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Dual control of cardiac Na+–Ca2+ exchange by PIP2:
analysis of the surface membrane fraction by extracellular
cysteine PEGylation
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We describe a new assay to determine the fraction of cardiac Na+–Ca2+ exchangers (NCX1)

in the surface membrane of cells (F surf). An extracellular NCX1 disulphide bond is rapidly

reduced by tris(2-carboxyethyl)phosphine hydrochloride (TCEP), cysteines are ‘PEGylated’

by alkylation with an impermeable conjugate of maleimide and a 5000 MW polyethylene

glycol (MPEG), and F surf is quantified from Western blots as the fraction of NCX1 that

migrates at a higher molecular weight. F surf remains less than 0.1 when NCX1 is expressed

via transient transfections. Values of 0.15–0.4 are obtained for cell lines with stable NCX1

expression, 0.3 for neonatal myocytes and 0.6–0.8 for adult hearts. To validate the assay,

we analysed an intervention that promotes clathrin-independent endocytosis in fibroblasts.

Using BHK cells, removal of extracellular potassium (K+) caused yellow fluorescent protein

(YFP)-tagged NCX1 to redistribute diffusely into the cytoplasm within 30 min, F surf decreased

by 35%, and whole-cell exchange currents decreased by > 50%. In both HEK 293 and BHK

cell lines, expression of human hPIP5Iβ kinase significantly decreases F surf. In BHK cells

expressing M1 receptors, a muscarinic agonist (carbachol) causes a 40% decrease of F surf

in normal media. This decrease is blocked by a high wortmannin concentration (3 μM),

suggesting that type III phosphatidylinositol-4-kinase (PI4K) activity is required. As pre-

dicted from functional studies, carbachol increases F surf when cytoplasmic Ca2 is increased

by removing extracellular Na+. Phorbol esters are without effect in BHK cells. In intact hearts,

interventions that change contractility have no effect within 15 min, but we have identified

two long-term changes. First, we analysed the diurnal dependence of F surf because messages

for cardiac phosphatidylinositol-4-phosphate (PIP) 5-kinases increase during the light phase

in entrained mice (i.e. during sleep). Cardiac phosphatidylinositol-(4,5)-bis-phosphate (PIP2)

levels increase during the light phase and F surf decreases in parallel. Second, we analysed

effects of aortic banding because NCX1 currents do not mirror the increases of NCX1

message and protein that occur in this model. F surf decreases significantly within 10 days, and

cardiac PIP and PIP2 levels are significantly increased. In summary, multiple experimental

approaches suggest that PIP2 synthesis favours NCX1 internalization, that NCX1 internalization

is probably clathrin-independent, and that significant changes of NCX1 surface expression occur

physiologically and pathologically in intact myocardium.
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Innumerable physiological processes are under the control
of membrane trafficking processes. A few examples
are water reabsorption in the kidney (Knepper &
Inoue, 1997; Valenti et al. 2005), acid secretion in the
stomach (Yao & Forte, 2003), and probably long-term
potentiation and depression (Malenka, 2003; Malenka &
Bear, 2004; Massicotte & Baudry, 2004). Furthermore,

genetic diseases, such as cystic fibrosis (Bertrand & Frizzell,
2003; Amaral, 2005) and some long QT syndromes in
the heart (Thomas et al. 2003), are caused at least in
part by changes of membrane trafficking that occur
when the trafficked cargos are mutated. Cardiac myocytes
are known to contain internal membrane storage depots
only for glucose (Becker et al. 2001) and fatty acid
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transporters (Chabowski et al. 2006). Nevertheless,
the removal of transporters and channels from the
sarcolemma will inevitably influence their abundance in
the surface membrane. This article addresses the inter-
nalization of cardiac Na+–Ca2+ exchangers (NCX1) in
the context of increasing interest in cardiac membrane
trafficking, as highlighted briefly in this Introduction.

It was a great surprise to learn that cardiac connexin
turnover happens within about an hour (Beardslee et al.
1998), rather than days. Accordingly, it can be expected
that regulation of connexin trafficking will be equally
important to regulation of connexin gating for physio-
logy. While the abundance of cardiac glucose (GLUT)
transporters in the sarcolemma increases with cardiac
hypoxia and/or ischaemia (Becker et al. 2001), connexins
undergo internalization and movement into a degradation
pathway (Laing & Beyer, 1995; Vetterlein et al. 2006).
Recent work suggests that cardiac KATP channels can
be internalized in a protein kinase C (PKC)-dependent
fashion in myocytes (Hu et al. 2003), possibly also in
response to ischaemia that results in activation of several
PKCs (Armstrong, 2004). The Kv4.3 channels appear to
be internalized from myocytes in response to angiotensin,
probably as a macromolecular complex with the receptor
(Doronin et al. 2004). And finally, the HERG-type K+

channels appear to be internalized in response to cell
signalling pathways activated by heart glycosides (Wang
et al. 2006), perhaps coupling to their ubiquitin-dependent
degradation (Chapman et al. 2005), and raising important
new questions about the potential coupling of ion trans-
porters to cell signalling.

Relatively little is known about the trafficking of cardiac
ion transporters, although a rich literature suggests that
Na+–K+ pumps are extensively regulated by trafficking
in non-cardiac cells. Among the most impressive results,
ischaemia causes extensive internalization of pumps and
other membrane proteins, especially in polarized epithelial
cells (Doctor et al. 2000; Woroniecki et al. 2003). In skeletal
muscle, insulin appears to promote pump insertion
(Al-Khalili & Chibalin, 2003) as does cyclic stretch (Yuan
et al. 2006). Cell swelling results in large increases of
pump activity in cardiac (Takeuchi et al. 2006) and
skeletal (Venosa, 2003) myocytes, as well as epithelia
(Vinciguerra et al. 2003). A cytoskeletal dependence of this
effect and a large increase of maximal ouabain binding
suggest that pumps are being inserted (Manery et al.
1977; Venosa, 2003). In alveolar epithelial cells, pumps
can be inserted in response to PKA activation in a path
that requires small G proteins (Lecuona et al. 2003). The
importance of small G proteins for pump trafficking, Rho
in particular, was indicated earlier in oocytes (Schmalzing
et al. 1995), where phorbol esters cause large-scale inter-
nalization of Na+–K+ pumps (Khan et al. 1991). It
remains to be established how and if these results are
relevant to heart. But given the fundamental importance

of cardiac Na+ homeostasis for Ca2+ homeostasis, via
Na+–Ca2+ exchange, it seems unlikely that transporter
internalization would not be subject to complex control
mechanisms.

For cardiac Na+–Ca2+ exchangers very little is known.
In cell cultures, cyclosporin (but not FK506) is reported to
decrease surface expression (Rahamimoff et al. 2002). In
myocytes, antisense RNA targeted for NCX1 results in loss
of NCX1 activity before NCX1 protein is lost (Egger et al.
2005). These latter results suggest that different ‘pools’ of
NCX1 exist in neonatal myocytes. The ‘functional’ NCX1
pool would appear to turn over more rapidly than the bulk
NCX1 pool. Multiple groups have suggested that Na+–K+

pumps and Na+–Ca2+ exchangers interact physically in
the cardiac sarcolemma, based on pull-downs (Dostanic
et al. 2003; Mohler et al. 2005) and immunohistochemical
co-localization (Moore et al. 1993). If such interactions
indeed occur, it becomes of great interest to know when,
during the transporter lifetime, such interactions form and
how they may affect, possibly even control, trafficking of
the interacting partners.

As a first step to begin to address these issues for NCX1,
we have developed a new assay to determine the fraction
of Na+–Ca2+ exchangers that are located to the surface
of cells (F surf). The assay is based on the presence of
an extracellular disulphide bond in NCX1 that can be
readily reduced (Santacruz-Toloza et al. 2000). The free
cysteines can then be rapidly reacted with a polyethylene
glycol–maleimide reagent that is of high enough molecular
weight, 5000, to induce a significant shift on Western blots
of the reacted protein, while still small enough to readily
permeate the walls of cardiac capillaries. Using this assay in
parallel with other measurements, we present evidence that
NCX1 internalization is promoted by PIP2 synthesis, high
cytoplasmic Na+, activation of Gq-coupled receptors, and
metabolic stress. Also, we demonstrate that in intact heart,
changes of F surf are occurring physiologically in a diurnal
fashion and pathologically during the cardiac response to
aortic banding.

Methods

All animal protocols used in this study were approved by
the University of Texas Southwestern Institutional Animal
Care and Use Committee. Animals were killed by i.p.

injection of Euthasol (Virbac AH, Inc., Fort Worth, TX,
USA), 100 mg (kg body weight)−1.

Unless indicated otherwise, cell lines, myocyte
preparation, patch clamp, and lipid analyses were as
described in the preceding article (Yaradanakul et al.
2007). The DNA construct for NCX1-358-YFP fusion
protein (Ottolia et al. 2007) was provided by Dr K. D.
Philipson (UCLA, Los Angeles, CA, USA). Fluorescent
NCX1 was expressed in BHK cells by transient transfection
as described (Yaradanakul et al. 2007).
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Cell lines

T-REx 293 cells (Invitrogen) were cultured in DMEM
supplemented with 10% FBS, 2 mm l-glutamine
(Invitrogen), 100 U ml−1 penicillin, 100 μg ml−1

streptomycin (Invitrogen), and maintained with
15 μg ml−1 blasticidin (InvivoGen), and 100 μg ml−1

zeocin (Invitrogen).

Plasmid construction

The hPIP5KIβ cDNA was generated by PCR using
pCMV5-PIP5KIβ (Dr Helen Yin, UTSouthwestern) as
template and the following oligonucleotide primers:
5′-CTT AAG ATG GAG CAG AAG CTG AT-3′

and 5′-GAT ATC CTC GAG TTA TAA ATA GAC
GTC C-3′. The primers incorporated Afl II and
Xho I sites. The sequence of the hPIP5KIβ cDNA
was confirmed. This PCR product was then cloned
into inducible expression vector pcDNA5/FRT/TO
(Invitrogen) to generate pcDNA5/FRT/TO-hPIP5KIβ
plasmid. Human M1 muscarinic receptor was cloned
into pcDNA3.1/Hygro(+) vector (Invitrogen), named
pcDNA3.1/hg-hM1, by digestion of hM1pcDNA3.1 (Dr
Mark Shapiro, UTSA, San Antonio, TX, USA) with BamH I
and Xho I and then subcloned into pcDNA3.1/Hygro(+).

Double stable cell line production

T-REx 293 cells were transfected with a plasmid containing
bovine cardiac NCX1 (Dr J. P. Reeves; UMDNJ, Newark,
NJ, USA) using SuperFect transfection reagent (Qiagen),
and followed by selection with 400 μg ml−1 of G418
(Sigma) to generate the T-REx 293 NCX1.1 cell line.
The T-REx 293 NCX1.1 cells were then cotransfected
with pcDNA5/FRT/TO-PIP5KIβ and pOG44 according
to manufacturer-suggested procedures (Invitrogen Flp-In
T-REx system). After transfection, cells were selected with
200 μg ml−1 of hygromycin B (InvivoGen) and 15 μg ml−1

of blasticidin (InvivoGen). Expression of hPIP5kIβ in the
stable cell line was induced by addition of doxycycline
(1 μg ml−1) to the culture medium for 24 h.

BHK-NCX-hM1 double cell line

The BHK-NCX cell line (Linck et al. 1998) was transfected
with pcDNA3.1/hg-hM1 and selected with 400 μg ml−1 of
hygromycin B (Sigma).

PEGylation of cultured cells

Baby-hamster kidney fibroblast (BHK) and human
embryonic kidney (HEK 293) cells were grown in 6 cm
culture dishes to near confluence. Immediately prior

to the experiments serum-free Dulbecco’s modified
Eagle’s medium (DMEM) solutions were prepared at
4◦C with tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, 6 mm; pH adjusted to 7.0) and molecular
weight 5000 PEG-maleimide (MPEG, 5 mm; Nektar
Therapeutics, Inc., Huntsville, AL, USA). When ion or
glucose concentrations were changed, a physiological
saline solution was employed with 140 mm NaCl, 6 mm

KCl, 1.0 mm CaCl, 1.0 mm MgCl2, 1.0 NaPO4 and 15 mm

Hepes (pH 7.4). After treating cells as described in Results,
the solution was aspirated, dishes were placed on ice, and
the TCEP-containing solution (2 ml, 4◦C) was applied
for 12 min with intermittent agitation. Cells were then
washed twice with cold serum-free DMEM, and the
MPEG-containing solution (0.6 ml, 4◦C) was applied
for 30 min with intermittent agitation. Cells were again
washed twice, lysis buffer (200 μl with protease inhibitor
cocktail (Roche) and 5 mm N-ethylmaleimide (NEM) was
applied, and cells were removed to microtubes. After
agitation for 10 min on ice, the lysate was centrifuged for
10 min at 16 000 g and the supernatant was collected for
Western blotting. We found that both the reduction of the
NCX1 disulphide and the PEGylation were quite strongly
temperature dependent. While reaction times of about
15 min are required at 4◦C, as described in Results, 6 min
reaction times for both reduction and PEGylation were
adequate to achieve nearly complete reactions at room
temperature.

PEGylation of perfused hearts

Murine hearts were isolated and perfused retrogradely at
a flow rate of approximately 3 ml min−1 with solution
containing 140 mm NaCl, 4 mm KCl, 10 mm Hepes, 0.5 mm

Na2HPO4, 1 mm MgCl2, 15 mm glucose, and 1.5 mm CaCl2

at pH 7.4, saturated with 100% oxygen at 37◦C. After
a 10 min equilibration period, followed by a protocol
described in Results, perfusion was switched to 23◦C.
Under these conditions, we determined that reaction
times of 5 min were adequate to achieve nearly maximal
PEGylation. Using the same perfusion solution, TCEP
(6 mm) was perfused for 6 min followed by a 2 min wash
and perfusion of MPEG (5 mm) for 6 min. To mini-
mize chemical use, the MPEG solution was recycled twice
during 6 min. Thereafter, the reaction was stopped with
perfusion solution containing l-cysteine (5 mm) for 5 min.
The hearts were then flash-frozen with aluminium block
clamps that were pre-cooled in liquid nitrogen, and tissue
samples were stored at −80◦C before processing. The
frozen tissue was powdered with a mortar and pestle that
were pre-cooled in liquid nitrogen, and the powder was
dissolved in RIPA high salt lysis buffer (150 mm NaCl,
1% NP40, 0.5% deoxycholate, 0.1% SDS, 50 mm Tris-HCl
at pH 8.0, 5 mm NEM, protease inhibitor cocktail). After
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vortexing, the samples were placed on ice for 15 min,
centrifuged at 16 000 g for 10 min, and the supernatants
were collected and protein concentration determined.
Note that the mouse line developed to overexpress PI4K2α

in cardiac myocytes (Yaradanakul et al. 2007) could not be
analysed because it was terminated for economic reasons
before this assay was developed.

Western blotting

Protein concentrations were determined by MicroBCA
Protein Assay Kit (Pierce Biotechnology, Rockford,
IL, USA). Samples were prepared with SDS sample
buffer without boiling. Proteins were separated by
discontinuous 7% SDS-PAGE and then transferred
onto nitrocellulose transfer membrane overnight.
The running buffer contained 25 mm Tris, 192 mm

glycine and 0.1% SDS (Bio-Rad). The transfer buffer
contained 25 mm Tris, 192 mm glycine, 15% methanol.
For immunodetection, proteins were probed with mono-
colonal R3F1 (1 : 200) and/or anti-actin (Chemicon;
1 : 1000). Peroxidase-conjugated anti-mouse IgG
(Bio-Rad) was used as the secondary antibody at
1 : 3000. Peroxidase-labelled proteins were visualized
via chemiluminescence (PerkinElmer). Ca2+ buffers
significantly affect the apparent molecular weight of
NCX1 (Levitsky et al. 1994, 1996), and we found that
PEGylated NCX1 bands were somewhat better resolved
without Ca2+ buffers, as in Fig. 1. Figures 2 and 3 are
with 2 mm EGTA and 2 mm EDTA, and all other results
reported were obtained without Ca2+ buffers.

Pressure-overload hypertrophy models

Male C57BL6 mice (6–8 weeks old) were subjected to
pressure overload by thoracic aortic banding (Wang et al.
2001). Constriction to a 27G stenosis induces moderate
hypertrophy (40% increases in heart mass) without clinical
signs of heart failure or malignant ventricular arrhythmia
(Hill et al. 2000). Severe, decompensated hypertrophy was
induced by banding the thoracic aorta to a 28G diameter.

Light–dark entrainment of mice

Wild-type (WT) mice were housed for 8–14 days in
12 h light : 12 h dark-controlled boxes in individual cages
equipped for voluntary wheel-running (Dudley et al.
2003). At selected times, animals were removed from cages
and killed by i.p. injection of 100 mg Euthasol (kg body
weight)−1. Hearts were isolated, perfused retrogradely for
30 s with 1 mm Ca2+-containing physiological saline, and
flash-frozen in liquid nitrogen-cooled aluminium clamps
for lipid analysis. For PEGylation, procedures were as
described above.

Materials

Unless indicated otherwise, all reagents were from Sigma
and were the highest grade available. We point out that the
MPEG used (Nektar Therapeutics, 2E2M0H01) does not
contain a ‘linker’, and those products employing a linker
group between maleimide and the polyethylene glycol did
not effectively PEGylate transporters.

Statistical analysis

Observation numbers given in parentheses are the number
of hearts for biochemical measurements and the number
of myocytes for fluorescence measurements. Symbols
indicating significance levels using Student’s t test are as
follows: ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001.

Results

NCX1 PEGylation assay

Figure 1 illustrates the analysis of NCX1 Western blots
from murine heart and BHK lysates to determine F surf.
Figure 1A and B shows blots of lysates from hearts and
BHK cells to illustrate that upper bands are obtained
by PEGylation with MPEG (‘PEG’) only if hearts and
cells are pretreated with TCEP to reduce the extracellular
NCX1 disulphide (‘PEG + TCEP’). Figure 1C illustrates
the analysis of blots by densitometry. Actin is blotted
together with NCX1 as an internal control for the amount
of protein that is loaded in different samples. Protein
amounts, development of the chemiluminescence, and
digitization of the blots were carefully adjusted to avoid
pixel saturation, while the major densities were at least
25% of saturation. Under the conditions chosen, we found
that the calculated F surf changed by only a few per cent
when the amount of protein loaded doubled or decreased
by a factor of 3. While the cardiac blots show typically
three distinct and well-defined bands, Western blots from
BHK cells are typically more complex in that NCX1 bands
show some spreading toward lower molecular weights.
However, upper bands in BHK lysates depend absolutely
on the sequential application of both TCEP and MPEG,
and are therefore assumed to represent NCX1 on the
surface of cells. Note that multiple still-higher molecular
weight bands were obtained if cells were disrupted or
made permeable, for example with detergents. Thus, the
measurements have internal controls for cell integrity. As
will be illustrated in Fig. 2, extension of the PEGylation
times, as expected, shifts all NCX1 protein from the middle
band to the uppermost band as both cysteines of the
disulphide bond are reacted.

To calculate F surf, blots are scanned and average densities
are determined in four rectangles as described in Fig. 1C.
The two upper bands are included in one rectangle, the
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lower band in another, and regions on both sides of the
bands are used as backgrounds. The nearer background is
subtracted from each rectangle with NCX1 protein, and the
total density is then calculated as the average density of the
rectangle multiplied by the number of pixels. Finally, F surf is
calculated from the total density of bands that were labelled
(NCXsurf) and not labelled (NCXinternal), as indicated in
Fig. 1D: F surf = NCXsurf/(NCXinternal + NCXsurf).

Figure 2 shows time courses for the two sequential
reactions in BHK cells. Figure 2A shows duplicate Western
blots of BHK cell lysates from cells that were treated with
TCEP for 5, 10, 20 and 30 min and then reacted with
MPEG for 30 min. Figure 2B shows duplicate Western
blots of BHK cell lysates from cells that were treated
with TCEP for 20 min and then reacted with MPEG
for 0.5, 2, 6, 10 and 30 min. The F surf values obtained
are plotted in Fig. 2C and D, respectively. Reduction of
the disulphide bond (Fig. 2C) takes place with a time
constant of about 8 min, while the PEGylation reaction
is faster. At 2 min, substantial amounts of NCX1 have

A B

C D

Figure 1. Determination of the NCX1 cell surface
fraction (Fsurf) by extracellular cysteine PEGylation
A, Western blots of murine cardiac lysates from a
control (CTR) heart, a heart PEGylated for 15 min with
MPEG, and a heart PEGylated for 15 min with MPEG
after perfusion of TCEP for 5 min. B, Western blots of
BHK cell lysates from control (CTR) cells, cells PEGylated
for 15 min with MPEG, and cells PEGylated for 15 min
with MPEG after application of TCEP for 5 min. C and
D, densitometry procedure to determine Fsurf. Average
densities of gel regions just below and above the NCX1
bands (‘D’ and ‘A’) are used for background subtraction
of the NCX1 protein that does not shift with PEGylation
(‘C’) and the two bands that result from PEGylation
(‘B’). Protein amount is assumed to be proportional to
the average background-subtracted densities (B – A)
and (C – D), times the number of pixels in the selected
region (Npixel). Cardiac Fsurf is typically about 0.6
whereas Fsurf in cell lines is severalfold lower, indicating
the existence of large pools of internal NCX1.

been PEGylated at one site; at 6 min the majority of
protein is already PEGylated at two sites (i.e. shifted to the
uppermost molecular weight), and at 10 min the reaction is
almost complete. We used 15 min TCEP reaction times and
30 min PEGylation times for routine experiments with cell
lines.

Fsurf in different cell types and with different
expression systems

One practical use of the NCX1 PEGylation assay is to
determine the status of NCX1 in different cell systems
used in NCX1 studies. As summarized in Table 1, F surf

values of 0.6–0.7 are typical for intact heart, while
stable NCX1-expressing cell lines (BHK and Chinese
hamster ovary (CHO)) range from 0.1 to 0.3. BHK
and HeLa cells transiently transfected with NCX1 via
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
typically gave F surf values of less than 0.05, even after 48 h
of expression. In other words, almost all NCX1 protein
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Table 1. Summary of Fsurf values in intact murine heart and
different cell systems

Fsurf

BHK with stable NCX1 ∼0.25
HEK 293 with stable NCX1 ∼0.2
Intact murine hearts ∼0.7
Neonatal myocyte culture ∼0.3
BHK transient transfection ∼0.1
HeLa transient transfection <0.1

is presumably intracellular. Using a neonatal murine myo-
cyte cell culture (Cunha & Mohler, 2006), F surf was 0.26,
substantially less than intact heart. This result is in good
agreement with immunohistochemical results for NCX1
expression in neonatal myocytes (Egger et al. 2005) and
BHK cells (Secondo et al. 2007).

Using intact hearts, we initially tested whether
significant changes of F surf might occur rapidly
(i.e. within 10 min) with large changes of cardiac
excitation–contraction coupling that are readily induced
by calcium channel blockers (verapamil, 1 μm) and
catecholamines (noradrenaline (norepinephrine),
0.5 μm). As illustrated for noradrenaline in Fig. 3, no
rapid changes were detected. The Western blots shown are
duplicates for two control hearts and two hearts perfused
with noradrenaline for 10 min prior to TCEP and
PEGylation. The average F surf is 0.63 ± 0.04. Verapamil

A

B D

C

Figure 2. Time courses of NCX1 disulphide reduction by TCEP (6 mM) and PEGylation by MPEG (5 mM)
at 4◦C
A, Western blots of lysates from BHK cells exposed to TCEP (6 mM) for 5, 10, 20 and 30 min followed by PEGylation
with MPEG (5 mM) for 30 min. B, Western blots of lysates from BHK cells exposed to TCEP (6 mM) for 20 min,
followed by PEGylation with MPEG for 0.5, 2, 6, 10 and 30 min. C, time course of NCX1 reduction by TCEP, as
reflected in an increase of Fsurf. D, time course of NCX1 PEGylation by MPEG as reflected in an increase of Fsurf.

at the concentration employed caused complete heart
block and similarly was without effect. On the one hand,
these results indicate clearly that large changes of cardiac
calcium transients and heart rate have no immediate
influence on NCX1 surface expression. On the other
hand, these results provide an important control for
results presented subsequently, namely that large changes
of cardiac contraction strength, frequency, and probably
coronary flow have no effect on the determination of
F surf.

NCX1 internalization in reponse to lipid kinase
overexpression

As described in the preceding article (Yaradanakul et al.
2007), an increase of PIP2 via pipette perfusion of
lipid or via overexpression of lipid kinases appears to
induce a loss of NCX1 activity that might involve inter-
nalization. Therefore, we analysed the effects of lipid kinase
expression on F surf and Fig. 4 shows the effects of inducible
expression of the hPIP5KIβ kinase in HEK 293 cells and of
transient Lipofectamine-mediated expression of the same
kinase in BHK cells. To induce the kinase, doxycycline
(1 μg ml−1) was applied for 20 h, and Fig. 4 verifies the
expected changes of phosphoinositides. Expression of
the PIP5-kinase causes a 3-fold increase of PIP2 and
a nearly 50% fall of PIP. As shown in Fig. 4B, the
average peak outward exchange currents were decreased
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A

B

NA

Figure 3. Lack of effect of 10 min arterial perfusion of
noradrenaline (0.5 μM) on Fsurf in murine hearts
A, Western blots of 2 control (CT) and 2 noradrenaline-treated hearts
(N). B, analysis of Fsurf from the Western blots in A: CTR, control; NA,
noradrenaline.

by 35% in cells treated identically. The NCX1 F surf was
reduced by 31% in cells treated identically. Since these
effects, while significant, were smaller than expected
from functional results for transient transfection of the
kinase in BHK cells (Yaradanakul et al. 2007), we also
determined the effects of transient kinase expression in

A B C D

Figure 4. Effects of overexpressing hPIP5Iβ on phosphoinositides and Fsurf
A, PIP and PIP2 as percentage of total anion phospholipid in T-REx 293 cell line with doxycyclin-inducible hPIP5Iβ.
With 24 h application of 1 μg ml−1 doxycyclin, PIP levels decrease by 40% and PIP2 levels are tripled. B, peak
outward exchange currents in T-REx 293 cells without and with induction of hPIP5Iβ. C, Fsurf determinations in
T-REx 293 cells without and with induction of hPIP5Iβ. D, Fsurf determinations in BHK cells expressing NCX1 without
and with transient transfection of hPIP5Iβ.

BHK cells. Comparing transfected and mock-transfected
BHK cells, F surf was reduced by 28%. On the basis of green
fluorescent protein (GFP) coexpression, we estimate that
the percentage of transfected cells was more than 35%
and less than 50%. Thus, we can project (but not prove)
that in the BHK cells transient lipid kinase expression
results in still larger changes of F surf in the cells trans-
fected. We attempted to define NCX1 location changes
with hPIP5KIβ overexpression using the NCX1-358-YFP
construct, expressed with or without the lipid kinase. From
the fluorescence, we did not detect a significant loss of
surface membrane NCX1, although we did detect in some
cells large fluorescent intracellular vesicles with kinase
expression.

Dual effects of M1 receptor activation: PIP
dependence of receptor-activated internalization

In the preceding article (Yaradanakul et al. 2007), opposing
effects of M1 receptor activation were described on NCX1
activity at low and high cytoplasmic Ca2+. In the former
case, a decrease of membrane capacitance is observed
to occur over the course of 3 min. In the latter case,
an increase of capacitance occurs over a time course of
1–2 min with an increase of NCX1 activity. As described
in Fig. 5 we have determined that F surf changes occur
in equivalent protocols in the direction expected from
capacitance changes and that internalization with receptor
activation requires continued synthesis of PIP.

Figure 5A shows the effect of carbachol in
NCX1-expressing BHK cells that also express M1
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receptors under G418. Cells were initially incubated in
serum-free Tyrode solution, and carbachol (0.2 mm) was
applied for 15 min. F surf decreased by 42% (P = 0.02) at
15 min, and we note that there were no significant changes
at 5 min. Since PKC activation is a potentially important
mechanism in these results we tested whether phorbol
ester (0.5 μm) could mimic the effect of carbachol in
these experiments. As shown in Fig. 5B, phorbol ester is
without effect on F surf in BHK cells (n = 5), suggesting
that mechanisms besides PKC activation are important to
evoke the decrease of F surf.

It seems contradictory in these experiments that
NCX1 internalization appears to be PIP2 dependent,
and yet internalization is strongly activated by carbachol
when PIP2 is depleted. However, it is also known that
PIP and PIP2 rebound substantially during continued
activation of M1 receptors (Zaika et al. 2006), raising the
question, is the activation of phosphoinositide synthesis
essential to support endocytosis? Since the synthesis of
phosphoinositides during and after receptor activation can
be largely blocked by high concentrations of wortmannin
(Balla et al. 2005; Yaradanakul et al. 2007), we tested
whether wortmannin (3 μm) might block internalization
of NCX1 in this protocol. As shown in Fig. 5C, the
reduction of F surf by carbachol was completely blocked.

A C

B D

Figure 5. Effects of carbachol and lack
of effect of phorbol ester on Fsurf in
BHK cells expressing both NCX1 and
M1 receptors
A, reduction of Fsurf by carbachol (CCH,
0.2 mM) application for 10 min in
serum-free DMEM solution. B, lack of effect
of phorbol ester (PMA, 0.5 μM) on Fsurf.
C, complete block of carbachol-induced
reduction of Fsurf by wortmannin (WORT,
3 μM). Note that in the presence of
wortmannin, carbachol causes a small
increase of Fsurf. D, increase of Fsurf by
carbachol (0.2 mM) and by thapsigargin
(1 μM) applied for 10 min simultaneously
with replacement of extracellular Na+ by
lithium.

Wortmannin itself, which caused a 35% decrease of PIP
and a 5.2% decrease of PIP2 in BHK cells (not shown),
had no significant effect on F surf. In the presence of
wortmannin, carbachol caused a small but significant
increase of F surf, and in this condition PIP2 remained below
our standard level of detection for mass measurements of
anion lipids.

In order to generate an increase of cytoplasmic free
Ca2+, that might be comparable to conditions under which
inward current increased with carbachol (Yaradanakul
et al. 2007), we removed extracellular Na+ completely
with Li+ as replacement. Dishes of cells were compared in
which Na+ was removed, and in which Na+ was removed
and carbachol (0.2 mm) was applied simultaneously. In
this protocol, it may be expected that carbachol will
release Ca2+ from internal stores, that Ca2+ extrusion
by NCX1 will be inhibited, and that NCX1 will tend to
load cells with Ca2+. As shown in Fig. 5D, F surf increased
by 20% (P < 0.05) within 10 min. To induce an even
higher cytoplasmic free Ca2+, we applied thapsigargin
(1 μm) to deplete intracellular Ca2+ stores together with
Na+ removal to block Ca2+ extrusion by NCX1. After
10 min, F surf is increased by 27% (P < 0.05) in reasonable
quantitative agreement with effects observed on inward
NCX1 currents (Yaradanakul et al. 2007).
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NCX1 internalization in response to metabolic stress
and cytoplasmic Na+ accumulation

Next, we tested several putative means to modulate endo-
cytosis, and from those studies we describe here that
modest metabolic stress and cellular K+ depletion have
substantial additive effects on F surf. A role for metabolic
stress was suggested by work outlined in the Introduction,
indicating that multiple transporters and channels are
internalized in response to ischaemia. We examined the
effects of glucose removal because this intervention is well
studied in BHK cells and is known to cause activation of
some stress-dependent kinases without causing significant
depletion of the total ATP (Lefebvre & Rosen, 2005). K+

depletion is well known to block clathrin-dependent endo-
cytosis (Larkin et al. 1983), but it is also established that
clathrin-independent endocytic processes can be strongly
enhanced (Altankov & Grinnell, 1993). Fibronectin is
rapidly internalized when extracellular K+ is removed,
whereby K+ is largely depleted in fibroblasts within 30 min
(Altankov & Grinnell, 1995) and presumably is replaced
by cytoplasmic Na+.

Figure 6A shows the effects of glucose removal and
K+ reduction from 6 to 0.1 mm for 30 min on F surf in
physiological saline solution without serum. Important
control measurements are also shown. From left to right,
it is shown first that removal of extracellular Ca2+ does
not significantly affect F surf. This is important because
it is expected that cytoplasmic Ca2+ will change with
extracellular K+ removal in NCX1-expressing cells. As
shown by the third bar, removal of glucose for 30 min
in the presence of extracellular Ca2+ results in a 25%
reduction of F surf (P < 0.05). Removal of extracellular
K+ for 30 min in the presence of extracellular Ca2+ and
glucose causes a 38% reduction in F surf, and the reduction
is somewhat smaller when extracellular Ca2+ is removed
together with K+. Removal of glucose and K+ together
causes a 62% reduction of F surf. Thus, the effects of
glucose and K+ removal are additive in nature. Finally,
we tested whether Na+ loading of cells upon reduction
of extracellular K+ from 6 to 0.1 mm plays a role in the
reduction of F surf. When extracellular NaCl (140 mm) was
replaced by NMG-Cl (140 mm), the decrease of F surf upon
reduction of extracellular K+ was almost abolished. Thus,
Na+ loading may indeed play an important role in the
effect of low extracellular K+.

As shown in Fig. 6B, we tested whether glucose
removal and K+ reduction might affect phosphoinositides.
There was no significant effect of either intervention,
although PIP tended to rise and PIP2 tended to fall
with the combined removal of glucose and reduction
of extracellular K+. Figure 6C and D shows results for
exchange currents in cells that were incubated in 6 mm K+

versus 0.1 mm K+ for 30 min prior to measurements. Both
solutions were nominally Ca2+- and glucose-free. Seals

were formed in these same solutions and currents were
monitored as described (Yaradanakul et al. 2007: solutions
C1 and X1 for outward current and solutions C4 and
X4 were used for inward currents with dibromo-BAPTA
instead of EGTA for 3 μm free Ca2+). There was a 65%
reduction of both outward (Fig. 6C) and inward (Fig. 6D)
exchange currents, approximately as would be predicted
from the F surf measurements. Figure 6E shows typical
fluorescence line scans of BHK cells that were transiently
transfected with NCX1-358-YFP. The cytoplasm and
intracellular compartments show substantial NCX1
fluorescence, as expected from the F surf determinations
for BHK cells. Just before the ‘control’ scan was taken,
cells were shifted into glucose-free solution with 6 mm

K+. Then, after approximately 5 min, the solution was
exchanged for glucose-free solution with 0.1 mm K+. Over
the course of 30 min, fluorescence at the edges of cells
decreased to approximately the average value in the cyto-
plasm. Figure 6F shows composite results for cells that
were incubated in Ca2+- and glucose-free solution with
6 mm K+ versus the same solution with 0.1 mm K+. With
these solutions, identical to those used prior to the current
recordings in Fig. 6C and D, the ratio of fluorescence at
the edge to the centre of cells decreases effectively to ‘1’.
To summarize, the same conditions that we have found to
induce a strong reduction of F surf have also been found to
cause a reduction of NCX1 currents and NCX1-358-YFP
at the edges of BHK cells.

Inverse diurnal changes of cardiac PIP2 and Fsurf

As already presented, we did not detect any short-term
changes of the NCX1 F surf in murine hearts with several
interventions that strongly affect cardiac calcium homeo-
stasis and contractility. Therefore, we proceeded to test
whether changes of F surf might occur on a longer time
scale not readily analysed in isolated hearts. First, we
chose to investigate diurnal influences because message for
mouse PIP5KIα-kinase (homologue to human PIPKIβ)
was reported in two studies to increase significantly during
light exposure in light–dark-entrained mice (Storch et al.
2002; Martino et al. 2004). As shown in Fig. 7A, global
cardiac PIP2 decreased between the 6th and 12th hour of
the dark phase, and then increased by 27% at the 6th hour
of the light phase (P < 0.01). In the same time frame, PIP
decreased as expected for an increase of PIP5 kinase activity
(see Fig. 4). Thus, the ratio of PIP2 to PIP increased by 60%
(P < 0.001). As shown in Fig. 7B, F surf decreased from 0.67
at the 11th hour of the dark cycle (i.e. during running)
to 0.45 at the 6th hour of the light cycle (P < 0.01).
Figure 7C shows our immunohistochemical analysis of
NCX1 distribution in myocytes from two hearts isolated
at the end of the dark phase and at the 6th hour of the
light phase. Fluorescence at the outer surface of myocytes
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is decreased (P < 0.05) while average fluorescence
between the edges is increased (P < 0.01) with the
surface-to-centre ratio being decreased by > 50%
(P < 0.001).
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Figure 6. Additive reductions of Fsurf, NCX1 currents and NCX1-358-YFP surface expression by glucose
removal and extracellular K+ reduction in BHK cells
A, Fsurf in BHK cells in serum-free physiological saline (37◦C). From left to right the vertical bars give Fsurf for
control (CTR) cells, cells incubated with Ca2+-free saline for 30 min, cells incubated without glucose for 30 min,
cells incubated without K+ for 30 min, cell incubated without K+ and Ca2+ for 30 min, cells incubated without
glucose and K+ for 30 min, and finally cells without K+ and glucose and with extracellular Na+ replaced by
N-methylglucamine. B, PIP and PIP2 levels in NCX1-expressing BHK cells as indicated with and without glucose
and with reduced (0.1 mM) K+. C, average peak outward NCX1 currents before and after 30 min treatment with
0.1 mM K+ in nominally Ca2+-free solution. D, average peak outward NCX1 currents before and after 30 min
treatment with 0.1 mM K+ in nominally Ca2+-free saline solution. E, images and line scans of BHK cells’ expression
of NCX1-YFP fusion protein before and after incubation with 0.1 mM K+ solution in nominally Ca2+-free saline
solution. Calibration bar corresponds to 10 μm. F, composite line scan results for 33 cells before and 30 cells after
incubation in low-K+ saline. ‘1.0’ indicates that fluorescence at the surface of cells is equal to average fluorescence
in the cell interior. Symbols (∗, ∗∗, ∗∗∗) indicate significance with respect to the control results (CTR).

Inverse changes of cardiac phosphoinositides and
Fsurf in response to aortic banding

Finally, we performed a similar analysis of hearts from
mice subjected to aortic banding in which NCX1 message

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 582.3 NCX1 and PIP2 1021

and protein are increased, while NCX1 currents are
reported to be little changed (Wang et al. 2001). Cardiac
phosphatidylinositides were measured in hearts subjected
to banding to two different degrees for 2 weeks, and in
hearts from sham-operated animals (Hill et al. 2000).
We report results for phosphatidylinositol-4-phosphate
(PI4PK) and phosphatidylinositol-3-phosphate (PI3P)
separately, because PI(3)P changes were significant
in this sole case. As shown in Fig. 8A, the mean
PIP2 level increased by 33 and 83% in the mild
and severe overload, respectively, but these changes
remained at the edge of significance with our sample
size (P = 0.06); PI(4)P increased by 33 and 68%
(P < 0.05), respectively; and PI(3)P increased by 55 and
99% (P < 0.01), respectively. It should be noted that
we found no increase of phosphoinositides in hyper-
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Figure 7. Diurnal changes of phosphoinositides and Fsurf in murine hearts
A, PIP2 and PIP levels as percentage of total anionic phospholipids, and their ratio, in flash-frozen hearts from
light–dark-entrained mice at the given times. B, Fsurf values determined from hearts at the times that presented
the largest difference in PIP2/PIP ratios. C, NCX1 immunohistochemical labelling of myocytes at the same times
(11 h dark and 6 h light). Cells were fixed immediately upon isolation (i.e. within 15 min of mice being killed).
Line scans were taken at a middle depth of the myocytes. ‘Surface’ is the relative fluorescence intensity at the
outer edge of a myocyte in the line scan. ‘Centre’ fluorescence is the average fluorescence value across the central
portion of the scan (n = 12; results are from completely relaxed myocytes from two cell batches). Calibration bar
corresponds to 40 μm.

trophied hearts of mice with overexpression of calcineurin
(Molkentin et al. 1998). As shown in Fig. 8B, F surf

values decreased by 14 and 33% in the 27G- and
28G-banded hearts (P = 0.05 and 0.002, respectively).
As shown in the micrographs in Fig. 8C, we found that
myocytes from banded mice often showed NCX1 staining
of internal membranes, especially perinuclear membranes,
and in many cases NCX1 staining appeared rather granular
and disorganized compared to the usual crisp T-tubule
labelling in control hearts (Fig. 7C).

Discussion

The cysteine PEGylation assay described in this article
allows relatively rapid determination of the fraction of
NCX1 transporters on the surface of cells, F surf, including
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cell lines and intact myocardium. Using this assay, we have
attempted to ask whether F surf is a significant variable in the
cellular regulation of NCX1. We discuss first the method
itself and then the experimental results in relation to
previous studies of NCX1, in particular results consistent
with significant NCX1 trafficking described in the
preceding article (Yaradanakul et al. 2007).

Determination of Fsurf by cysteine PEGylation:
attractions and dangers

The PEGylation assay of the NCX1 cell surface fraction
has several attractions. Compared to biotinylation of
extracellular lysines on NCX1 (Rahamimoff et al. 2002),
the reaction of cysteines, as described in Fig. 1, is faster
and does not require a ‘pull-down’. Thus, it may be more
reliable. The labelling assay can distinguish between trans-
porters in the surface membrane and transporters in small
vesicles attached to the membrane, which is not possible
with fluorescent tags on cytoplasmic transporter domains.
The assay can be used in both cell lines and intact myo-
cardium with wild-type NCX1, and thus has allowed us
to probe questions that could not be addressed by any
other available technique. As with any labelling technique
there are admittedly multiple limitations that we have tried
to address by performing parallel experiments with other
approaches. Two clear dangers are that NCX1 labelling
might be conformationally sensitive and/or sensitive to
the quality of arterial perfusion and capillary permeability
in intact hearts. From the additional measurements and
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Figure 8. Changes of cardiac phosphoinositides and Fsurf in hearts from animals subjected to aortic
banding for 12 days with 27G and 28G restrictions
A, PIP2, PI(4)P and PI(3)P levels as percentage of total anionic phospholipid. B, Fsurf values from equivalent animals.
C, NCX1 immunohistochemical labelling of myocytes from banded hearts. In comparison to control myocytes
(see Fig. 7), myocytes from banded hearts often showed staining of perinuclear regions and more granular NCX1
localization. Calibration bar corresponds to 40 μm.

other information available, we will outline reasonable
independent arguments that support the validity of each
result and conclusion.

First, the F surf values obtained are largely as expected
from other types of measurements. From immuno-
histochemical studies, it is known that the large majority
of NCX1 is located to the sarcolemma of adult
cardiac myocytes (Frank et al. 1992; Li et al. 1993),
while the majority of exchangers in neonatal myocytes
(Egger et al. 2005) and the BHK cell line employed
(Secondo et al. 2007) are not. Second, large changes of
contractility and presumably arterial perfusion, induced
by verapamil and noradrenaline, were without effect
on the myocardial F surf values obtained (Fig. 3). Third,
the reduction of F surf by overexpression of lipid kinases
(Fig. 4) correlates reasonably with changes of NCX1
current densities, when one takes into account that
our transient transfections are only about 50% efficient
in BHK cells (Yaradanakul et al. 2007). Fourth, the
decrease of F surf induced by muscarinic receptor activation
under control conditions, and the increase of F surf

induced under conditions to elevate cytoplasmic Ca2+,
correlate with capacitance changes previously described
(Yaradanakul et al. 2007). Fifth, the reductions of F surf

caused by reductions of extracellular K+ are correlated
in Fig. 6 to changes of NCX1 currents as well as to
long-distance changes of the location of the NCX1-YFP
fusion in the same cell type. Sixth, the reductions of
F surf determined in intact myocardium during the ‘light
phase’ (i.e. sleep) of light–dark-entrained mice and in
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response to aortic banding have reasonable correlations
to immunohistochemical analyses. At minimum, the
immunohistochemical images provided proof that NCX1
can redistribute from the outer surface membrane to other
places in the myocytes (Figs 7 and 8).

Control of NCX1 internalization: roles of PIP2,
PI4-kinases and ions

As noted in the Introduction, cardiac myocytes do
not contain obvious intracellular pools of most trans-
porters and ion channels. Thus, the insertion of most
cardiac transporters and ion channels into the sarcolemma
can ultimately be under the control of transcriptional
and translational processes. However, it seems inevitable
that removal of transporters and channels from the
sarcolemma will be a significant determinant of their
abundance in the sarcolemma. and it therefore seems likely
that internalization processes will be subject to significant
cellular regulation. In the simplest case, phosphorylation
or ubiquitination of an individual residue of a trans-
porter (Robinson, 2002) or channel (Staub et al. 2000;
Hu et al. 2003; Snyder, 2005) will serve as an all-or-none
switch to initiate removal from the membrane. However,
it seems unlikely that this will be the case in general.
For NCX1, its inactivation/activation state, cytoskeletal
interactions, and interactions with other membrane
proteins can all be expected to influence its ‘availability’ for
endocytosis. Furthermore, the endocytic machinery itself
will be dependent on multiple cellular processes besides
protein kinase phosphorylation, among them multiple
PIP2-dependent processes including the recruitment of
adapters (Czech, 2003). Our experimental results may be
viewed best from this cellular perspective.

First, we have not been able to influence the fraction
of NCX1 at the cell surface of cardiac myocytes by any
means in the time frame of 10 min. Thus, the average
‘dwell time’ of NCX1 at the cardiac surface is presumably
longer. Second, we have verified that PIP2 synthesis, via
PIP5-kinase overexpression, can decrease the fraction of
NCX1 in the cell surface (Fig. 4), and we have determined
that maintained PIP synthesis is needed to internalize
NCX1 in response to M1 receptor activation (Fig. 5). It is at
least possible therefore that the regulation of lipid kinases
will be used by cardiac myocytes to regulate transporter
density. In this connection, we have presented two cases
in which phosphoinositides are increased in hearts while
the fraction of NCX1 at the myocyte surface is decreased
(Figs 7 and 8). Whether or not there is a causal relation
between PIP2 changes and F surf changes will require more
sophisticated experimental models, in particular models
in which NCX1 trafficking can be monitored in real time
and in which lipid kinases can be specifically activated or
inactivated.

Our further studies with cell lines provide insights that
in the long term may be relevant to the internalization
of NCX1 in myocytes. First, our data related to NCX1
internalization during M1 muscarinic receptor activation
is largely comparable to data on receptor internalization
(Sorensen et al. 1998). The internalization of both
muscarinic and β2 receptors requires maintained PIP2

synthesis and is blocked by wortmannin (Sorensen
et al. 1999). That PIP synthesis could be an important
local factor for NCX1 endocytosis is supported by the
fact that a phorbol ester does not cause significant
internalization of NCX1 (Fig. 5). Thus, the process does
not seem to be primarily PKC-activated. Further, this
conclusion is supported by the loss of NCX1 activity in
myocytes over-expressing a PI4-kinase activity
(Yaradanakul et al. 2007). We suggest therefore that
the inhibition of PIP2-sensitive transporters and channels,
caused in some cells by receptor-activated PIP2 depletion,
may be supported by endocytosis over the longer time
frames in which PIP2 is resynthesized. The effect of
muscarinic receptor activation to promote an increase
of F surf, when cytoplasmic Ca2+ is high, can in principle
reflect these same processes. The effect of high cytoplasmic
Ca2+ per se to promote a higher F surf and override the
effect of receptor activation (Fig. 5D) is also explained
if activation of phospholipase C (PLC) favours NCX1
insertion and disfavours NCX1 internalization.

Finally, the pronounced effects of glucose removal
and extracellular K+ reduction to promote NCX1 inter-
nalization (Fig. 6) are intriguing because they might be
relevant to cardiac ischaemia in which stress kinases
become activated (Armstrong, 2004; Russell, 2006)
and cytoplasmic Na+ rises (Avkiran et al. 2001). The
effects of glucose removal and K+ reduction evidently
involve different mechanisms because they are ‘additive’
effects (Fig. 6A). PIP and PIP2 do not change with
either intervention (Fig. 6B). Since K+ removal promotes
clathrin-independent endocytic processes in fibroblasts
that do not express NCX1 (Altankov & Grinnell, 1995)
the presence of NCX1 is not per se essential to initiate
the endocytic processes. In short, we have no real clues
at this time about underlying mechanisms. The effect of
K+ removal requires Na+ loading but not Ca2+ loading
of cells (Fig. 6A). Since clathrin-dependent endocytosis is
blocked by K+ removal (Larkin et al. 1983), NCX1 must be
internalized by a clathrin-independent mechanism. This
conclusion is consistent with our finding of enhanced
cholera toxin but not transferrin uptake in myocytes
overexpressing PI4-kinases with decreased NCX1 current
densities (Yaradanakul et al. 2007).

In summary, we have supported by a direct method
our hypothesis that NCX1 is removed from the surface
membrane of cells by processes that are activated
by increasing cellular PIP and PIP2. The results and
approaches described represent a starting point to analyse
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the molecular mechanisms that remove NCX1 from
the cardiac sarcolemma in relation to physiological and
pathological cardiac function.
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