterine function through its effects 
on fetal implantation and calcium homeostasis.  

    10.4   Placental Expression 
and Regulation of Na + /Ca 2+  
Exchangers 

 Placental development depends on the transport 
of oxygenated maternal blood, nutrients, and min-
eral ions to the fetus. Fetal bone mineralization 
requires calcium and phosphorus exchange 
between maternal and fetal blood, and mamma-
lian fetal nutrition is supplied by placental trans-
fer of maternal nutrients during gestation (Hill 
and Longo  1980  ) . The syncytiotrophoblast (ST) 
layer of the human placenta transfers as much as 
30 g of Ca 2+  from the mother to the fetus 
(Belkacemi et al.  2005  ) . Calcium is actively trans-
ported across the placenta at an increased rate in 
late gestation to meet the needs of the rapidly 
mineralizing skeleton and to maintain a [Ca 2+ ] 

e
  

that is physiologically appropriate for fetal tissues 
and that is higher than the maternal calcium con-
centration (Kovacs and Kronenberg  1997  ) . 

 In the human placenta, NCX may play a 
signi fi cant role in trans-syncytial transfer and in 
regulating intracellular calcium [Ca 2+ ] 

i
  important 

for a variety of physiological mechanisms 
(Kamath and Smith  1994  ) . There has been a con-
troversy concerning the precise placental tropho-
blast membrane location of NCX. A minimal role 
of NCX in the trans-placental movement of Ca 2+  
from mother to fetus was observed in perfusion 
studies of human placental lobules (Williams 
et al.  1991  ) . Human placental NCX expression 
was not shown in the basal plasma membrane 
(BPM) of STs (Lafond et al.  1991  ) . The presence 
of NCX expression was demonstrated in BPM 
but not in brush-border membrane (BBM) 
(Kamath and Smith  1994  ) . Expression of the 
widely distributed isoform NCX1 at the molecu-
lar level in whole human placental tissue has 

been reported (Kofuji et al.  1992  ) . Recently, the 
presence of both NCX1 and NCX2 isoforms has 
been demonstrated in BeWo cells and in tropho-
blasts from human term placenta (Moreau et al. 
 2003a,   b  ) . The NCX3 gene product distribution 
pattern is normally restricted to the brain and 
skeletal muscle (Nicoll et al.  1990  ) ; its unex-
pected presence in trophoblasts may point to a 
speci fi c role of this isoform in placental physiol-
ogy (Moreau et al.  2003a,   b ). Under basal condi-
tions, NCX does not have a major role in Ca 2+  
ef fl ux (Moreau et al.  2003a,   b ). In fact, a minimal 
role of NCX in the trans-placental movement of 
Ca 2+  from the mother to the fetus has been observed 
with perfusion of placental lobules (Williams et al. 
 1991  ) . Therefore, NCXs are more likely to be 
active in cells where [Ca 2+ ] 

i
  levels are exposed to 

large variations (Moreau et al.  2003a,   b ). During 
human pregnancy, the mRNA expressions of 
NCKX3 and NCX1 were examined in the pla-
centa (Yang et al.  2011  ) . The patterns of human 
placental NCX1 mRNA expression were altered 
during the second and third trimester and rapidly 
increased at 40 weeks (Yang et al.  2011  ) . 
However, placental NCKX3 mRNA expression 
did not evidently  fl uctuate during the late-second 
and late-third trimesters (Yang et al.  2011  ) . 
During preterm labor, placental NCKX3 expres-
sion was highly expressed in the maternal section 
of human placenta compared to the fetal and cen-
tral section; however, human NCX1 expression 
was not changed among the three sections of pla-
centa (Yang et al.  2011  ) . During term labor, 
NCKX3 expression was higher in the maternal 
section of placenta than the fetal and central sec-
tions, and the pattern of NCX1 expression was 
highest in the fetal section of the placenta com-
pared to the other two sections (Yang et al.  2011  ) . 
Localization of NCKX3 and NCX1 occurred in 
the cytoplasm of villous ST and inside of fetal 
and maternal plate layers, but not in extravillous 
cytotrophoblast and villous blood vessels (Yang 
et al.  2011  ) . The calcium homeostasis proteins, 
NCKX3 and NCX1, were highly expressed in the 
cytoplasm of both ST and giant cells of the mater-
nal plate in the human placenta (Yang et al.  2011  ) . 
On the basis of these experiments, altered expres-
sion of NCKX3 and NCX1 during preterm or 
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term labor may affect maternofetal calcium 
absorption via syncytia of  fl oating chorionic villi 
for [Ca 2+ ] 

i
  homeostasis and successful delivery. 

 In mice, mRNA and protein expression of 
NCX1 was signi fi cantly increased in two sections 
(central and fetal) of placenta compared to the 
maternal section (   Koo  2012  ) . In CaBP-9k and 
CaBP-28k knockout (KO) mice, the mRNA and 
protein expression of NCX1 was higher in all KO 
mice than in WT (wild-type) mice in all three sec-
tions of placenta (Koo  2012  ) . Also, placental 
NCX1 expression was elevated in maternal to 
fetal sections of placental in WT, CaBP-9k, and 
CaBP-28k KO mice (Koo  2012  ) . Localization of 
NCX1 protein was detected throughout the pla-
centa along with expression in the STs of the laby-
rinthine zone and in fetal vascular endothelial 
cells in mice (Koo  2012  ) . The process involves 
transepithelial Ca 2+ /Na +  transport, which is medi-
ated by the ST (Stulc et al.  1993  ) . The involve-
ment of NCX in Ca 2+  extrusion in epithelial cells 
is less well established. It may be that NCX is 
more important under conditions where [Ca 2+ ] 

i
  

levels show large  fl uctuations, unlike the basal 
conditions examined in the current study (Moreau 
et al.  2003a,   b ). These results suggest that the 
compensatory expression of NCX1 is increased by 
ablation of CaBP-9k or CaBP-28k and that expres-
sion of NCX1 in fl uences CaBP-9k and CaBP-28k 
expression. The enhanced expression of NCX1 in 
CaBP-9k and 28k KO mice may help compensate 
for CaBP de fi ciencies in the placenta.  

    10.5   The Relationship of Na + /Ca 2+  
Exchangers in Reproductive 
Tissue Diseases 

 Diseases during pregnancy such as preeclampsia 
are characterized by maternal syndromes such as 
gestational hypertension, proteinuria, and in 30% 
of cases fetal syndromes such as reduced amni-
otic  fl uid and abnormal oxygenation. Preeclamptic 
placental oxidative stress, resulting from de fi cient 
remodeling of maternal spiral arteries, is of impor-
tance in preeclampsia. It induces the placenta to 
release various factors, such as in fl ammatory 
cytokines, apoptotic wastes, and anti-angiogenic 

factors, which change the intracellular environment 
(Redman and Sargent  2009  ) . These secreted sol-
uble factors are then thought to alter the endothe-
lial metabolic status, mitochondrial integrity, and 
vascular functions including [Ca 2+ ] 

i
  behavior 

(Seta et al.  2004 ; Robinson et al.  2008  ) . Increases 
in [Ca 2+ ] 

i
  are implicated in cell injury and death 

induced by hypoxic stress (Seta et al.  2004  ) . 
Calcium entry blockers have been reported to 
protect against cellular necrosis caused by exper-
imental ischemia in the liver, kidney, and other 
tissues (Peck and Lefer  1981 ; Lee and Lum 
 1986  ) . In human placenta, oxidative stress 
exposes the placenta to  fl uctuating oxygen con-
centrations during preeclampsia (Kingdom and 
Kaufmann  1999  ) . Effective calcium homeostasis 
is certainly required in hypoxic cells to maintain 
healthy cell environments for calcium homeo-
static genes, such as Na + /Ca 2+  exchangers. 

 The most effective treatment for preeclampsia 
is delivery itself; however, several randomized 
trials report the effective use of various methods 
to reduce the rate or severity of preeclampsia 
(Sibai et al.  2005  ) , such as Ca 2+  supplementation. 
Several alterations in maternal Ca 2+  homeostasis 
were identi fi ed in preeclampsia, such as low uri-
nary Ca 2+  excretion and low circulating levels of 
1,25-dihydroxy vitamin D3, parathyroid hor-
mone-related peptide, and calcitonin gene-related 
peptide (Seely et al.  1992 ; Halhali et al.  2000  ) . 
Epidemiologic data suggest an inverse correla-
tion between dietary Ca 2+  uptake and the inci-
dence of hypertensive disorders during pregnancy 
in diverse populations (Hofmeyr et al.  2007  ) . 
Even though the results of two large clinical trials 
demonstrated disparity in the bene fi ts with respect 
to Ca 2+  supplementation in prevention of preec-
lampsia (Belizan et al.  1991 ; Levine et al.  1997  ) , 
Ca 2+  supplementation did reduce the risk of 
preeclampsia in high-risk pregnancies as well as 
in women with low baseline dietary Ca 2+  uptake 
(Askie et al.  2007  ) . This is a crucial element for 
adequate fetal development and prenatal pro-
gramming of future diseases. Approximately 
80% of the total fetal Ca 2+  is accumulated during 
the last trimester of pregnancy. This Ca 2+  transfer 
allows for adequate fetal skeleton mineralization 
(Pitkin  1983  )  and various cellular functions. 
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There are two pathways for Ca 2+  entry into the 
fetus. Paracellular diffusion, active in perfused 
placental cotyledons, enables Ca 2+  to cross the 
placental barrier and represents 66% of the total 
maternofetal Ca 2+  transfer (Stulc et al.  1994  ) . 

 Placental calcium transporting systems involve 
transepithelial transport, which is mediated by 
ST which is a polynucleated structure (Malassine 
and Cronier  2002  )  formed during implantation 
and represents the most important maternofetal 
barrier (Rasmussen  1986  ) . Villous trophoblasts 
are continuously incorporated by syncytial fusion 
into the ST. Ca 2+  absorption occurring in the pla-
centa during pregnancy from the maternal blood 
pool to chorionic fetal arteries is the result of 
transport by two mechanisms, paracellular and 
transcellular (Khanal and Nemere  2008  ) . 
Occludin and junction adherence molecular A 
(JAM-A), constructing tight junction and regu-
lating paracellular transport, are needed for Ca 2+  
absorption. Paracellular Ca 2+  absorption is high-
est in the ileum, while dietary Ca 2+  absorption 
through transcellular mechanisms occurs pre-
dominantly in the duodenum (Khanal and Nemere 
 2008  ) . The Ca 2+  transepithelial transfer through 
the ST is passive-active transport and requires 
various proteins (Belkacemi et al.  2002,   2005  ) . 
Ca 2+  signaling pathways in the placenta are still 
under investigation, and there is very little infor-
mation concerning the expression of these pro-
teins in preeclamptic placental tissues. 

 NCKX3 mRNA and protein expression was 
induced in preeclamptic placenta compared to 
normal placenta in the fetal and maternal sections 
during preterm labor (Yang et al.  2011  ) . Placental 
NCX1 mRNA and protein expression was higher 
in preeclamptic placenta than in normal placenta 
(Yang et al.  2011  ) . However, during term labor, 
placental NCKX3 and NCX1 mRNA and protein 
expression were downregulated in all sections of 
preeclamptic placenta compared to normal pla-
centa (Yang et al.  2011  ) . These results suggest 
that altered expression of NCKX3 and NCX1 
during preterm or term labor may affect mater-
nofetal calcium absorption via syncytia of  fl oating 
chorionic villi for [Ca 2+ ] 

i
  homeostasis and suc-

cessful delivery. 

 In preeclamptic STs, unbalanced calcium ion 
gradients may be protected by the in fl uence of 
oxidative stress on other factors and calcium 
transport proteins for safe fetal bone mineraliza-
tion during pregnancy. In a future study, we plan 
to investigate the regulators of Na + /Ca 2+  exchang-
ers and other calcium transporters in the placenta, 
which are produced from hypoxia-inducible fac-
tor-1 a  (HIF-1 a ) and unknown factors in the 
maternofetal calcium transport pathway. By elu-
cidating factors involved in placenta Ca 2+  trans-
port during pregnancy, we are able to determine 
one of the possible mechanisms responsible for 
fetal predisposition to adult diseases related to 
preeclampsia. Although this fundamental 
approach will not have an immediate impact in 
clinical practice, it will help to characterize the 
Ca 2+  transfer process from mother to fetus in 
pregnancy and evaluate whether or not it will 
ultimately be possible to improve antenatal pla-
cental transfer using nutritional intervention with 
pharmacological or hormonal agents.  

    10.6   Regulation of Na + /Ca 2+  
Exchangers in Hypoxic 
Placental Cell Lines 

 Oxidative stress, resulting from de fi cient remod-
eling of spiral arteries, is an important aspect of 
preeclampsia. It induces the placenta to release 
various factors, such as in fl ammatory cytokines, 
apoptotic wastes, and anti-angiogenic factors 
(Redman and Sargent  2009  ) . These secreted sol-
uble factors are then thought to alter endothelial 
metabolic status, mitochondrial integrity, and 
vascular functions (Robinson et al.  2008  ) . An 
increase in [Ca 2+ ] 

i
  is implicated in cell injury and 

death induced by hypoxic stress (Seta et al. 
 2004  ) . Calcium entry blockers have been reported 
to protect against cellular necrosis caused by 
experimental ischemia in liver, kidney, and other 
tissues (Peck and Lefer  1981 ; Lee and Lum 
 1986  ) . In human placenta, oxidative stress 
exposes the placenta to  fl uctuating oxygen con-
centrations during preeclampsia (Kingdom and 
Kaufmann  1999  ) . 
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 In hypoxic placental cells, to assess whether 
Ca 2+  transport and homeostasis is affected by 
hypoxia, we examined Na + /Ca 2+  exchangers 
NCKX3 and NCX1 in placental cell lines, i.e., 
BeWo, JEG3, and human placental primary cells 
(hPC). The hPC were obtained from normal pla-
centa (7–12 week of gestation) (Yang et al.  2011  ) . 
The expression levels of Na + /Ca 2+  exchanger 
mRNA and protein were increased in hPC by oxi-
dative stress, and distinct expression patterns in 
BeWo and JEG3 cells were found during hypoxia 
(Yang et al.  2011  ) . TRPV6 mRNA expression 
was not altered by oxidative stress in BeWo cells, 
but in JEG3 cells, the level of TRPV6 mRNA 
was decreased during hypoxia. In addition, 
PMCA1 mRNA expression was downregulated 
by oxidative stress in both BeWo and JEG3 cells. 
The expression of NCKX3 and NCX1 mRNA 
and protein were increased by oxidative stress in 
all placental cell lines. 

 In the ER-positive endometrial carcinoma 
Ishikawa cell line, NCKX3 mRNA and protein 
expression was elevated by E2, and induced 
NCKX3 expression was completely inhibited by 
the ER-speci fi c antagonist, ICI 182780 (Yang 
et al.  2011  ) . We also examined the effects of E2 
on NCKX3 expression in an ER-negative endo-
metrial carcinoma cell line (RL95). We did not 
observe a differential expression pattern of 
NCKX3 in E2-treated RL95 cells (not published 
data). These results suggest that distinct expres-
sion patterns of NCKX3 between ER-positive 
and ER-negative cell lines may be involved in 
ER-mediated NCKX3 transcripts in human endo-
metrial ER-positive cells (Ishikawa). 

 In Chinese hamster ovary cells (CHO), Na + -
dependent inactivation of NCX is manifested in 
transfected CHO cells as a reduced  V  

max
  for Ca 2+  

uptake with no change in K 
h
  for allosteric Ca 2+  

activation (Chernysh et al.  2008  ) . The WT canine 
exchanger used in these studies was quite resis-
tant to Na + -dependent inactivation, even after 
extensive phosphatidylinositol-4,5-bisphosphate 
(PIP 

2
 ) depletion, but was strongly inactivated 

when pH 
i
  was reduced. The resistance of the WT 

exchanger to Na + -dependent inactivation sug-
gests that this mode of NCX regulation is of little 
importance under normal physiologic conditions. 

Na + -dependent inactivation could be an important 
protective response during ischemia, when high 
[Na + ] 

i
 , low ATP/PIP 

2
 , and low pH 

i
  would strongly 

promote inactivation, thereby reducing NCX-
mediated Ca 2+  in fl ux and toxic Ca 2+  overload 
(Chernysh et al.  2008  ) . 

 On the basis of these experiments, we 
con fi rmed that the expression level of Na + /Ca 2+  
exchangers in human, bovine, and CHO cells 
varied throughout the reproductive cycle and 
Na + -dependent inactivation. This universal 
expression of Na + /Ca 2+  exchangers appears to be 
regulated by sex steroid (E2) extracellular ion 
activation, indicating that NCKX3 and/or NCX1 
may be a major regulator of uterine and placental 
functions by extracellular and intracellular Na + , 
K +  activation, and plasma membrane ER via 
effects on fetal implantation and calcium 
homeostasis.  

    10.7   Conclusion 

 Calcium, among all ions, is one of great impor-
tance since it is known to be implicated in many 
physiological processes. This chapter is an over-
view of most endometrial and placental proteins 
involved in calcium homeostatic exchangers dur-
ing pregnancy. Many hormones and growth fac-
tors are involved in placental and fetal 
development and uterine endometrial recovery. 
The ST and endometrial epithelial cells, special-
ized cells in calcium metabolism of reproductive 
tissues involved in calcium regulation and trans-
port, are also greatly in fl uenced by these factors 
in the uteroplacental environment. However, the 
complex calcium movement in the ST necessi-
tates many structures that have speci fi c functional 
roles in this process. To date, much of our knowl-
edge is fragmentary. In the placenta, the physio-
logic and clinical relevance of NCKX3 and 
NCX1 are still unclear. Studies at the whole ani-
mal level looking at regulatory proteins that 
interact with these Na + /Ca 2+  exchanger channels 
and control their functions will certainly contrib-
ute to our understanding of the pathophysiologic 
signi fi cance of the expression of these channels 
in the placenta and uterus. It is hypothesized that 



118 H. Yang et al.

active transcellular calcium transport proceeds 
through a well-controlled sequence of events 
consisting of apical calcium entry via TRPV5 
and TRPV6, present only in BBM, its cytosolic 
diffusion through its binding to CaBPs, and its 
basolateral extrusion mainly through PMCA and 
to a lesser extent by NCX. Moreover, the involve-
ment of VDCCs, store-operated calcium entry 
(SOC) in Ca 2+  regulation of hormonal secretions 
in placental trophoblasts and endometrial glands, 
and epithelial cells certainly represents interest-
ing possibilities and warrants further investiga-
tion. Consequently, it is reasonable to speculate 
that useful areas of future investigations in the 
placenta and uterus are likely to include (1) 
identi fi cation of the regulatory domains in these 
exchangers with the signaling pathways control-
ling their activity and (2) the use of inhibitors of 
some channels for pharmacological manipulation 
in several disorders related to Ca 2+  homeostasis.      

  Acknowledgment   This work was supported by the 
National Research Foundation of Korea (NRF) grant 
funded by the Korea government (MEST) (No. 
2011–0017948).  

      References 

    E. Aneiros, S. Philipp, A. Lis, M. Freichel, A. Cavalie, 
Modulation of Ca 2+  signaling by Na + /Ca 2+  exchangers 
in mast cells. J. Immunol.  174 , 119–130 (2005)  

    L.M. Askie, L. Duley, D.J. Henderson-Smart, L.A. 
Stewart, Antiplatelet agents for prevention of pre-
eclampsia: a meta-analysis of individual patient data. 
Lancet  369 , 1791–1798 (2007)  

    J.M. Belizan, J. Villar, L. Gonzalez, L. Campodonico, E. 
Bergel, Calcium supplementation to prevent hyperten-
sive disorders of pregnancy. N. Engl. J. Med.  325 , 
1399–1405 (1991)  

    L. Belkacemi, L. Simoneau, J. Lafond, Calcium-binding 
proteins: distribution and implication in mammalian 
placenta. Endocrine  19 , 57–64 (2002)  

    L. Belkacemi, I. Bedard, L. Simoneau, J. Lafond, Calcium 
channels, transporters and exchangers in placenta: a 
review. Cell Calcium  37 , 1–8 (2005)  

    M.J. Berridge, Capacitative calcium entry. Biochem. J. 
 312 , 1–11 (1995)  

    R.J. Bindels, Calcium handling by the mammalian kidney. 
J. Exp. Biol.  184 , 89–104 (1993)  

    M.P. Blaustein, W.J. Lederer, Sodium/calcium exchange: 
its physiological implications. Physiol. Rev.  79 , 763–
854 (1999)  

    J.F. Boggess, C. Zhou, V.L. Bae-Jump, P.A. Gehrig, Y.E. 
Whang, Estrogen-receptor-dependent regulation of 
telomerase activity in human endometrial cancer cell 
lines. Gynecol. Oncol.  103 , 417–424 (2006)  

    X. Cai, J. Lytton, Molecular cloning of a sixth member of 
the K + -dependent Na + /Ca 2+  exchanger gene family, 
NCKX6. J. Biol. Chem.  279 , 5867–5876 (2004)  

    D.D. Carson, I. Bagchi, S.K. Dey, A.C. Enders, A.T. 
Fazleabas, B.A. Lessey, K. Yoshinaga, Embryo 
implantation. Dev. Biol.  223 , 217–237 (2000)  

    L. Cervetto, L. Lagnado, R.J. Perry, D.W. Robinson, P.A. 
McNaughton, Extrusion of calcium from rod outer 
segments is driven by both sodium and potassium gra-
dients. Nature  337 , 740–743 (1989)  

    O. Chernysh, M. Condrescu, J.P. Reeves, Sodium-
dependent inactivation of sodium/calcium exchange in 
transfected Chinese hamster ovary cells. Am. J. 
Physiol. Cell Physiol.  295 , C872–C882 (2008)  

    K.C. Choi, E.B. Jeung, Molecular mechanism of regula-
tion of the calcium-binding protein calbindin-D9k, and 
its physiological role(s) in mammals: a review of cur-
rent research. J. Cell. Mol. Med.  12 , 409–420 (2008)  

    S. Choudhary, A. Kumar, R.K. Kale, L.G. Raisz, C.C. 
Pilbeam, Extracellular calcium induces COX-2 in 
osteoblasts via a PKA pathway. Biochem. Biophys. 
Res. Commun.  322 , 395–402 (2004)  

    S. Christakos, P. Dhawan, B. Benn, A. Porta, M. Hediger, 
G.T. Oh, E.B. Jeung, Y. Zhong, D. Ajibade, K. Dhawan, 
S. Joshi, Vitamin D: molecular mechanism of action. 
Ann. N. Y. Acad. Sci.  1116 , 340–348 (2007)  

    D.E. Clapham, Intracellular calcium. Replenishing the 
stores. Nature  375 , 634–635 (1995)  

    N.J. Cook, U.B. Kaupp, Solubilization, puri fi cation, and 
reconstitution of the sodium-calcium exchanger from 
bovine retinal rod outer segments. J. Biol. Chem.  263 , 
11382–11388 (1988)  

    G.P. Daston, J.M. Naciff, Gene expression changes related 
to growth and differentiation in the fetal and juvenile 
reproductive system of the female rat: evaluation of 
microarray results. Reprod. Toxicol.  19 , 381–394 
(2005)  

    R.J. Diepens, E. den Dekker, M. Bens, A.F. Weidema, A. 
Vandewalle, R.J. Bindels, J.G. Hoenderop, 
Characterization of a murine renal distal convoluted 
tubule cell line for the study of transcellular calcium 
transport. Am. J. Physiol. Renal Physiol.  286 , 
F483–F489 (2004)  

    H. Dong, Y. Jiang, C.R. Triggle, X. Li, J. Lytton, Novel 
role for K + -dependent Na + /Ca 2+  exchangers in regula-
tion of cytoplasmic free Ca 2+  and contractility in arte-
rial smooth muscle. Am. J. Physiol. Heart Circ. 
Physiol.  291 , H1226–H1235 (2006)  

    P.A. Friedman, F.A. Gesek, Stimulation of calcium trans-
port by amiloride in mouse distal convoluted tubule 
cells. Kidney Int.  48 , 1427–1434 (1995)  

    R.D. Geisert, R.H. Renegar, W.W. Thatcher, R.M. Roberts, 
F.W. Bazer, Establishment of pregnancy in the pig: I. 
Interrelationships between preimplantation develop-
ment of the pig blastocyst and uterine endometrial 
secretions. Biol. Reprod.  27 , 925–939 (1982)  



11910 Expression and Regulation of Sodium/Calcium Exchangers…

    A. Halhali, A.R. Tovar, N. Torres, H. Bourges, M. 
Garabedian, F. Larrea, Preeclampsia is associated with 
low circulating levels of insulin-like growth factor I 
and 1,25-dihydroxyvitamin D in maternal and umbili-
cal cord compartments. J. Clin. Endocrinol. Metab.  85 , 
1828–1833 (2000)  

    E.P. Hill, L.D. Longo, Dynamics of maternal-fetal nutri-
ent transfer. Fed. Proc.  39 , 239–244 (1980)  

    J.G. Hoenderop, P.H. Willems, R.J. Bindels, Toward a 
comprehensive molecular model of active calcium 
reabsorption. Am. J. Physiol. Renal Physiol.  278 , 
F352–F360 (2000)  

    J.G. Hoenderop, O. Dardenne, M. Van Abel, A.W. Van 
Der Kemp, C.H. Van Os, R. St Arnaud, R.J. Bindels, 
Modulation of renal Ca 2+  transport protein genes by 
dietary Ca 2+  and 1,25-dihydroxyvitamin D3 in 
25-hydroxyvitamin D3-1alpha-hydroxylase knockout 
mice. FASEB. J.  16 , 1398–1406 (2002a)  

    J.G. Hoenderop, B. Nilius, R.J. Bindels, Molecular mech-
anism of active Ca 2+  reabsorption in the distal nephron. 
Annu. Rev. Physiol.  64 , 529–549 (2002b)  

    G.J. Hofmeyr, L. Duley, A. Atallah, Dietary calcium sup-
plementation for prevention of pre-eclampsia and 
related problems: a systematic review and commen-
tary. BJOG  114 , 933–943 (2007)  

    E.J. Hong, K.C. Choi, E.B. Jeung, Induction of calbindin-
D9k messenger RNA and protein by maternal expo-
sure to alkylphenols during late pregnancy in maternal 
and neonatal uteri of rats. Biol. Reprod.  71 , 669–675 
(2004)  

    D. Jeon, Y.M. Yang, M.J. Jeong, K.D. Philipson, H. Rhim, 
H.S. Shin, Enhanced learning and memory in mice 
lacking Na + /Ca 2+  exchanger 2. Neuron  38 , 965–976 
(2003)  

    S.G. Kamath, C.H. Smith, Na + /Ca 2+  exchange, Ca 2+  bind-
ing, and electrogenic Ca 2+  transport in plasma mem-
branes of human placental syncytiotrophoblast. 
Pediatr. Res.  36 , 461–467 (1994)  

    R.C. Khanal, I. Nemere, Endocrine regulation of calcium 
transport in epithelia. Clin. Exp. Pharmacol. Physiol. 
 35 , 1277–1287 (2008)  

    L. Kiedrowski, High activity of K + -dependent plasmalem-
mal Na + /Ca 2+  exchangers in hippocampal CA1 neu-
rons. Neuroreport  15 , 2113–2116 (2004)  

    L. Kiedrowski, A. Czyz, X.F. Li, J. Lytton, Preferential 
expression of plasmalemmal K-dependent Na + /Ca 2+  
exchangers in neurons versus astrocytes. Neuroreport 
 13 , 1529–1532 (2002)  

    L. Kiedrowski, A. Czyz, G. Baranauskas, X.F. Li, J. 
Lytton, Differential contribution of plasmalemmal Na/
Ca exchange isoforms to sodium-dependent calcium 
in fl ux and NMDA excitotoxicity in depolarized neu-
rons. J. Neurochem.  90 , 117–128 (2004)  

    M.H. Kim, N. Korogod, R. Schneggenburger, W.K. Ho, 
S.H. Lee, Interplay between Na + /Ca 2+  exchangers and 
mitochondria in Ca 2+  clearance at the calyx of Held. J. 
Neurosci.  25 , 6057–6065 (2005)  

    J.C. Kingdom, P. Kaufmann, Oxygen and placental vascu-
lar development. Adv. Exp. Med. Biol.  474 , 259–275 
(1999)  

    S.N. Kip, N.W. Gray, A. Burette, A. Canbay, R.J. 
Weinberg, E.E. Strehler, Changes in the expression of 
plasma membrane calcium extrusion systems during 
the maturation of hippocampal neurons. Hippocampus 
 16 , 20–34 (2006)  

    P. Kofuji, R.W. Hadley, R.S. Kieval, W.J. Lederer, D.H. 
Schulze, Expression of the Na-Ca exchanger in diverse 
tissues: a study using the cloned human cardiac Na-Ca 
exchanger. Am. J. Physiol.  263 , C1241–C1249 
(1992)  

   T.H. Koo, H. Yang, B.S. An, K.C. Choi, S.H. Hyun, E.B. 
Jeung, Calcium transport genes are differently regu-
lated in maternal and fetal placenta in the knockout 
mice of calbindin-D(9k) and -D(28k). Mol Reprod 
Dev. 79(5), 346–355 (2012)  

    C.S. Kovacs, H.M. Kronenberg, Maternal-fetal calcium 
and bone metabolism during pregnancy, puerperium, 
and lactation. Endocr. Rev.  18 , 832–872 (1997)  

    A. Kraev, B.D. Quednau, S. Leach, X.F. Li, H. Dong, R. 
Winkfein, M. Perizzolo, X. Cai, R. Yang, K.D. 
Philipson, J. Lytton, Molecular cloning of a third 
member of the potassium-dependent sodium-calcium 
exchanger gene family, NCKX3. J. Biol. Chem.  276 , 
23161–23172 (2001)  

    J. Lafond, M. Leclerc, M.G. Brunette, Characterization of 
calcium transport by basal plasma membranes from 
human placental syncytiotrophoblast. J. Cell. Physiol. 
 148 , 17–23 (1991)  

    R.L. Lamason, M.A. Mohideen, J.R. Mest, A.C. Wong, 
H.L. Norton, M.C. Aros, M.J. Jurynec, X. Mao, V.R. 
Humphreville, J.E. Humbert, S. Sinha, J.L. Moore, P. 
Jagadeeswaran, W. Zhao, G. Ning, I. Makalowska, 
P.M. McKeigue, D. O’Donnell, R. Kittles, E.J. Parra, 
N.J. Mangini, D.J. Grunwald, M.D. Shriver, V.A. 
Can fi eld, K.C. Cheng, SLC24A5, a putative cation 
exchanger, affects pigmentation in zebra fi sh and 
humans. Science  310 , 1782–1786 (2005)  

    G.S. Lee, E.B. Jeung, Uterine TRPV6 expression during 
the estrous cycle and pregnancy in a mouse model. 
Am. J. Physiol. Endocrinol. Metab.  293 , E132–E138 
(2007)  

    H.C. Lee, B.K. Lum, Protective action of calcium entry 
blockers in endotoxin shock. Circ. Shock  18 , 193–203 
(1986)  

    S.H. Lee, M.H. Kim, K.H. Park, Y.E. Earm, W.K. Ho, K + -
dependent Na + /Ca 2+  exchange is a major Ca 2+  clear-
ance mechanism in axon terminals of rat 
neurohypophysis. J. Neurosci.  22 , 6891–6899 (2002)  

    G.S. Lee, K.Y. Lee, K.C. Choi, Y.H. Ryu, S.G. Paik, G.T. 
Oh, E.B. Jeung, Phenotype of a calbindin-D9k gene 
knockout is compensated for by the induction of other 
calcium transporter genes in a mouse model. J. Bone 
Miner. Res.  22 , 1968–1978 (2007)  

    R.J. Levine, J.C. Hauth, L.B. Curet, B.M. Sibai, P.M. 
Catalano, C.D. Morris, R. DerSimonian, J.R. Esterlitz, 
E.G. Raymond, D.E. Bild, J.D. Clemens, J.A. Cutler, 
Trial of calcium to prevent preeclampsia. N. Engl. J. 
Med.  337 , 69–76 (1997)  

    X.F. Li, A.S. Kraev, J. Lytton, Molecular cloning of a 
fourth member of the potassium-dependent sodium-



120 H. Yang et al.

calcium exchanger gene family, NCKX4. J. Biol. 
Chem.  277 , 48410–48417 (2002)  

    X.F. Li, L. Kiedrowski, F. Tremblay, F.R. Fernandez, M. 
Perizzolo, R.J. Winkfein, R.W. Turner, J.S. Bains, 
D.E. Rancourt, J. Lytton, Importance of K + -dependent 
Na + /Ca 2+ -exchanger 2, NCKX2, in motor learning and 
memory. J. Biol. Chem.  281 , 6273–6282 (2006)  

    S. Longoni, E. Carafoli, Identi fi cation of the Na + /Ca 2+  
exchanger of calf heart sarcolemma with the help of 
speci fi c antibodies. Biochem. Biophys. Res. Commun. 
 145 , 1059–1063 (1987)  

    K.C. Luu, G.Y. Nie, A. Hampton, G.Q. Fu, Y.X. Liu, L.A. 
Salamonsen, Endometrial expression of calbindin 
(CaBP)-d28k but not CaBP-d9k in primates implies 
evolutionary changes and functional redundancy of 
calbindins at implantation. Reproduction  128 , 433–
441 (2004)  

    J. Lytton, Na + /Ca 2+  exchangers: three mammalian gene 
families control Ca 2+  transport. Biochem. J.  406 , 365–
382 (2007)  

    J. Lytton, X.F. Li, H. Dong, A. Kraev, K + -dependent Na + /
Ca 2+  exchangers in the brain. Ann. N. Y. Acad. Sci. 
 976 , 382–393 (2002)  

    A. Malassine, L. Cronier, Hormones and human tropho-
blast differentiation: a review. Endocrine  19 , 3–11 
(2002)  

    L. Marions, K.G. Danielsson, Expression of cyclo-oxyge-
nase in human endometrium during the implantation 
period. Mol. Hum. Reprod.  5 , 961–965 (1999)  

    R. Moreau, G. Daoud, A. Masse, L. Simoneau, J. Lafond, 
Expression and role of calcium-ATPase pump and 
sodium-calcium exchanger in differentiated tropho-
blasts from human term placenta. Mol. Reprod. Dev. 
 65 , 283–288 (2003a)  

    R. Moreau, L. Simoneau, J. Lafond, Calcium  fl uxes in 
human trophoblast (BeWo) cells: calcium channels, 
calcium-ATPase, and sodium-calcium exchanger 
expression. Mol. Reprod. Dev.  64 , 189–198 (2003b)  

    D.A. Nicoll, S. Longoni, K.D. Philipson, Molecular clon-
ing and functional expression of the cardiac sarcolem-
mal Na + -Ca 2+  exchanger. Science  250 , 562–565 
(1990)  

    D.A. Nicoll, B.D. Quednau, Z. Qui, Y.R. Xia, A.J. Lusis, 
K.D. Philipson, Cloning of a third mammalian 
Na + -Ca 2+  exchanger, NCX3. J. Biol. Chem.  271 , 
24914–24921 (1996)  

    T. Nijenhuis, J.G. Hoenderop, A.W. van der Kemp, R.J. 
Bindels, Localization and regulation of the epithelial 
Ca 2+  channel TRPV6 in the kidney. J. Am. Soc. 
Nephrol.  14 , 2731–2740 (2003)  

    L.A. Opperman, T.J. Saunders, D.E. Bruns, J.C. Boyd, 
S.E. Mills, M.E. Bruns, Estrogen inhibits calbindin-
D28k expression in mouse uterus. Endocrinology  130 , 
1728–1735 (1992)  

    R. Palty, E. Ohana, M. Hersh fi nkel, M. Volokita, V. 
Elgazar, O. Beharier, W.F. Silverman, M. Argaman, I. 
Sekler, Lithium-calcium exchange is mediated by a 
distinct potassium-independent sodium-calcium 
exchanger. J. Biol. Chem.  279 , 25234–25240 (2004)  

    R.C. Peck, A.M. Lefer, Protective effect of nifedipine in 
the hypoxic perfused cat liver. Agents Actions  11 , 
421–424 (1981)  

    J.B. Peng, E.M. Brown, M.A. Hediger, Apical entry channels 
in calcium-transporting epithelia. News Physiol. Sci. 
 18 , 158–163 (2003)  

    R.M. Pitkin, Endocrine regulation of calcium homeostasis 
during pregnancy. Clin. Perinatol.  10 , 575–592 (1983)  

    C. Pott, S.A. Henderson, J.I. Goldhaber, K.D. Philipson, 
Na + /Ca 2+  exchanger knockout mice: plasticity of car-
diac excitation-contraction coupling. Ann. N. Y. Acad. 
Sci.  1099 , 270–275 (2007)  

    A. Psychoyos, Hormonal control of uterine receptivity for 
nidation. J. Reprod. Fertil.  25 (Suppl), 17–28 (1976)  

    A. Psychoyos, Uterine receptivity for nidation. Ann. N. Y. 
Acad. Sci.  476 , 36–42 (1986)  

    B.D. Quednau, D.A. Nicoll, K.D. Philipson, Tissue 
speci fi city and alternative splicing of the Na + /Ca 2+  
exchanger isoforms NCX1, NCX2, and NCX3 in rat. 
Am. J. Physiol.  272 , C1250–C1261 (1997)  

    H. Rasmussen, The calcium messenger system (2). N. 
Engl. J. Med.  314 , 1164–1170 (1986)  

    C.W. Redman, I.L. Sargent, Placental stress and pre-
eclampsia: a revised view. Placenta  30 (Suppl A), 
S38–S42 (2009)  

    H. Reilander, A. Achilles, U. Friedel, G. Maul, F. 
Lottspeich, N.J. Cook, Primary structure and func-
tional expression of the Na/Ca, K-exchanger from 
bovine rod photoreceptors. EMBO J.  11 , 1689–1695 
(1992)  

    N.J. Robinson, M. Wareing, N.K. Hudson, R.T. Blankley, 
P.N. Baker, J.D. Aplin, I.P. Crocker, Oxygen and the 
liberation of placental factors responsible for vascular 
compromise. Lab. Invest.  88 , 293–305 (2008)  

    L.A. Salamonsen, G. Nie, E. Dimitriadis, L. Robb, J.K. 
Findlay, Genes involved in implantation. Reprod. 
Fertil. Dev.  13 , 41–49 (2001)  

    B.M. Sanborn, Relationship of ion channel activity to 
control of myometrial calcium. J. Soc. Gynecol. 
Investig.  7 , 4–11 (2000)  

    S. Schlafke, A.C. Enders, Cellular basis of interaction 
between trophoblast and uterus at implantation. Biol. 
Reprod.  12 , 41–65 (1975)  

    P.P. Schnetkamp, Sodium-calcium exchange in the outer 
segments of bovine rod photoreceptors. J. Physiol. 
 373 , 25–45 (1986)  

    P.P. Schnetkamp, Calcium homeostasis in vertebrate reti-
nal rod outer segments. Cell Calcium  18 , 322–330 
(1995)  

    P.P. Schnetkamp, D.K. Basu, R.T. Szerencsei, Na + -Ca 2+  
exchange in bovine rod outer segments requires and 
transports K + . Am. J. Physiol.  257 , C153–C157 
(1989)  

    E.W. Seely, R.J. Wood, E.M. Brown, S.W. Graves, Lower 
serum ionized calcium and abnormal calciotropic hor-
mone levels in preeclampsia. J. Clin. Endocrinol. 
Metab.  74 , 1436–1440 (1992)  

    K.A. Seta, Y. Yuan, Z. Spicer, G. Lu, J. Bedard, T.K. 
Ferguson, P. Pathrose, A. Cole-Strauss, A. Kaufhold, 



12110 Expression and Regulation of Sodium/Calcium Exchangers…

D.E. Millhorn, The role of calcium in hypoxia-induced 
signal transduction and gene expression. Cell Calcium 
 36 , 331–340 (2004)  

    A. Sharkey, Cytokines and implantation. Rev. Reprod.  3 , 
52–61 (1998)  

    B. Sibai, G. Dekker, M. Kupferminc, Pre-eclampsia. 
Lancet  365 , 785–799 (2005)  

    J. Stulc, B. Stulcova, C.P. Sibley, Evidence for active 
maternal-fetal transport of Na +  across the placenta of 
the anaesthetized rat. J. Physiol.  470 , 637–649 (1993)  

    J. Stulc, B. Stulcova, M. Smid, I. Sach, Parallel mecha-
nisms of Ca++ transfer across the perfused human 
 placental cotyledon. Am. J. Obstet. Gynecol.  170 , 
162–167 (1994)  

    G.A. Surveyor, A.K. Wilson, D.R. Brigstock, Localization 
of connective tissue growth factor during the period of 
embryo implantation in the mouse. Biol. Reprod.  59 , 
1207–1213 (1998)  

    M. Tsoi, K.H. Rhee, D. Bungard, X.F. Li, S.L. Lee, R.N. 
Auer, J. Lytton, Molecular cloning of a novel potas-
sium-dependent sodium-calcium exchanger from rat 
brain. J. Biol. Chem.  273 , 4155–4162 (1998)  

    S.J. Van Cromphaut, M. Dewerchin, J.G. Hoenderop, I. 
Stockmans, E. Van Herck, S. Kato, R.J. Bindels, D. 
Collen, P. Carmeliet, R. Bouillon, G. Carmeliet, 
Duodenal calcium absorption in vitamin D receptor-
knockout mice: functional and molecular aspects. Proc. 
Natl. Acad. Sci. U. S. A.  98 , 13324–13329 (2001)  

    S.J. Van Cromphaut, K. Rummens, I. Stockmans, E. Van 
Herck, F.A. Dijcks, A.G. Ederveen, P. Carmeliet, J. 
Verhaeghe, R. Bouillon, G. Carmeliet, Intestinal cal-
cium transporter genes are upregulated by estrogens 
and the reproductive cycle through vitamin D recep-
tor-independent mechanisms. J. Bone Miner. Res.  18 , 
1725–1736 (2003)  

    N. Wanaverbecq, S.J. Marsh, M. Al-Qatari, D.A. Brown, 
The plasma membrane calcium-ATPase as a major 

mechanism for intracellular calcium regulation in 
neurones from the rat superior cervical ganglion. J. 
Physiol.  550 , 83–101 (2003)  

    J.M. Williams, D.R. Abramovich, C.G. Dacke, T.M. 
Mayhew, K.R. Page, Inhibitor action on placental cal-
cium transport. Calcif. Tissue Int.  48 , 7–12 (1991)  

    S. Wray, K. Jones, S. Kupittayanant, Y. Li, A. Matthew, E. 
Monir-Bishty, K. Noble, S.J. Pierce, S. Quenby, A.V. 
Shmygol, Calcium signaling and uterine contractility. 
J. Soc. Gynecol. Investig.  10 , 252–264 (2003)  

   H. Yang, T.H. Kim, B.S. An, K.C. Choi, H.H. Lee, J.M. 
Kim, E.B. Jeung, Differential expression of calcium 
transport channels in placenta primary cells and tis-
sues derived from preeclamptic placenta. Mol Cell 
Endocrinol (in submission)  

    H. Yang, G.S. Lee, Y.M. Yoo, K.C. Choi, E.B. Jeung, 
Sodium/potassium/calcium exchanger 3 is regulated 
by the steroid hormones estrogen and progesterone in 
the uterus of mice during the estrous cycle. Biochem. 
Biophys. Res. Commun.  385 , 279–283 (2009)  

    H. Yang, Y.M. Yoo, E.M. Jung, K.C. Choi, E.B. Jeung, 
Uterine expression of sodium/potassium/calcium 
exchanger 3 and its regulation by sex-steroid hor-
mones during the estrous cycle of rats. Mol. Reprod. 
Dev.  77 , 971–977 (2010)  

    H. Yang, T.H. Kim, H.H. Lee, K.C. Choi, E.B. Jeung, 
Distinct expression of the calcium exchangers, 
NCKX3 and NCX1, and their regulation by steroid in 
the human endometrium during the menstrual cycle. 
Reprod. Sci.  18 , 577–585 (2011)  

    K. Yoshinaga, Uterine receptivity for blastocyst implanta-
tion. Ann. N. Y. Acad. Sci.  541 , 424–431 (1988)  

    W. Zheng, Y. Xie, G. Li, J. Kong, J.Q. Feng, Y.C. Li, 
Critical role of calbindin-D28k in calcium homeosta-
sis revealed by mice lacking both vitamin D receptor 
and calbindin-D28k. J. Biol. Chem.  279 , 52406–52413 
(2004)      


	10: Expression and Regulation of Sodium/Calcium Exchangers, NCX and NCKX, in Reproductive Tissues: Do They Play a Critical Role in Calcium Transport for Reproduction and Development?
	10.1	 Introduction
	10.2	 Na + /Ca 2+ Exchangers in Reproductive Tissues
	10.3	 Uterine Expression and Regulation of Na + /Ca 2+ Exchangers
	10.4	 Placental Expression and Regulation of Na + /Ca 2+ Exchangers
	10.5	 The Relationship of Na + /Ca 2+ Exchangers in Reproductive Tissue Diseases
	10.6	 Regulation of Na + /Ca 2+ Exchangers in Hypoxic Placental Cell Lines
	10.7	 Conclusion
	References


