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abstract

 

Ion transport and regulation of Na

 

1

 

–Ca

 

2

 

1

 

 exchange were examined for two alternatively spliced iso-
forms of the canine cardiac Na

 

1

 

–Ca

 

2

 

1

 

 exchanger, NCX1.1, to assess the role(s) of the mutually exclusive A and B
exons. The exchangers examined, NCX1.3 and NCX1.4, are commonly referred to as the kidney and brain splice
variants and differ only in the expression of the BD or AD exons, respectively. Outward Na

 

1

 

–Ca

 

2

 

1

 

 exchange activ-

 

ity was assessed in giant, excised membrane patches from

 

 Xenopus laevis

 

 oocytes expressing the cloned exchangers,
and the characteristics of Na

 

1

 

i

 

- (i.e., I

 

1

 

) and Ca

 

2

 

1

 

i

 

- (i.e., I

 

2

 

) dependent regulation of exchange currents were exam-
ined using a variety of experimental protocols. No remarkable differences were observed in the current–voltage
relationships of NCX1.3 and NCX1.4, whereas these isoforms differed appreciably in terms of their I

 

1

 

 and I

 

2

 

 regu-
latory properties. Sodium-dependent inactivation of NCX1.3 was considerably more pronounced than that of
NCX1.4 and resulted in nearly complete inhibition of steady state currents. This novel feature could be abolished

 

by proteolysis with 

 

a

 

-chymotrypsin. It appears that expression of the B exon in NCX1.3 imparts a substantially
more stable I

 

1

 

 inactive state of the exchanger than does the A exon of NCX1.4. With respect to I

 

2

 

 regulation, sig-
nificant differences were also found between NCX1.3 and NCX1.4. While both exchangers were stimulated by low
concentrations of regulatory Ca

 

2

 

1

 

i

 

, NCX1.3 showed a prominent decrease at higher concentrations (

 

.

 

1 

 

m

 

M).
This does not appear to be due solely to competition between Ca

 

2

 

1

 

i

 

 and Na

 

1

 

i

 

 at the transport site, as the Ca

 

2

 

1

 

i

 

 af-
finities of inward currents were nearly identical between the two exchangers. Furthermore, regulatory Ca

 

2

 

1

 

i

 

 had
only modest effects on Na

 

1

 

i

 

-dependent inactivation of NCX1.3, whereas I

 

1

 

 inactivation of NCX1.4 could be com-
pletely eliminated by Ca

 

2

 

1

 

i

 

. Our results establish an important role for the mutually exclusive A and B exons of
NCX1 in modulating the characteristics of ionic regulation and provide insight into how alternative splicing tai-
lors the regulatory properties of Na

 

1

 

–Ca

 

2

 

1

 

 exchange to fulfill tissue-specific requirements of Ca

 

2

 

1

 

 homeostasis.
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I N T R O D U C T I O N

 

Sodium–calcium exchangers constitute a family of ion
counter transporters that play a prominent role in cellu-

 

lar Ca

 

2

 

1

 

 homeostasis (Lederer et al., 1996; Philipson et
al., 1996). These integral membrane-spanning proteins
are generally thought to serve as Ca

 

2

 

1

 

 efflux mechanisms
that are driven by the Na

 

1

 

 electrochemical gradient. Al-
though present in many (and possibly all) tissues of the
body, Na

 

1

 

–Ca

 

2

 

1

 

 exchange has been most extensively
characterized in cardiac and neuronal tissue. Three
unique transporter gene products have been identified in
mammals (NCX1, NCX2, and NCX3) and two have been

 

shown to undergo alternative splicing (Quednau et
al., 1997). Within the NCX1 subfamily, 12 alternatively
spliced isoforms have been identified, whereas a single
version of NCX2 has been cloned to date. The existence

of three splice variants of NCX3 has been demonstrated
(Quednau et al., 1997). The cardiac Na

 

1

 

–Ca

 

2

 

1

 

 ex-
changer, NCX1.1, remains the most extensively character-
ized isoform with respect to structure, function, and regu-
lation (Hryshko and Philipson, 1997; Lederer et al., 1996;
Philipson et al., 1996).

The consequences of alternative splicing of Na

 

1

 

–Ca

 

2

 

1

 

exchangers are largely unknown. One possibility is that
expression of different exon combinations could provide
a mechanism for directing Na

 

1

 

–Ca

 

2

 

1

 

 exchangers to ap-
propriate cellular locations. For example, in kidney, the
exchanger may reside exclusively in the basolateral mem-
brane of renal cells (Bindels et al., 1992; Reilly et al., 1993;
Van Baal et al., 1996). Alternatively, or perhaps coinciden-
tally, splice variants could exhibit altered functional and/
or regulatory properties appropriate for different cellular
environments and Ca

 

2

 

1

 

 homeostasis requirements. Sup-
port for this notion comes from our recent demonstra-
tion of significant functional differences in the regulatory
phenotypes of alternatively spliced isoforms of the Na

 

1

 

–

 

Ca

 

2

 

1

 

 exchanger from 

 

Drosophila

 

 (Omelchenko et al.,
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1998). These splice variants, CALX1.1 and CALX1.2, dif-
fer by five amino acids in a region analogous to the alter-
native splice site of mammalian exchangers (Ruknudin et
al., 1997; Schwarz and Benzer, 1997). A preliminary re-
port indicates that functional differences exist between
Na

 

1

 

–Ca

 

2

 

1

 

 exchangers found in cardiac and renal tissue
with respect to modulation by voltage, [Ca

 

2

 

1

 

]

 

i

 

 and phos-
phorylation (Ruknudin et al., 1998). These investigators
have also demonstrated preferential expression of splice
variants containing the A exon in hippocampal neurons,
and the B exon in astrocytes and C

 

6

 

 glioma cells (He et
al., 1998). Furthermore, a comparison of exchangers ex-
pressed in 

 

Xenopus

 

 oocytes revealed that the AD, but not
the BD splice variant, was regulated by cAMP-dependent
protein kinase (He et al., 1998).

In an effort to gain a better understanding of the
transport and regulatory consequences of alternative
splicing among Na

 

1

 

–Ca

 

2

 

1

 

 exchangers, we selected two
versions of NCX1 that differ only in terms of which of
its two, mutually exclusive exons (i.e., A and B) is ex-
pressed: NCX1.4 (exons AD) and NCX1.3 (exons BD).
Since exon A splice variants appear to be expressed
predominantly in excitable tissues (e.g., neurons, heart,
skeletal muscle), whereas exon B isoforms are more
widely distributed (e.g., kidney, liver, lung, astrocytes)
(Quednau et al., 1997; He et al., 1998), we reasoned
that any observed phenotypic differences might pro-
vide insight into how Na

 

1

 

–Ca

 

2

 

1

 

 exchange is tailored to
the specific Ca

 

2

 

1

 

 handling requirements of different
tissues. Thus, we expressed NCX1.3 and NCX1.4 in

 

Xenopus

 

 

 

laevis

 

 oocytes and obtained current measure-
ments of Na

 

1

 

–Ca

 

2

 

1

 

 exchange using the giant excised
patch-clamp technique (Hilgemann, 1990). By using a
variety of experimental protocols, we were able to
clearly resolve exon-specific influences on the Na

 

1

 

i

 

-
and Ca

 

2

 

1

 

i

 

-dependent regulatory mechanisms of NCX1.

 

M E T H O D S

 

Construction of NCX1.3 and NCX1.4

 

Kidney and brain samples were collected from adult dogs, rapidly
frozen in liquid N

 

2

 

 and stored at 

 

2

 

70

 

8

 

C. Total RNA was subse-
quently isolated by the method of Chomczynski and Sacchi
(1987), as modified by Quednau et al. (1997), and splice variants
of NCX1 were cloned via reverse transcriptase–PCR (RT-PCR) as
described (Quednau et al., 1997). Complementary DNA was am-
plified in a total volume of 50 

 

m

 

l containing: 1

 

3

 

 

 

TaqPlus Precision

 

buffer (Stratagene Inc.), 200 

 

m

 

M dNTP, 5% DMSO, and 25 pM
each of reverse phase–purified, canine NCX1.1 forward and re-
verse primers that span its alternative splicing region (see below).
The reaction mixture was heated to 95

 

8

 

C for 5 min and cooled to
80

 

8

 

C before addition of 2.5 U of 

 

TaqPlus Precision

 

 Polymerase.
Amplification was carried out in 35 cycles of denaturation (30 s at
94

 

8

 

C), annealing (60 s at 55

 

8

 

C), and extension (2 min at 72

 

8

 

C),
followed by an additional 10 min of extension at 72

 

8

 

C. Forward
primer: 5

 

9

 

-TGGAGGTGAAGGTATTGCGA-3

 

9

 

 (corresponding to
amino acids 553–559 of canine NCX1.1; Nicoll et al., 1990); re-
verse primer: 5

 

9

 

-TCTGCATACTGATCCTGGGT-3

 

9

 

 (correspond-
ing to amino acids 861–855). Products from the RT-PCR proce-

 

dure were purified using GeneClean (Bio101) and subcloned
into the pCR-Script vector (Stratagene Inc.) according to manu-
facturer’s instructions. Splice variants of NCX1 were identified by
dideoxy sequencing. Clones with exon compositions AD (brain)
and BD (kidney) were digested with XhoI and KpnI, and the re-
sulting cassettes repaired into a full-length, canine NCX1.1 clone
(Matsuoka et al., 1993) in pBluescript II SK(

 

1

 

) (Stratagene
Inc.). The resulting constructs were designated NCX1.4 (exons
AD; brain) and NCX1.3 (exons BD; kidney), according to the no-
menclature of Quednau et al. (1997).

 

Synthesis of NCX1.3 and NCX1.4 cRNA

 

Complementary DNAs encoding NCX1.3 and NCX1.4 were lin-
earized with HindIII (New England Biolabs Inc.) and cRNA syn-
thesized using T3 mMessage mMachine in vitro transcription kits
(Ambion Inc.) according to the manufacturer’s instructions. Af-
ter injection with 

 

<

 

5 ng of cRNA encoding NCX1.3 or NCX1.4,
oocytes were maintained at 16

 

8

 

C in solution B minus BSA (see
below). Electrophysiological measurements were typically ob-
tained from days 4–6 after injection.

 

Preparation of Xenopus laevis Oocytes

 

Xenopus laevis

 

 were anaesthetized in 250 mg/liter ethyl 

 

p

 

-ami-
nobenzoate (Sigma Chemical Co.) in deionized ice-water for 30
min. Oocytes were then removed and washed in solution A con-
taining (mM): 88 NaCl, 15 HEPES, 2.4 NaHCO

 

3

 

, 1.0 KCl, 0.82
MgSO

 

4

 

; pH 7.6 at room temperature (rt). The follicles were
teased apart and the oocytes transferred to 5 ml of solution A
containing 80 mg collagenase (Type II; Worthington Biochemi-
cal Corp.) and incubated for 45–60 min at rt with gentle agita-
tion. The oocytes were washed several times in solution B con-
taining (mM): 88 NaCl, 15 HEPES, 2.4 NaHCO

 

3

 

, 1.0 KCl, 0.82
MgSO

 

4

 

, 0.41 mM CaCl

 

2

 

, 0.3 mM Ca(NO

 

3

 

)

 

2

 

, 1 mg/ml BSA (Frac-
tion V; Sigma Chemical Co.); pH 7.6 at rt, and then transferred
to 5 ml of 100 mM K

 

2

 

HPO

 

4

 

, pH 6.5 at rt, containing 1 mg/ml
BSA. After incubation at rt for 11–12 min with gentle agitation,
the oocytes were washed several times in solution B at rt. Defollic-
ulated stage V–VI oocytes were selected and incubated at 16

 

8

 

C in
solution B minus BSA until injection the following day.

 

Measurement of Na

 

1

 

–Ca

 

2

 

1

 

 Exchange Activity

 

Na

 

1

 

–Ca

 

2

 

1

 

 exchange current measurements were obtained using
the giant excised patch clamp technique, as described previously
(Hilgemann, 1990; Hryshko et al., 1996; Trac et al., 1997). Boro-
silicate glass pipettes were pulled and polished to a final inner di-
ameter of 

 

<

 

20–25 

 

m

 

m and coated with a Parafilm™:mineral oil
mixture to enhance patch stability and reduce electrical noise. To
expedite removal of the vitelline layer before membrane patch-
ing, oocytes were shrunk slightly by incubation in a solution con-
taining (mM): 100 K-aspartate, 100 KOH, 100 MES, 20 HEPES, 5
EGTA, 5 MgCl

 

2

 

, pH 7.0 at rt, for <15 min at rt. After removal of
the vitelline layer by dissection, oocytes were placed in a solution
containing (mM): 100 KOH, 100 MES, 20 HEPES, 5 EGTA, 5–10
MgCl2, pH 7.0 at rt (with MES), and GV seals formed via gentle
suction. Membrane patches (inside-out configuration) were ex-
cised by progressive movements of the pipette tip. Rapid solution
changes (i.e., <200 ms) were accomplished using a custom-built,
computer-controlled, 20-channel solution switcher. Hardware
(Axopatch 200a; Axon Instruments) and software (Axotape)
were used for data acquisition and analysis. For outward current
measurements, pipette (i.e., extracellular) solutions contained
(mM): 100 N-methyl-glucamine–MES, 30 HEPES, 30 tetraethyl-
ammonium (TEA)-OH, 16 sulfamic acid, 8.0 CaCO3, 6 KOH, 2.0
Mg(OH)2, 0.25 ouabain, 0.1 niflumic acid, 0.1 flufenamic acid;
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pH 7.0 at 308C (with MES). Outward Na1–Ca21 exchange cur-
rents were elicited by switching from Li1

i- to Na1
i-based bath solu-

tions containing (mM): 100 [Na 1 Li]-aspartate, 20 MOPS, 20
TEA-OH, 20 CsOH, 10 EGTA, 0–9.91 CaCO3, 1.0–1.5 Mg(OH)2,
pH 7.0 at 308C (with MES or LiOH). Magnesium and Ca21 were
adjusted to yield free concentrations of 1.0 mM and 0–30 mM, re-
spectively, using MAXC software (Bers et al., 1994). For inward
current measurements, pipettes contained (mM): 100 Na-MES,
10 EGTA, 20 CsOH, 4 Mg(OH)2, 20 TEA-OH, 10 HEPES, 0.25
ouabain, 0.1 niflumic acid, 0.1 flufenamic acid, 0.002 nifedipine,
pH 7.0 with MES. Inward currents were activated by switching be-
tween Ca21-free and Ca21 containing Li1-based bath solutions de-
scribed above. All experiments were conducted at 30 6 18C. All
data reported are mean 6 SEM, unless indicated otherwise.

R E S U L T S

Our aim was to determine which aspects of the ionic
regulatory profile of NCX1 can be directly attributed to
expression of its mutually exclusive exons, A and B. We
chose the splice variant pair NCX1.4 (exons AD) and
NCX1.3 (exons BD) and characterized their ionic regu-
latory phenotypes under a variety of conditions.

Inspection of the aligned sequences of exons A (en-
coding 35 amino acids) and B (encoding 34 amino ac-
ids) in Fig. 1 reveals substantial similarity between
NCX1.3 and NCX1.4. 13 identities are found and the
exons are <63% similar with respect to conservative
substitutions, with the greatest similarity occurring to-
wards their NH2 termini. Charge reversal occurs at two
positions, substitution of charged for neutral residues is
observed at six, polar residues coincide with hydropho-
bics at three, and the overall electric charge of exon A
is 22, whereas exon B is 11. Exon B encodes a cysteine
residue at position 585 (Nicoll et al., 1990), whereas no
cysteines are found in any other exons of the alterna-
tively spliced region of NCX1. Although the specific
contribution of dissimilar amino acids between NCX1.3
and NCX1.4 has not been determined, the net effect of
interchanging exons A and B is substantially altered
ionic regulatory behavior.

Na1
i-dependent Regulation of NCX1.3 and NCX1.4

We examined the [Na1]i dependence of peak and
steady state outward Na1–Ca21 exchange currents me-

diated by NCX1.4 and NCX1.3 to obtain estimates of
Na1 transport affinities, as well as the rate and extent
of I1 inactivation. Fig. 2 shows representative current
traces obtained in response to the rapid (i.e., ,200 ms)
application of 10–100 mM Na1

i to the cytoplasmic sur-
face of the patches in the continuous presence of 1 mM
regulatory Ca21

i. Transport Ca21
o in the pipette was

constant at 8 mM. After each current activation event,
patches were allowed to recover for 32–48 s in Li1

i-con-
taining solution plus 1 mM Ca21

i before delivery of the
next Na1

i pulse. With increasing [Na1]i, the isoforms
exhibited similar increases in peak current and in the
extent of current inactivation, characteristic of Na1

i-
dependent, or I1, inactivation (Hilgemann et al., 1992b).
In response to the application of 100 mM Na1

i at 1-mM
regulatory Ca21

i, the rate of inactivation of NCX1.4 was
marginally faster than that observed for NCX1.3 (0.29 6
0.03 s21, n 5 18 vs. 0.22 6 0.03 s21, n 5 11, respectively,
NS). However, the major difference between the splice
variants was in steady state current levels produced in
response to changes in [Na1]i. Whereas NCX1.4 exhib-
ited a [Na1]i-dependent increase in steady state current
levels, similar to that observed with the cardiac Na1–
Ca21 exchanger, NCX1.1 (Matsuoka et al., 1995), steady
state currents mediated by NCX1.3 were mainly insensi-
tive to changes in [Na1]i over the concentration range
examined (10–100 mM). However, this behavior could
be abolished by treatment of the patch with a-chy-
motrypsin (Fig. 2, bottom), a procedure known to
deregulate Na1–Ca21 exchangers (Hilgemann, 1990).
After proteolysis, the Na1

i dependence of NCX1.3 be-
came hyperbolic, similar to that observed for peak cur-
rents with NCX1.4. Thus, ionic regulation alters the ap-
parent Na1

i affinity of steady state Na1–Ca21 exchange
currents for NCX1.3.

Fig. 3 summarizes the Na1
i dependence of peak and

steady state outward Na1–Ca21 exchange currents de-
rived from pooled data obtained with NCX1.3 and
NCX1.4 in the presence of 1 mM regulatory Ca21

i, as
above. Currents were normalized to the values obtained
at 100 mM Nai

1. For both isoforms, peak currents pro-
gressively increased with increasing [Na1]i. Estimates of
exchanger affinity for Na1

i based on peak current mea-
surements provided nearly identical values of Kd (33 6 5

Figure 1. Sequence compari-
son of the alternatively spliced re-
gions of NCX1.4 and NCX1.3.
Single-letter amino acid code is
used and identities are boxed.
The alternative splicing region
of NCX1 is located within the
COOH-terminal third of its large
intracellular loop. Expression of
exons A and B is mutually ex-
clusive.
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mM, n 5 4 vs. 31 6 4 mM, n 5 6, for NCX1.3 and
NCX1.4, respectively). For comparison, the peak current-
derived Na1

i affinity of the cardiac exchanger, NCX1.1, is
<27 mM (Matsuoka et al., 1995, 1997). With respect to
the Na1

i affinity derived from measurements of steady
state currents, however, a Kd value of 16 6 1 mM (n 5 6)
was obtained for NCX1.4, whereas the NCX1.3 isoform
appeared to be nearly Na1

i independent over the con-
centration range examined. Thus, a Kd value could not
be estimated. However, after treatment with a-chymo-
trypsin, a Kd value of 26 6 1 mM (three determinations
from two patches) was estimated for NCX1.3, similar to
that of peak currents for both exchangers.

Fig. 4 illustrates the Na1
i dependence of the NCX1 iso-

forms in terms of their ratios of steady state to peak cur-
rents, or Fss values (Omelchenko et al., 1998). This frac-
tion is a sensitive measure of the extent of I1 inactivation
and can provide insight into the stability of the I1 inactive
complex. Both splice variants exhibit a decrease in Fss

with increasing [Na1]i, typical of I1-inactivated Na1–Ca21

exchangers, and reflecting entry into the I1 state from the
three Na1

i-loaded configuration of the exchanger (Hilge-
mann et al., 1992b). However, for [Na1]i $ 25 mM, the

Figure 2. Na1
i dependence of outward Na1–Ca21 exchange cur-

rents of NCX1.4 and NCX1.3. Representative current traces are
shown for NCX1.4 and NCX1.3, and for NCX1.3 after proteolysis
for <60 s with 1 mg/ml a-chymotrypsin. Transport Ca21

o in the pi-
pette was constant at 8 mM and regulatory Ca21

i was held at 1 mM
for 32–48 s before and during acquisition of the current traces.
Outward currents were activated by the rapid (i.e., <200 ms) ap-
plication of the indicated concentrations of Na1

i to the cytoplas-
mic surface of the patch. After each current activation event,
patches were perfused for 32–48 s with 100 mM Li1

i-containing so-
lution plus 1 mM Ca21

i to permit full recovery from inactivation be-
fore delivery of the next Na1

i pulse.

Figure 3. Na1
i dependence of peak and steady state outward

Na1–Ca21 exchange current for NCX1.4 and NCX1.3. Outward
currents were obtained as described in Fig. 2, and were normal-
ized to the value obtained at 100 mM Na1

i. Data are mean 6 SEM
of three to six determinations from six patches for NCX1.4, four
determinations from four patches for NCX1.3, and three determi-
nations from two patches for NCX1.3 after treatment with 1 mg/
ml a-chymotrypsin for <60 s.
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decrease in Fss is more pronounced for NCX1.3 than for
NCX1.4. For example, Fss values calculated from currents
acquired in response to the application of 100 mM Na1

i

were 0.24 6 0.03 and 0.07 6 0.01 (n 5 20 and 25 determi-
nations from 14 patches) for NCX1.4 and NCX1.3, re-
spectively. Note that for NCX1.3, the extent of I1 inactiva-
tion is <90% at high [Na1]i, whereas at 10 mM Na1

i it is
<20%. This substantial inactivation of NCX1.3-mediated
transport is likely to be responsible for the peculiar na-
ture of the Na1

i dependence of its steady state currents, as
shown in Fig. 3. That is, the increase in steady state cur-
rent in response to Na1

i appears to be largely offset by the
extensive inactivation that occurs as [Na1]i is raised. Con-
sequently, steady state Na1–Ca21 exchange currents medi-
ated by NCX1.3 do not exhibit a hyperbolic response to
rising [Na1]i unless this regulatory mechanism is elimi-
nated by proteolysis with a-chymotrypsin.

Fig. 5 illustrates the current–voltage (IV)1 relation-
ships for NCX1.3 and NCX1.4. Outward currents were
activated by switching from 100 mM Li1

i-containing
perfusing solution to 100 mM Na1

i, and 1 mM regula-
tory Ca21

i was present throughout. The IV relationship
was determined before (a) and during (b) exchange
current activation, and the former values were sub-
tracted from the latter. From a holding potential of 0
mV, 40-ms voltage steps, in 10-mV increments, were ap-
plied from 2100 to 1100 mV, with a return to the hold-
ing potential between each step. Pooled data shown
in Fig. 5 (bottom) are from three NCX1.3 and four
NCX1.4 patches, with currents normalized to the values
obtained at 0 mV. Note that a reversal potential is not

observed under these conditions as the pipette solution
does not contain Na1

o. The exchanger isoforms exhib-
ited similar IV relationships to that observed for the car-
diac exchanger, NCX1.1 (Matsuoka and Hilgemann,
1992). We did not observe significant differences in the
voltage dependency of the kidney exchanger, in con-
trast to an earlier report (Ruknudin et al., 1998).

Ca21
i-dependent Regulation of NCX1.3 and NCX1.4

Fig. 6 illustrates the effects of removal and reapplica-
tion of regulatory Ca21

i on outward Na1–Ca21 ex-
change currents mediated by NCX1.3 and NCX1.4.
Currents were elicited by applying 100 mM Na1

i, with 1
mM Ca21

i present before activation. Regulatory Ca21
i

was then removed and reapplied in the middle of the
current trace in the continuous presence of 100 mM
Na1

i. For NCX1.4, Ca21
i removal led to rapid and

Figure 4. Na1
i dependence of the ratio of steady state to peak

current for NCX1.4 and NCX1.3. Currents were obtained as de-
scribed in Fig. 2. Data are mean 6 SEM of 8–20 determinations
from 16 patches for NCX1.4, and 4–12 determinations from seven
patches for NCX1.3.

1Abbreviation used in this paper: IV, current–voltage.

Figure 5.  IV relationships for NCX1.4 and NCX1.3. Each voltage-
clamp increment (10-mV steps from 2100 to 100 mV) was initiated
from a holding potential of 0 mV. IV records obtained at a during
perfusion with 100 mM Li1

i-containing solution were subtracted
from those obtained at b during perfusion with 100 mM Na1

i-con-
taining solution. Regulatory Ca21

i (1 mM) was present throughout
the current recordings. Pooled data shown (bottom) are mean 6
SEM from four patches for NCX1.4 and three patches for NCX1.3.
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nearly complete inhibition of outward exchange cur-
rent, with a half-time for current decay of 0.52 6 0.05 s
(n 5 5). Similarly, steady state levels were rapidly re-
stored when Ca21

i was reapplied, with a half-time of
0.49 6 0.14 s (n 5 5). For comparison with NCX1.1,
the equivalent protocols yield half-times for loss and re-
acquisition of steady state current levels of 10.8 and 7.5 s,
respectively (Matsuoka et al., 1995). Thus, steady state
Na1–Ca21 exchange currents for NCX1.4 exhibits con-
siderably faster responses to this experimental maneu-
ver than those observed for the cardiac exchanger. In
contrast, with NCX1.3, half-times for loss and restora-
tion of steady state current after removal and reappli-
cation of Ca21

i could not be determined due to the
negligible steady state currents generated even in the
presence of regulatory Ca21

i.
Fig. 7 shows representative traces that illustrate the

dependence of outward Na1–Ca21 exchange currents
mediated by NCX1.3 and NCX1.4 upon [Ca21]i. Regu-
latory Ca21

i, at the indicated concentrations, was present
for 32–48 s before, during, and after current activation
with 100 mM Na1

i. For both isoforms, exchange cur-
rents are augmented by Ca21

i. In particular, NCX1.4
behaves similar to the cardiac exchanger, NCX1.1, in
that regulatory Ca21

i not only stimulates exchange ac-
tivity, but also alleviates I1 inactivation. At 10 mM Ca21

i,
Na1

i-dependent inactivation is nearly eliminated and
the current recording adopts a square appearance.
With NCX1.3, however, I1 inactivation is still prominent
at 10 mM Ca21

i, in sharp distinction to both NCX1.4
and NCX1.1. That is, regulatory Ca21

i is not only inca-
pable of alleviating I1 inactivation for NCX1.3, it ap-
pears to inhibit outward current generation. These re-
lationships are illustrated graphically in Fig. 8.

The pooled data shown in Fig. 8 illustrate the regula-
tory Ca21

i dependence of peak and steady state outward
currents mediated by NCX1.3 and NCX1.4 in response
to the application of 100 mM Na1

i. Currents were nor-
malized to the values obtained at 1 mM regulatory Ca21

i.
Both exchangers initially exhibit an increase in peak
outward current as regulatory Ca21

i is raised (Fig. 8,
top). For NCX1.4, data were fit to the Hill equation
over the [Ca21]i range 0–3 mM, providing a Kd value of
0.2 6 0.06 mM. Beyond 3 mM Ca21

i, however, deviation
from simple hyperbolic behavior became evident, and
further increases in [Ca21]i often led to decreased peak
outward currents (Fig. 7). This is presumably due to
competition between Ca21

i and Na1
i at the intracellular

transport site, a phenomenon previously documented
for NCX1.1 and two alternatively spliced isoforms of the
Drosophila Na1–Ca21 exchanger, CALX1 (Matsuoka et
al., 1995; Trac et al., 1997; Omelchenko et al., 1998).
With NCX1.3, this behavior was more pronounced and
regulatory [Ca21]i . 1 mM mediated a pronounced de-
crease of exchange current. This reduction in current is

also evident in the representative traces shown in Fig. 7.
Thus, we could not derive a meaningful estimate of Kd

for NCX1.3, but visual inspection suggests that at
[Ca21]i , 1 mM, both isoforms are comparably stimu-
lated by regulatory [Ca21]i. With respect to steady state
currents (Fig. 8, middle), NCX1.4 again exhibits a
smooth increase of outward current levels with increas-
ing regulatory [Ca21]i, and similar to that observed for
NCX1.1. This reflects the progressive alleviation of I1

inactivation by Ca21
i. In sharp contrast, the results ob-

tained with NCX1.3 indicate that, at most, I1 inactiva-
tion is barely influenced by regulatory Ca21

i and no ob-
vious Ca21

i dependence is discernible.
The effects of regulatory Ca21

i on Fss, the ratio of
steady state to peak currents are shown in Fig. 8 (bot-
tom). For NCX1.4, a U-shaped Ca21

i dependence was
obtained. The value of Fss initially declines from 0–0.3
mM Ca21

i, and then rises as Ca21
i is increased beyond

0.3 mM. This behavior reflects the observation that, in
the absence of Ca21

i, outward currents are small and
show relatively little inactivation. As Ca21

i increases,

Figure 6. Ca21
i regulation of outward Na1–Ca21 exchange cur-

rents for NCX1.4 and NCX1.3. Representative records are shown
for NCX1.4 and NCX1.3, where currents were activated by apply-
ing 100 mM Na1

i in the presence of 1 mM Ca21
i. Regulatory Ca21

i

was present for 32–48 s before the application of transport Na1
i.

Upon approaching steady state current levels, Ca21
i was removed

for 16 s, and then reapplied for a further 16-s interval before deac-
tivating exchange current by returning to a Li1

i-based perfusing
solution. The traces shown are typical of five patches for NCX1.4
and three patches for NCX1.3.
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however, peak current progressively rises, causing Fss to
decrease at intermediate [Ca21]i. Finally, as [Ca21

i] is
further increased, the extent of I1 inactivation is reduced
to near-zero levels and Fss returns to higher values. These
characteristics of Fss are typical of the cardiac exchanger,
NCX1.1 (Hilgemann et al., 1992a; Matsuoka et al., 1995).
In contrast, Na1

i-dependent inactivation of NCX1.3 is
essentially insensitive to regulatory Ca21

i and an L-shaped
relationship is obtained. That is, the progressive allevia-
tion of I1 inactivation observed with NCX1.4 and NCX1.1
does not occur for the kidney Na1–Ca21 exchanger.

The observation that NCX1.3 appears to be inhibited
at higher concentrations of regulatory Ca21 could oc-
cur if this exchanger had a higher affinity for Ca21 at
the intracellular transport site. Consequently, lower
concentrations of Ca21 could compete for Na1

i and re-
duce current magnitude. To test this possibility, we ex-
amined inward Na1–Ca21 exchange currents for both
NCX1.3 and NCX1.4. Pipettes contained 100 mM Na1

and inward currents were activated by applying differ-

ent Ca21 concentrations (0.1–100 mM) to the cytoplas-
mic surface of the patch. Typical inward current re-
cordings are shown in Fig. 9. We did not observe any
major differences for inward Na1–Ca21 exchange cur-
rents produced by NCX1.3 and NCX1.4. The apparent
affinities calculated for Ca21 activation of inward Na1–

Figure 7. Ca21
i dependence of outward Na1–Ca21 exchange

currents for NCX1.4 and NCX1.3. Currents were activated by ap-
plying 100 mM Na1

i with regulatory Ca21
i present at the indicated

concentrations for 32–48 s before and throughout the current re-
cordings. After a current activation event, patches were perfused
with a Li1

i-based perfusing solution containing a new [Ca21]i for
32–48 s to allow for equilibration and recovery from the previous
activation/inactivation event.

Figure 8. Ca21
i dependence of peak (top) and steady state (mid-

dle) outward Na1–Ca21 exchange currents for NCX1.4 and
NCX1.3. Currents were obtained as described in Fig. 7 and nor-
malized to the value obtained at 1 mM regulatory Ca21

i. Data are
mean 6 SEM of three to seven determinations from seven patches
for NCX1.4, and three to five determinations from five patches for
NCX1.3. The Ca21

i dependence of the ratio of steady state to peak
current for NCX1.4 and NCX1.3 is shown (bottom). Currents
were obtained as described in Fig. 7. Data are mean 6 SEM of
7–20 determinations from 13 patches for NCX1.4, and 7–19 deter-
minations from 15 patches for NCX1.3.
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Ca21 exchange currents were 9.0 6 1.9 mM (mean 6
SD, n 5 5 patches) for NCX1.3 and 8.1 6 1.4 mM
(mean 6 SD, n 5 3 patches) for NCX1.4. These val-
ues are similar to that reported for NCX1 (e.g., 7 mM;
Matsuoka et al., 1995). Furthermore, this indicates that
the inhibitory effects of higher regulatory Ca21 concen-
trations observed for outward currents from NCX1.3
are unlikely to be due to greater competition at the in-
tracellular transport site.

Fig. 10 illustrates representative current recordings
obtained for paired-pulse experiments conducted at
two different regulatory Ca21 concentrations (0.3 and
10 mM Ca21

i). In each case, currents were activated by
100 mM Na1

i and transported Ca21
o in the pipette was

constant at 8 mM. Regulatory Ca21
i, at the indicated

concentration, was present throughout the entire
paired-pulse trials. For NCX1.4, the second test pulse is
substantially reduced after a 4-s interval at 0.3 mM
Ca21

i, whereas the two pulses are nearly identical in
magnitude at 10 mM Ca21

i. This behavior illustrates the
ability of Ca21

i to accelerate exit from, and/or reduce
entry into, the I1 inactive state, and is typical of NCX1.1
(Hilgemann et al., 1992a). With NCX1.3, however, I1

inactivation is only weakly affected by regulatory Ca21
i,

and substantial inactivation is observed for paired-
pulses even at 10 mM. This difference is shown graphi-
cally (Fig. 10, bottom) for representative data over a
range of regulatory [Ca21]i’s for a 4-s inter-pulse inter-
val. The parameter chosen to evaluate recovery, (Ipeak 2
Iss, pulse 2)/(Ipeak 2 Iss, pulse 1), was used so that recov-
ery values would fall between 0 and 100%. That is,
steady state currents are subtracted so that only the por-
tion of current that inactivates is analyzed in terms of
its recovery. This behavior was confirmed in a total of
four patches each for NCX1.3 and NCX1.4.

D I S C U S S I O N

The NCX1 gene encodes a variety of alternatively
spliced Na1–Ca21 exchangers, several with unique tis-
sue distributions. Although the physiological signifi-
cance of this diversity is unknown, it may reflect differ-
ent requirements for the maintenance of Ca21 homeo-
stasis in various cell types. Thus, we examined the ionic
regulatory properties of two splice variants of NCX1:
NCX1.3 and NCX1.4. These particular exchangers
were selected for two reasons. First, NCX1.3 is a promi-
nent splice variant in kidney, whereas NCX1.4 is abun-
dant in brain. Second, these isoforms differ only in
terms of expression of the mutually exclusive exons A
(NCX1.4) and B (NCX1.3), with expression of the D
cassette exon common to both. Therefore, our results
provide direct insight into the functional role(s) of the
mutually exclusive exons of NCX1. From structure–
function considerations, our results point to prominent

interactions between the alternative splicing region
and other domains subserving the Na1

i- (i.e., I1) and
Ca21

i- (i.e., I2) dependent regulatory processes. These
observations also provide a foundation towards under-
standing the physiological behavior of these transport-
ers in their native environments.

Ionic Regulation of Na1–Ca21 Exchangers

Sodium-dependent, or I1, inactivation of Na1–Ca21 ex-
change current describes the ionic regulatory process
that occurs in response to the cytoplasmic application
of Na1

i. The phenomenon manifests as a rapid (i.e.,

Figure 9. Representative inward Na1–Ca21 exchange currents
produced by NCX1.3 and NCX1.4 are shown in response to the
application of three different Ca21 concentrations (1, 3, and 10
mM). Pipettes contained 100 mM Na1. Similar results were ob-
tained in four additional patches for NCX1.3 and two additional
patches for NCX1.4.
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<200 ms) rise in outward exchange current to a peak
value, followed by a relatively slow (i.e., <30 s) decay to
steady state levels of activity. This mechanism has been
characterized extensively in giant excised patch experi-
ments (Hilgemann et al., 1992b), as well as in intact
myocytes (Matsuoka and Hilgemann, 1994). Experi-
mental and kinetic modeling studies indicate that entry
into the I1 state proceeds from the three-Na1

i–loaded
configuration of the exchanger, and that exit from I1 is
a first-order process (Hilgemann et al., 1992b). Fur-
thermore, structure–function analyses have provided
evidence that the XIP region, at the NH2 terminus of
the large intracellular loop of the exchanger, plays
a pivotal role in this process. Specifically, mutations

within the XIP domain of the cardiac exchanger,
NCX1.1, and the Drosophila Na1–Ca21 exchanger,
CALX1.1, can accelerate or eliminate the I1 inactiva-
tion process (Matsuoka et al., 1997; Dyck et al., 1998).

Calcium-dependent, or I2, regulation describes the
stimulatory (e.g., NCX1.1) or inhibitory (e.g., CALX1.1)
effect of micromolar [Ca21]i on both inward and outward
currents associated with the forward (i.e., Ca21 efflux)
and reverse (i.e., Ca21 influx) modes, respectively, of
Na1–Ca21 exchange. Like I1, this process has also been
well documented in giant excised patch clamp studies us-
ing both cardiomyocytes and Xenopus oocytes expressing
NCX1.1 (Hilgemann et al., 1992a; Matsuoka et al., 1995)
and CALX1 splice variants (Dyck et al., 1998; Omel-
chenko et al., 1998). However, the results obtained from
intact myocytes pertaining to the operation of the I2 reg-
ulatory mechanism have been controversial. For exam-
ple, stimulation of Na1–Ca21 exchange current by sub-
micromolar [Ca21]i has been reported by Kimura et al.
(1987), Noda et al. (1988), and Miura and Kimura
(1989), whereas a large Ca21

i-independent component
of whole cell Na1–Ca21 exchange current was observed
by Matsuoka and Hilgemann (1994). Studies using Chi-
nese hamster ovary cells expressing NCX1.1 have also
demonstrated enhancement of Na1–Ca21 exchange ac-
tivity in response to Ca21

i (Condrescu et al., 1997), an
effect that was absent for a deletion mutant shown to
lack I2 regulation (Fang et al., 1998). Structure–function
studies of NCX1.1 have identified a portion of its large
cytoplasmic loop that functions as the regulatory Ca21

i

binding site (Levitsky et al., 1994; Matsuoka et al., 1995).
An analogous region is conserved in all cloned Na1–Ca21

exchangers and, in particular, for CALX1.1, despite the
fact that this exchanger is inhibited in response to Ca21

i

(Dyck et al., 1998). Moreover, we have demonstrated
limited interconversion of Ca21

i-dependent regulatory
phenotypes between NCX1.1 and CALX1.1 in a chimeric
exchanger study (Dyck et al., 1998). However, there is no
coherent understanding, at present, of the physiological
role of I2 regulation. Virtually all mechanistic information
presently available concerning ionic regulation of Na1–
Ca21 exchangers comes from outward current measure-
ments of exchange activity in giant, excised patches (Dyck
et al., 1998; Hilgemann, 1990; Hilgemann et al., 1992a;
Matsuoka et al., 1995). Although this represents the re-
verse (i.e., Ca21 influx) mode of transport, it is the most
effective means available to allow resolution of mecha-
nistic details of Na1–Ca21 transport and regulation.

Functional Role of the Alternative Splicing Region

Before recognition of the existence of alternatively
spliced isoforms of Na1–Ca21 exchangers, structure–
function studies aimed at delineating the bases of ionic
regulation of NCX1 examined the consequences of de-
leting substantial portions of its large cytoplasmic loop

Figure 10. The effect of regulatory Ca21
i on recovery of NCX1.4

and NCX1.3 from Na1
i-dependent inactivation using paired-pulse

stimulation. The indicated concentrations of regulatory Ca21
i were

present throughout the current measurements. The first pulse was
activated by applying 100 mM Na1

i for 32 s, followed by a 4-s recov-
ery interval. A second, test pulse was then elicited by reapplication
of 100 mM Na1

i. The graph (bottom) shows representative results
from four patches each of NCX1.4 and NCX1.3 over a range of
regulatory [Ca21]i.
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(Matsuoka et al., 1993). In particular, two of these con-
structs (i.e., D240-679 and D562-685) eliminated the al-
ternative splicing region, as well as appreciable flank-
ing sequences. With D562-685, I1 regulation was ab-
lated, whereas D240-679 was associated with loss of both
I1 and I2 regulation (Matsuoka et al., 1993). However,
given the extent of the structural changes associated
with these constructs, it is difficult to evaluate how elim-
ination of the alternative splicing region specifically
contributed to the functional consequences. With a
third, chimeric exchanger construct (essentially equiva-
lent to NCX1.3), preliminary electrophysiological char-
acterization revealed functional Na1

i- and Ca21
i-depen-

dent regulation (Matsuoka et al., 1993). We have con-
firmed these results and extend the characterization of
NCX1.3 to demonstrate substantial functional differ-
ences between it and the brain- (i.e., NCX1.4) and car-
diac- (i.e., NCX1.1) derived exchangers.

Qualitatively, NCX1.4 behaves in a similar fashion to
NCX1.1 in terms of its Na1

i and Ca21
i dependencies

and I1 and I2 regulatory profiles. The main difference
we observed between NCX1.1 and NCX1.4 lies in the
rapidity with which removal and reapplication of regu-
latory Ca21

i influences steady state Na1–Ca21 exchange
currents (Fig. 6). The response of NCX1.4 to this ma-
neuver is at least 103 faster than that of NCX1.1 (Mat-
suoka et al., 1995). Possibly, this attribute of NCX1.4
provides it with the ability to respond appropriately to
frequency-encoded signaling in neuronal tissue. In all
other regards, NCX1.4 appears similar to the cardiac
exchanger. Notably, both NCX1.1 and NCX1.4 share
expression of the A exon in their respective alternative
splicing regions. Although it is tempting to speculate
that exon A alone is responsible for the observed simi-
larities between the cardiac and brain isoforms, the
contributions of the cassette exons, alone or in combi-
nation, has yet to be evaluated. However, what is clear is
that profound differences in regulatory profiles are as-
sociated with expression of the A or B exons.

The ionic regulatory behavior of NCX1.3 is consider-
ably different from both NCX1.1 and NCX1.4. Specifi-
cally, I1 inactivation appears to be much more promi-
nent for this exchanger. This inactivation process re-
sulted in steady state currents that were inhibited <90%
compared with peak current values. Furthermore, regu-
latory Ca21

i was incapable of alleviating this inhibition,
in contrast to the behavior of NCX1.1 and NCX1.4. Fi-
nally, we observed a unique behavior of NCX1.3, which
suggested that regulatory Ca21

i exhibits both stimulatory

and inhibitory effects (Fig. 7). This is unlikely to reflect
differences in competition between Ca21 and Na1 at the
intracellular transport site, as both NCX1.3 and NCX1.4
show similar Ca21 affinities for inward currents. Conse-
quently, the expression of the B exon adds a novel as-
pect to the ionic regulatory phenotype of NCX1.3.

Characterization of regulatory phenotypes has only
been undertaken for a few members of the Na1–Ca21

exchanger family (i.e., NCX1.1, NCX1.3, NCX1.4,
CALX1.1, and CALX1.2). For example, we have shown
that alternatively spliced CALX1 exchangers, which dif-
fer by five amino acids, show marked differences in
their I1 and I2 regulatory properties (Omelchenko et
al., 1998). Although the characterization of regulatory
phenotypes and primary structural determinants sub-
serving these processes is advancing, the physiological
significance of I1 and I2 regulation is not well under-
stood. It remains the case that the most persuasive evi-
dence suggesting a physiological role for these regula-
tory mechanisms is the fact that alternative splicing
produces changes in their properties. Nevertheless, it is
interesting to speculate on the physiological conse-
quences of these regulatory differences. At present,
there is no evidence to suggest that these differences
exist for the purpose of localizing the exchangers, al-
though this possibility has not been examined. For ex-
ample, although NCX1.3 is preferentially localized to
the basolateral membrane within discrete regions of
the nephron (Friedman, 1998; Reilly et al., 1993; Van
Baal et al., 1996), the role, if any, of alternative splicing
in this process is not known. We hypothesize that ionic
regulatory mechanisms tailor exchange activity to the
Ca21 homeostatic requirements of individual tissues.
For example, Ca21 transients in cardiac muscle from
large animals (e.g., dog, human) occur within the fre-
quency range of <0.5–3 Hz. Frequency-encoded signal-
ing within neuronal tissue, however, occurs consider-
ably faster (e.g., 300 Hz), whereas Ca21 reabsorption in
the kidney is likely to be a less dynamic process. As a
Ca21 efflux (and possibly influx) mechanism, the activ-
ity of the Na1–Ca21 exchange system must be able to
keep pace with this wide range of Ca21 flux require-
ments. If ionic regulation contributes to the ability of
Na1–Ca21 exchangers to accommodate these various
cellular Ca21 flux rates, then the activity of exchangers
in a physiological setting may be governed, in part, by
the time-averaged consequences of ionic regulation, in
addition to the thermodynamic influences of the Na1

and Ca21 electrochemical gradients.
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