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Ca’*-dependent Long-term Inactivation of Cardiac Na*/Ca*'
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Using BHK cells with stable expression of cardiac Na‘'/Ca®" exchanger (BHK-NCX1), reverse mode
(i.e. Ca® influx mode) of NCX1 current was recorded by whole-cell patch clamp. Repeated stimulation
of reverse NCX1 produced a cytosolic Ca’*-dependent long-term inactivation of the exchanger activity.
The degrees of inactivation correlated with NCX1 densities of the cells and were attenuated by reduced
Ca’ influx via the reverse exchanger. The inactivation of NCX1 was attenuated by (i) inhibition of
Ca® influx with reduced extracellular Ca®*, (ii) treatment with NCX1 blocker (Ni’*), and (iii) increase
of cytoplasmic Ca®" buffer (EGTA). In BHK-NCX1 cells transiently expressing TRPV1 channels, Ca™
influx elicited by capsaicin produced a marked inactivation of NCX1. We suggest that cytoplasmic Ca™
has a dual effect on NCX1 activities, and that allosteric Ca’* activation of NCX1 can be opposed by
the Ca’'-dependent long-term inactivation in intact cells.

Key Words: Na*/Ca® exchange, Calcium, Inactivation, TRPV1, BHK cell

INTRODUCTION

Cardiac Na"/Ca™ exchanger (NCX1) is the major Ca®" ex-
trusion mechanism during the cardiac action potential
(Blaustein & Lederer, 1999). NCX1 is a bi-directional elec-
trogenic Ca®* transporter and contributes to electrical activ-
ity of the heart. The exchanger operates with multiple
transport modes and has the major exchange ratio of 3Na' :
1Ca® (Reeves & Hale, 1984; Kang & Hilgemann, 2004). The
direction of Ca® movement is determined by the electro-
chemical gradients for both Na® and Ca® across the
membrane. The forward mode of NCX1 generates an in-
ward current and removes Ca®" out of the cells (i.e. Ca®
efflux mode), while the reverse mode generates an outward
current and brings Ca” into the cells (Le. Ca®" influx mode).
Properties of NCX1 have been well characterized by excised
giant patch clamp (Hilgemann, 1990), where the cytoplsas-
mic Na‘-dependent inactivation is ablated by the increased
[Ca®]. and by membrane phosphatidylionositol-4,5 bis-
phosphate (PIP;) (Hilgemann et al, 1992a; Hilgemann et
al, 1992b; Hilgemann & Ball, 1996). These regulations are
mediated via cytoplasmic loop domain of NCX1 and can be
removed by enzymatic digestion of the loop with chymo-
trypsin (Hilgemann, 1990). Cytosolic Ca® modulates NCX1
activities by both direct allosteric Ca® activation (i.e. abla-
tion of Na'-inactivation) (Hilgemann et al, 1992b; Reeves
& Condrescu, 2003) and multiple Ca® dependent cell sig-
naling pathways (Iwamoto et al, 1998; Opuni & Reeves,
2000; Katanosaka et al, 2005; Zhang et al, 2006; Yaradana-
kul, 2007).
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We have observed that, in Baby Hamster Kidney (BHK)
cells stably expressing NCX1 (BHK-NCX1), Ca” influx by
reverse exchanger undergoes inactivation in response to a
repeated stimulation. This is rather unexpected, because
it has been suggested that the allosteric Ca® activation of
reverse exchanger persist for relatively long period after the
termination of Ca” influx (Reeves & Condrescu, 2003). To
address this issue, we recorded reverse exchanger current
using whole-cell patch clamp from BHK-NCX1 cells, and
presented evidence that the inactivation is generated by in-
creased [Ca”]. and the degrees of inactivation correlate
with the amount of Ca® influx.

METHODS

NCX]I-expressing BHK cells

A stably NCX1-expressing BHK cells (BHK-NCX1) were
kindly provided by Dr. K.D. Philipson (UCLA, USA). Cells
were maintained and cultured as described elsewhere
(Linck et al, 1998). Cells were detached with trypsin
(0.25%) and used for whole-cell patch recordings. cDNA for
rat TRPV1 was kindly provided by Dr. U. Oh (Seoul
National University, Korea). The ¢cDNA was subcloned in
PIRES-EGFP (Clontech, USA) and expressed as a GFP fu-
sion protein in BHK-NCX1 cells. The trasnsfection was per-
formed in 35-mm dishes using Lipofectamine 2000 (Invitro-
gen, USA) according to the manufacturer's manual, and the
cells were incubated for 24~48 h.

ABBREVIATIONS: [Ca®]c, Cytosolic Ca®" concentration; NMG, N-
methyl-D-glucamine; EGTA, ethylene glycol-bis(2-amino-ethylether)-
N,N,N',N',-tetra-acetic acid.
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Whole-cell patch clamp

The cells were placed on an inverted microscope and su-
perfused with bath solution through the chamber by
gravity. The voltage clamp (Axopatch-1D, Axon Instru-
ments, U.S.A.) was performed at room temperature (~24°C)
with patch pipettes of 2~3 M£. Capacitance compensation
was made and liquid junction potentials were corrected,
and the currents were filtered at 5 kHz (-3 dB frequency)
and sampled at 1 kHz. After finishing whole-cell current
recording, membrane capacitance was measured with the
capacitance compensation circuitry on the amplifier. Con-
ventional whole-cell recording of reverse mode of NCX1 cur-
rents was performed with the pipette (cytoplasmic) solution
containing (in mM): NaOH 50, NMG 70, CsOH 15, EGTA
10 (or 26), CaCl; 3.5, Hepes 50, MgCl; 0.7, Mg-ATP 2, and
pH 7.2 adjusted with aspartic acid. 'Sliders v2.10' (http://
www.stanford.edu/~ cpatton/downloads.htm) was used to
calculate free [Ca®] of the pipette solution. When 10 mM
EGTA was included in the pipette solution, calculated free
[Ca®™] and free [EGTA] were 100 nM and 6.3 mM,
respectively. When EGTA was increased to 26 mM, calcu-
lated free [Ca®] and free [EGTA] were 30 nM and 21.9 mM,
respectively. Extracellular bath solution contained (in mM):
NaOH 30, NMG 120, EGTA 0.5, CaCly 3.5 (or 0 for Ca®-
free), Hepes 15, MgCly 2, glucose 10, and pH 7.4 adjusted
with aspartic acid. At a holding potential of 0 mV, an alter-
native perfusion of Ca®-free bath solution turned off NCX1,
and a standard 3 mM Ca2+-containing bath solution (i.e.
Ca”™ pulse) turned on NCXI.

Chemicals and statistics

All chemicals were purchased from Sigma. Values given
in the text are mean+S.E.M. with n, the sample size.
Significant differences were detected using Student's ¢ test
(*: p<0.05, **: p<0.01).

RESULTS

Long-term inactivation of reverse NCX1 current

Reverse mode of outward NCX1 currents was activated
multiple times, at every ~50 s intervals, by applying 3 mM
Ca™ pulses. The peak current recorded during the first Ca®"
pulse (denoted as '1* NCX' in Fig. 1A) decayed by >70%
over ~30 sec (Fig. 1A). Neither amplitudes nor decay of
the 1% NCX1 required internal Ca’* release, because in-
clusion of an endoplasmic reticulum Ca*-ATPase inhibitors
such as cyclopiazonic acid (20 #M) or thapsigargin (1 zM)
had no effect on the current (data not shown). NCX1 cur-
rents activated by the second Ca®" pulse (denoted as '2*
NCX' in Fig. 1A) were ~20% of the 1¥ NCX1. After activat-
ing NCX1 multiple times, the exchanger currents did not
recover to the amplitudes of the 1% NCX1, and therefore,
we named it 'long-term inactivation' of reverse NCXI.
When Ca® pulses were applied >15 min after achieving
whole-cell configuration, the same inactivation was re-
corded, suggesting that neither insufficient dialysis of the
pipette solution nor loss of diffusible factor(s) through the
patch pipette mediates the inactivation (data not shown).
Although data are not presented here, we emphasize that

(i) the increase of {Ca*]. by repeated stimulation of the re-
verse exchanger undergoes long-term inactivation in fura-2
loaded BHK-NCX1 cells, and (ii) the reverse exchanger cur-
rents recorded from excised inside-out giant patches are not
inactivated significantly by a repeated stimulation.

Relationship between NCX1 densities and degrees of
inactivation

As presented in Fig. 1B, ~20% of BHK-NCX1 cells
showed smaller exchanger current and weaker inactivation.
To define the relationship between the current amg)litudes
and degrees of inactivation, amplitudes of the 2" NCX1
were normalized to the 1** NCX1 (denoted as '% of the 1%
NCX") and then plotted against exchanger densities of the
1% NCX1 (pA/pF). We divided cells into two groups; i.e.,
cells with lower NCX1 densities (<10 pA/pF) and ones with
higher densities (> 10 pA/pF). Cell capacitances measured
were not different between the groups (12.6+0.7 pF for low-
er density vs. 13.240.7 pF for higher density), suggesting
that they have different expression levels of functional sur-
face NCX1. As shown in Fig. 1C, cells with lower densities
(8.6£0.3 pA/pF, n=17) were weakly inactivated (55.7+6.0%),
while ones with higher densities (17.8+1.0 pA/pF, n=36)
were strongly inactivated (16.5+1.5%, p<0.01). The cells
with higher densities were markedly inactivated by the 2™
Ca®" pulse. On the contrary, the cells with lower densities
showed a progressive inactivation in response to repeated
stimulation (Fig. 1D). The data suggest that the expression
level of NCX1 determines the amount of Ca®* influx via re-
verse exchanger, thereby setting the degrees of inactiva-
tion.

Relationship between the amounts of Ca®’ influx and
degrees of inactivation

To better define the correlation between the amounts of
Ca” influx and the degrees of inactivation, NCX1 ampli-
tudes were reduced by decreasing extracellular [Ca®"] or by
treating cells with NCX1 blocker, nickel (Ni**) (Fig. 2). As
shown in Fig. 2A and B, NCX1 currents by 1.5 or 3 mM
Ca®™ pulses were inactivated to the same extent 2™ NCX1;
15.2+7.0% for 1.5 mM Ca® and 16.242.5% for 3 mM Ca”,
n=5~7). Meanwhile, 0.1 mM Ca® pulses significantly atte-
nuated the normalized inactivation (2 NCX1=76.1+£5.4%,
n=5, p<0.01 compared to 3 mM Ca®"). As expected, this
was mainly due to decreased Ca® influx with reduced ex-
tracellular Ca®".

NCX1 currents were dose-dependently reduced by Ni**
and the normalized inactivation was reduced as Ni’* in-
creased (Fig. 2C and D). In the presence of Ni** (2.5, 5,
or 7 mM), 3 mM Ca® pulses were applied five times and
Ni** was then removed, and the repeated Ca® pulses were
followed. A lower concentration of Ni** (2.5 mM) induced
inactivation of NCX1 by >90% during five repeated pulses
(5™ NCX1=8.6+0.6%, n=4). When the Ni?* removed, NCX1
currents were hardly recovered from the inactivation (6™
NCX1=12.1+2.1%, n=4). On the contrary, a higher concen-
tration of Ni** (7 mM) strongly reduced the exchanger cur-
rent, and NCX1 was weakly inactivated by 43% during first
5 repeated pulses (5th NCX1=57.142.8%, n=>5). These values
are comparable to that with 0.1 mM CaZ* pulses, shown
in Fig. 2B. After removing the Ni®*, NCX1 increased to
302.8+72.7% (6™ NCX1, open arrows). Then, the 7" NCX1
(closed arrows) was markedly inactivated to 56.6+16.1%,
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Fig. 1. Relationship between NCX1 densities and degrees of NCX1 inactivation. A stronger in-
activation of reverse mode of NCX1 current was recorded from the cells with higher NCX1 densities
(A), while the cells with lower NCX1 densities showed a weaker inactivation (B). (C) NCX1 currents
recorded during the 2™ Ca® pulse were normalized to the 1% NCX1 current and expressed on y-axis
as '% of 1% NCX' and plotted against NCX1 densities ('1* NCX' expressed in pA/pF). For comparison,
degrees of inactivation of the cells with <10 pA/pF (A) and ones with > 10 pA/pF (O) are separately
illustrated. Mean values of inactivation and NCX1 densities from each group (M) are described in
text. To clarify the relation between NCX1 densities and % inactivation, data points from each group
were fitted with a single exponential function. (D) The time courses of inactivation in response to
repeated Ca® pulses at every ~50 s intervals are illustrated. The cells with higher NCX1 densities
(&) and ones with lower densities (O) are compared with mean values of total data (H). *: p<0.05

compare to total.

due to Ca® entered during the 6™ pulse (Fig. 2C and D).
Inactivation of the 7™ NCX1 was ~19% of the 6% NCX1
(i.e. 302 vs. 57%), and it's value is comparable to the 2™
NCX1 in the absence of Ni** (~16%, Fig. 1D) or with 2.5
mM Ni** (10.02.6%, Fig. 2D).

Increased cytoplasmic Ca’* buffer attenuates the
inactivation of NCX1

Reduction of inactivation is expected by increasing cyto-
plasmic Ca** buffer. Therefore, in order to prove it, NCX1
was recorded by pipette solution with a higher Ca® buffer
(26 mM EGTA+3.5 mM Ca”™ instead of 10 mM EGTA+3.5
mM Ca®). As shown in Fig. 3 (high-EGTA"), the 1% NCX1
current increased by ~2 folds with higher cytoplasmic
EGTA (15.5+1.9 pA/pF for control vs. 30.3+5.3 pA/pF for
high-EGTA, p<0.05) (Fig. 3B). This is due to increased Ca®*
gradient across the membrane, since [Ca®]. was decreased
from 100 to 30 nM by increasing concentration of EGTA.
With higher concentration of EGTA, degrees of inactivation
were reduced by ~50% of the control (2** NCX1; 18.143.1%

of the 1 NCX1 for control vs. 35.7+4.7% for high-EGTA, p
<0.05) (Fig. 3B). However, it was still much stronger (~64%
inactivation) than the inactivation occurred with 0.1 mM
extracellular Ca® or with 7 mM Ni** (~25% inactivation;
Fig. 2).

Ca’®* influx through TRPV1 channels inactivates
NCX1

Next, we examined whether Ca®" influx via pathways oth-
er than the reverse exchanger can inactivate NCX1. Thus,
TRPV1 channels were selected as an alternative Ca®* influx
pathway, since the channels are highly Ca®*-selective and
selectively activated with an agonist, capsaicin. As shown
in Fig. 4, BHK-NCX1 cells were transiently transfected
with TRPV1 channels and were stimulated with capsaicin
to elicit Ca®™ entry through the channels. Ca®* influx via
the reverse exchanger was diminished by 10 mM Ni**, and
3 mM Ca® pulse was then applied along with 1M
capsaicin. In control cells transfected with GFP alone, the
Ca® pulse together with capsaicin elicited a smaller out-
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Fig. 2. Relationship between the amounts of Ca®* influx and degrees of inactivation. (A) Current
traces showing a weaker inactivation in response to 0.1 mM Ca® pulses. (B) Tnactivation time courses
with 0.1, 1.5 and 3 mM Ca®" pulses are summarized. (C and D) In presence of 2.5 mM Ni*", NCX1
inactivated by >90% during the first 5 repeated Ca” pulses, and it remained inactivated after remov-
ing Ni®. In the presence of 5 or 7 mM Ni**, NCX1 was weakly inactivated during the first 5 repeated
pulses. After removing Ni**, NCX1 was recovered from Ni’ inhibition (open arrows). Then, the 7t
NCX1 currents (closed arrows) became inactivated due to Ca®" entered during the 6™ pulse.
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Fig. 3. Effect of increased cytoplasmic Ca®* buffer on the NCX1 inactivation. In the recording pipette,
26 mM EGTA with 3.5 mM Ca® (high-EGTA) was included. Control cells were recorded with 10
mM EGTA along with 3.5 mM Ca®'. (A) Representative recordings with standard 3 mM Ca®>" pulses
are illustrated. (B) Degrees of inactivation during the 2" Ca®" pulses are expressed as '% of 1% NCX'
on y-axis, and plotted against the current densities of the 1% NCX1 current. The marks above the
error bars represent statistical significance (p<0.05) compared to the control responses. Detailed val-
ues are described in the text.
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ward exchanger current. When Ni** and capsaicin were re-
moved, exchanger current was restored during the 2™
pulse, and then the 3™ NCX1 showed a strong inactivation
(Fig. 4A). On the other hand, TRPV1-expressed BHK-NCX1
cells produced capsaicin-induced inward Ca®' current. By
removing Ni**, NCX1 was not recovered and remained in-
activated durlng repeated Ca pulses (F1g 4B). The data
clearly suggest that the Ca® entered via TRPV1 channels
generates strong inactivation of NCX1. Under our ex-
perimental conditions, the contribution of entered Na'
through TRPV1 channels might be excluded because the
cytoplasmic [Na'} was clamped at 50 mM using a pipette
solution.

DISCUSSION

In this study, we have demonstrated that the increase
of cytoplasmic Ca®" concentration produces a long-term in-
activation of NCX1 activities. Although we can not offer any
underlying mechanism of the Ca®-dependent inactivation
at thls time, it is striking to note that higher increase of
[Ca®]. produces stronger inactivation. Further studies are
requlred to fully understand underlying mechanism of the
Ca”*-dependent inactivation of NCX1 and its physiological
and pathological implications in intact cells.

It is well known that [Ca®"]. rises both during and after
the periods of hyp0x1a or ischemia. It has been demon-
strated that [Ca™], increase durlng reperfusion or reoxyge-
nation is mainly caused by Ca® entry through reverse mode
of NCX1 (Haigney et al, 1992). If the initial rise in [Ca®].
during the period of hypoxia inactivates NCX1's activities,
it can attenuate the deteriorating Ca® entry through re-
verse exchanger during the periods of reoxygenation or
reperfusion. Expression of NCX has been demonstrated in
TRPV1-expressing nociceptive rat dorsal root ganglion
(DRG) neurons (Verdru et al, 1997). In the present study,
we showed that Ca®* entry via TRPV1 channels strongly
inactivates NCX1 (Fig. 4). In native DRG neurons, there-
fore, rise of [Ca®"]. by strong activation of TRPV1 channels
by noxious stimuli (i.e. heat, acid, inflammatory mediators,
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Fig. 4. Ca® influx through TRPV1 Ca® channels inactivates NCX1. BHK-NCX1 cells were tran-
siently expressed with rat TRPV1 channels and stimulated with capsaicin to elicit Ca*" entry through
the channels. At the beginning, Ca influx via reverse exchanger was limited by 10 mM Ni**. (A)
Capsa1c1n had no effect on the Ca?' -dependent inactivation in control BHK-NCX1 cells. (B) 3 mM
Ca™ pulse applied together with 1 «M capsaicin produced an inward current in TRPV1-expressed
cells, and produced strong inactivation of NCX1.

capsalcm) can inactivate the exchangers activities. When
Ca™ extrusion by the exchangers is inhibited, neurons can
easily be excited by noxious stimuli, and thereby, sensitizes
to nociceptive responses.

Similar to our present results, an inactivation of reverse
exchanger with repeated stimulation has been reported in
fura-2 loaded CHO-NCX1 cells (Opuni & Reeves, 2000).
Since the inhibition of mitochondrial Ca®* uptake prevented
the inactivation, they suggested that an inhibitory signal
generated during mitochondrial Ca®" sequestration plays a
role. Therefore, the role of mitochondria played in NCX1
inactivation of BHK remains to be elucidated. It has been
suggested that increasing surface PIP; rapidly activates en-
docytosis of NCX1 protein and produces long-term reduc-
tion of the whole-cell current in several minutes (Condrescu
& Reeves, 2006; Yaradanakul et al, 2007; Shen et al, 2007).
They also suggested that PLC activity, higher [Ca®]., and
integrity of actin cytoskeletons can influence the trafficking
of NCX1. The PIPs-dependent trafficking rate is much high-
er than the 'functional half-life' of NCX1 proteins into or
out of internal compartments (Egger et al, 2005), possibly
suggesting that cytosolic Ca**-activated PIP; metabolism is
important for the generation of inactivation. To address
this issue, trafficking of NCX1 protein during Ca*-depend-
ent inactivation period should be studied.

In summary, we suggest that cytoplasmic Ca® has a dual
effect on NCX1 activities. It is highly likely that NCX1 is
under the opposing influence of cytosolic Ca**, and that di-
rect allosteric Ca® activation of NCX1 can be opposed by
Ca*"-induced long-term inactivation in intact cells.
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