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Na+- Ca2+ exchanger (NCX) has been proposed to play a role in refilling the sarco/endoplasmic reticulum
(SER) Ca2+ pool along with the SER Ca2+ pump (SERCA). Here, SERCA inhibitor thapsigargin was used to de-
termine the effects of SER Ca2+ depletion on NCX–SERCA interactions in smooth muscle cells cultured from
pig coronary artery. The cells were Na+-loaded and then placed in either a Na+-containing or in a Na+-
substituted solution. Subsequently, the difference in Ca2+ entry between the two groups was examined
and defined as the NCX mediated Ca2+ entry. The NCX mediated Ca2+ entry in the smooth muscle cells
was monitored using two methods: Ca2+sensitive fluorescence dye Fluo-4 and radioactive Ca2+. Ca2+-
entry was greater in the Na+-substituted cells than in the Na+-containing cells when measured by either
method. This difference was established to be NCX-mediated as it was sensitive to the NCX inhibitors. Thap-
sigargin diminished the NCX mediated Ca2+ entry as determined by either method. Immunofluorescence
confocal microscopy was used to determine the co-localization of NCX1 and subsarcolemmal SERCA2 in
the cells incubated in the Na+-substituted solution with or without thapsigargin. SER Ca2+ depletion with
thapsigargin increased the co-localization between NCX1 and the subsarcolemmal SERCA2. Thus, inhibition
of SERCA2 leads to blockade of constant Ca2+ entry through NCX1 and also increases proximity between
NCX1 and SERCA2. This blockade of Ca2+ entry may protect the cells against Ca2+-overload during ische-
mia–reperfusion when SERCA2 is known to be damaged.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Coronary arteries supply blood containing oxygen and nutrients to
the heart. Dysfunction of coronary circulation is associated with car-
diac disorders and therefore the blood flow in coronary arteries is
tightly regulated [1,2]. The control of contractile force in vascular
smooth muscle, which is influenced by the levels of cytosolic Ca2+

([Ca2+]i), is critical to the regulation of blood flow. In the coronary
artery smooth muscle, [Ca2+]i increases during muscle contraction
and then it decreases to resting levels during muscle relaxation [3].
The increase in [Ca2+]i occurs by entry of extracellular Ca2+ via Ca2+

channels and Na+-Ca2+-exchanger (NCX, 3Na+: 1Ca2+) in the plasma
membrane (PM), and by release of Ca2+ sequestered in the SER [4–6].
The main pathways that lower [Ca2+]i are the Ca2+ pumps residing
in the SER (SERCA) and PM (PMCA), and NCX. Mitochondria may also
leneglycol bis (2-aminoethyl
nger; PBS, phosphate buffered
ne; SER, sarco/endoplasmic re-
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sequester Ca2+ and thus play a role in lowering [Ca2+]i
[4,7–11,11–13]. SERCA sequesters Ca2+ into the SER, whereas PMCA
extrudes Ca2+with high affinity from the cells. NCX has a lower affinity
for Ca2+ and depending on Na+ and Ca2+ electrochemical gradients, it
may expel Ca2+ from cells (forward mode) or allow its entry (reverse
mode). Another transporter, that exchanges 4 Na+ for 1 Ca2+ + 1
K+, has been reported in other tissues but is not detected in the coro-
nary artery smooth muscle. NCX are encoded by three genes: NCX1, 2
and 3 [11]. Coronary artery smooth muscle expresses NCX1 [13]. The
main SERCAprotein in this tissue is the splice variant b of SERCA2 [6,13].

The release of Ca2+ from the SER Ca2+ store is a key component in
the control of [Ca2+]i during arterial contraction [14]. Subsequently,
part of the released Ca2+ exits the cell leading to depletion of the
SER Ca2+ store. The SER store is refilled by entry of extracellular
Ca2+ following activation of store operated Ca2+ channels (SOCE)
or reverse mode Na+- Ca2+ exchanger (NCX) [4,15–20]. Upon
entry, Ca2+ is sequestered into the SER by SERCA. Thus, SERCA in
the subsarcolemmal SER and SOCE/NCX in the PM are partners in
the refilling of the intracellular Ca2+ store. Models have been pro-
posed for the mechanism of activation of SOCE and reverse mode
NCX to allow Ca2+ entry into the cell [4,16–21]. According to one
model, SER resident Ca2+ sensor protein (STIM) undergoes rearran-
gement and translocation to the PM-SER junctions, where it recruits
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a PM residing protein (Orai) to form a channel for SOCE [15,16,22,23].
Similarly, localized elevation of intracellular Na+ concentration in the
PM-SER junctions may lead to activation of reverse mode NCX that is
linked to SERCA mediated refilling of SER [17,20,24,25]. The close ap-
position of the PM and the SER also allows the preferential release of
Ca2+ from the SER towards NCX [26,27]. Based on the [Ca2+]i mea-
surements in resting smooth muscle of rabbit vena cava, rapid cycling
of Ca2+ between the SER and the extracellular space was thought to
be mediated by the functional linkage between NCX and SERCA
[25,28]. Thus, NCX at PM-SER junctions may allow both SERCA
assisted Ca2+ refilling of the SER during cell activation and Ca2+ ex-
trusion during relaxation.

We have shown a functional linkage and co-distribution of NCX1
and SERCA2 in membrane fractions from smooth muscle cells cul-
tured from pig coronary artery [27,29]. In immunofluorescence mi-
croscopic studies, we observed significant overlap in the distribution
of NCX1 and SERCA2 in the smooth muscle cells [26]. To further char-
acterize the relationship between NCX1 and SERCA2, we carried out
the present study to determine the effect of SERCA inhibition on its
functional and spatial co-relation with the partner protein NCX1 in
smooth muscle cells from pig coronary artery. We used two methods
to monitor NCX mediated Ca2+ entry in the cells: a fluorescent Ca2+

sensitive dye and 45Ca2+ as a radioactive tracer. Inhibiting SERCA2
with thapsigargin diminished the NCX mediated Ca2+ entry. Fluores-
cence microscopic co-localization of NCX1 and SERCA2 was also al-
tered following treatment of cells with thapsigargin.

2. Experimental procedures

2.1. Cell isolation and culture

Pig coronary artery smooth muscle cells were isolated and cul-
tured as described previously [29,30]. These cells were used on day
7 of growth in passage 4. The cells were characterized to ensure the
purity and phenotype of the batch. These cells reacted positively to
anti-smooth muscle α-actin which is found in the smooth muscle
cells and negatively to anti-eNOS and anti-von Willebrand factor,
which are found in endothelial cells. This confirms the presence of
smooth muscle cells and the absence of endothelial cells in the
batch of cultured cells.

2.2. Measurement of intracellular Ca2+ ([Ca2+]i)

Table 1 contains compositions of all the buffers used. The cells
plated in the 96-well plates were washed twice with Makhlouf's buff-
er to remove the growth medium. Cells were incubated with Ca2+
Table 1
Buffer compositions.

PBS Makhlouf's
buffer

Na+-
loading
buffer

Na+-containing
MOPS buffer

Na+-
substituted
MOPS buffer

NaCl 137 115 140 140
NMG+ 140
KCl 2.7 5.8
KH2PO4 1.5 2.2
NaH2PO4 8
MgCl2 1 0.6 2 2 2
Glucose 10 12
CaCl2 2 1
EGTA 0.1 0.1 0.1
HEPES-Na+ 25
Nitrendipine 0.01 0.01 0.01
MOPS-tris 20 20 20
Ouabain 1
Nystatin 0.025

All concentrations are in mM. The pH of all the solutions was adjusted to 7.4.
sensitive fluorescent dye Fluo-4 AM (4 μM), pluronic acid (0.02%)
and probenecid (2 mM) in buffer for 45 min in the dark at room tem-
perature (22 °C). Wells were washed twice in the Makhlouf's buffer
containing probenecid to remove extracellular dye and incubated in
the dark for 20 min to allow intracellular de-esterification of the
dye. The cells were Na+ loaded in the Na+-loading buffer for
15 min in the dark. The cells were then washed twice and left in ei-
ther the Na+-containing MOPS buffer or Na+-substituted MOPS buff-
er (NMG+-containing MOPS buffer). The background fluorescence
was recorded for 1 min before adding CaCl2 (0.3 mM) to all the
wells and the change in fluorescence was recorded for another
10 min at 37 °C on a fluorescence plate reader (Tecan Safire excitation
485 nm, emission 525 nm) at the Biophotonics facility at McMaster
University. To normalize Fluo-4 signals, the responses from each
well were calibrated by determining minimum fluorescence (Fmin)
using ionophore 4Br-A23187 (6 μM) and 1 mM EGTA and maximum
fluorescence (Fmax) using excess calcium (1.5 mM). Where indicat-
ed, the NCX inhibitors SEA 0400 (3 μM) and KB R7943 (10 μM)
were added to cells in both Na+ and NMG+-containing MOPS buffer.
Several compounds were prepared in DMSO and equivalent amounts
of DMSO were added to the vehicle controls.

A change in [Ca2+]i was reported in terms of the change in fluo-
rescence intensity of Fluo-4. The change in fluorescence was calculat-
ed for each well using the respective Fmin and Fmax obtained for that
well. The percent increase in fluorescence intensity was calculated as
ΔF=100∗(F- F min)/(F max−F min). Slopes were calculated from
the data in the first 5 min after the addition of 0.3 mM CaCl2. Results
from 4 different experiments were pooled and values were presented
as a mean±SEM of the specific number of replicates.

2.3. 45Ca2+-uptake measurement

NCXmediated 45Ca2+ influx was examined as described previous-
ly [29]. The cells were cultured in 60 mm Petri dishes, Na+-loaded
and then placed in a solution containing 50 μM CaCl2 with trace
amounts of 45Ca2+in the Na+- or NMG+-containing MOPS buffer
with 0 or 1 μM thapsigargin. After 5 min of gentle shaking, the cells
were washed and examined for the amount of radioactivity and pro-
tein in the plate. Details of the protocol and compositions of the solu-
tions have been described previously [29].

2.4. Immunofluorescence experiments

Immunofluorescence experiments were carried out on cells cul-
tured from pig coronary artery. Each experiment was carried out
over a period of two days and involved cell fixation, permeabilization,
overnight incubation with primary antibodies, washing and incuba-
tion with fluorescence labeled secondary antibodies.

2.5. Cell fixation and permeabilization

Cells were cultured as above but grown in 35 mm tissue culture
dishes each with a hole drilled through the bottom and a coverslip
glued over the hole. Cells were washed three times with phosphate
buffered saline (PBS) and then Na+ loaded in Na+ loading buffer for
15 min. The cells were then incubated for 5 min in the NMG+-con-
taining MOPS buffer with or without 3 μM thapsigargin. CaCl2
(0.3 mM) was then added and the cells were incubated for another
5 min at 37 °C. The buffer was removed and the cells were fixed
with 2% paraformaldehyde in PBS for 10 min [31]. Following the fixa-
tion, the cells were incubated with 0.1 M glycine in PBS to quench the
effects of paraformaldehyde. Cells were washed with PBS for 10 min
and then dehydrated using ice cold methanol for 15 min at −20 °C.
Later, the cells were rehydrated by washing three times with PBS
for 5 min. All of the non specific sites were blocked by adding 10%
goat serum in PBS for 1 h at 22–24 °C.
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2.6. Labeling with antibodies

After fixing with paraformaldehyde and blocking non specific
sites, cells were incubated overnight with primary antibodies pi11-
13 for NCX1 and IID8 for SERCA2 together at 4 °C (see Table 2 for an-
tibodies). The antibodies were diluted in PBS containing 10% goat
serum. Incubation without any primary antibody served as a negative
control. The next day, the cells were washed twice with PBS-tween-
20 (0.5%) to remove the unbound primary antibodies. The cells
were fixed again with 2% paraformaldehyde for 10 min and then
washed with 0.1 M glycine in PBS. Next, the cells were washed with
PBS-tween 20 every 10 min for 40 min followed by incubation with
the appropriate Alexa conjugated secondary antibodies. The cells
were incubated for 45 min in the dark at room temperature (22 °C)
with secondary antibodies goat anti-rabbit Alexa 568 and goat anti-
mouse Alexa 488 against NCX1 and SERCA 2 respectively. Following
the incubation, the cells were washed in the dark every 10 min for
1 h with PBS-Tween 20 to remove the unbound secondary antibodies.
Finally 25 μl of Vectashield mounting medium was added to the cov-
erslip as a mounting/anti-fade reagent for prolonged storage of sam-
ples and to prevent photobleaching.

2.7. Fluorescence microscopy

The cells were viewed under a confocal microscope (Leica DMI
6000 B SP5) using a glycerol immersion objective lens 63x 1.3NA
DIC glyc HCX Pl-Apo at the Biophotonics facility at McMaster Univer-
sity. Fluorescent images were obtained from the top to the bottom of
a cell with the z step of 0.25 μm. These imageswere obtained using se-
quential scanning with excitation wavelengths, 488 nm (Argon laser)
with a 510–545 nm emission filter and 561 nm (HeNe laser) with a
600–645 nm emission filter. Image sizes were 1024×1024 pixels with
0.141 μm per pixel. These image stacks were further analyzed for co-
localization as described in data analysis section.

2.8. Co-localization analysis

The image stacks obtained on the confocal microscope were ana-
lyzed using the program Image J (http://rsbweb.nih.gov/ij/, NIH,
USA). Each image stack was opened by splitting into its two compo-
nent excitation channels, 561 and 488 nm. Background was sub-
tracted from the region of interest in each channel. Slices within an
image stack were examined for the NCX1 signal and four slices with
the brightest NCX1 signal from the middle of the stack were selected
along with the corresponding images obtained in the SERCA2 chan-
nel. The two sets of images were interleaved in a stack. Since NCX1
is localized in the PM, small areas near the PM were selected and
cropped from a selected stack. Each area of interest was rotated in
such a way that PM was parallel to X-axis. From this selected and ro-
tated area, a thin area of 10–15 μm length (parallel to the X axis) and
1–1.5 μm high (along the Y axis from the PM to the interior of cell)
was selected as a region of interest and was cropped further. From
each cell 20 to 30 such areas were obtained. For each cropped area
the stack was then de-interleaved into the sub-stacks for each chan-
nel. The two sub-stacks from each area were further analyzed for
Table 2
Antibodies used.

Antibody Species Dilution Source

NCX – pi11-13 Rabbit 20× Swant
SERCA – IID8 Mouse 20× Affinity

bioreagents
Anti-rabbit IgG Alexa 568 (highly cross-
absorbed)

Goat 600× Invitrogen

Anti-mouse IgG Alexa 488(highly cross-
absorbed)

Goat 600× Invitrogen
co-localization using “Just another Co-localization Plugin (JACoP)”
[32]. Manders' coefficient between two proteins, NCX1 and SERCA,
were calculated as the split coefficient of M1 (fraction of NCX1 over-
lapping with SERCA) and M2 (fraction of SERCA overlapping with
NCX1) [33]. Pearson's coefficients before and after Costes' randomiza-
tion of the SERCA2 images were also analyzed [34,35]. The values
obtained from different regions of the cells from five different days
of experiment were pooled and presented as a mean±SEM of the
specific number of images. Appendix 1 presents the basis of the anal-
ysis conducted.

2.9. Statistical analysis

Statistical analysis was performed using Instat software (San
Diego, USA). An unpaired t-test was used for the analysis of means
of two groups and an ANOVA test was used for three or more. This
was followed by a Tukey-Kramer multiple comparison to test the
null hypothesis. The program “Analyze a contingency table for larger
contingency tables” in the Instat software package was used to deter-
mine the values of chi square for frequency distribution studies. In all
instances, p-valuesb0.05 were considered significant to negate the
null hypothesis.

3. Results

We studied the effect of the SERCA inhibitor thapsigargin on the
reverse mode NCX activity and the spatial co-relation of NCX and
SERCA in the smooth muscle cells from pig coronary artery.

3.1. [Ca2+]i measurements

The change in [Ca2+]i in the cells was monitored using the Ca2+

sensitive fluorescent dye Fluo- 4. Cells plated in 96-well plates were
loaded with Fluo-4 AM and Na+ in a Ca2+ free buffer as described
in the Experimental Methods. Background fluorescence was mea-
sured in Na+ loaded cells placed in Na+ or NMG+-containing solu-
tion. CaCl2 was added to the wells and fluorescence intensity
recording continued. The intensity increased at a faster rate in the
cells placed in the NMG+ containing solution than those in the Na+

containing solution (Fig. 1A). The difference in the rate of change of
fluorescence intensity in cells placed in Na+ containing and Na+

free solution was attributed to the NCX mediated Ca2+ entry in
cells. This entry was linear over the first 5 min and hence the differ-
ence in the rate of change of fluorescence during this time period
was monitored in all the subsequent experiments (Fig. 1B). The valid-
ity of attribution to NCX1 was tested using the inhibitors KB R7943
and SEA 0400 (Fig. 1C). At high concentrations, these NCX1 inhibitors
may also inhibit L-type voltage operated Ca2+ channels [36]. There-
fore, nitrendipine (10 μM), which can specifically block these Ca2+

channels at nanomolar concentrations, was included in Na+-contain-
ing and NMG+-containing buffers while NCX1 mediated Ca2+ entry
in the cells was monitored [37]. In a previous study, we ruled out
any role of Na+- H+ exchanger to account for the NCX1 activity mea-
sured under these experimental conditions [29]. When added to the
cells in NMG+-containing solution, both the inhibitors decreased
the rate of increase in the fluorescence intensity to a level similar to
that observed in the Na+-containing solution [38,39]. This estab-
lished the difference in the rate of change in intensity in the two so-
lutions to be due to NCX1.

The effect of SERCA inhibitors thapsigargin and cyclopiazonic acid
was first tested in control cells placed only in the Makhlouf's buffer
(contains 1 mM CaCl2) and not subjected to any of the other treat-
ments. Both the agents caused a transient increase in [Ca2+]i
(Fig. 2). When thapsigargin was added, [Ca2+]i returned to near
basal levels in less than 5 min. Thus, it was established that the cells
respond to the SERCA inhibitors and that this response was a

http://rsbweb.nih.gov/ij/


Fig. 1. NCX mediated increase in [Ca2+]i measured as a change in the Fluo-4 fluores-
cence intensity. A. Time Course. Increase in fluorescence intensity in buffers containing
Na+ or NMG+. The inset shows the difference between the fluorescence intensity
obtained for NMG+ and Na+, and represents the increase in fluorescence intensity
due to NCX mediated increase in [Ca2+]i. The results were pooled from 8 different ex-
periments in a total number of 109 wells for Na+ and 118 for NMG+. B. Slope in change
of fluorescence (ΔF) in first 5 min from tracings in A. C. Pharmacological characteriza-
tion of NCX mediated increase in [Ca2+]i. The mean±SEM and number of replicates
for the various groups were Na+: 2.04±0.21 (43), NMG+: 4.42±0.39 (42), SEA
0400+NMG+ : 2.31±0.28 (30), KB R7943 plus NMG+ : 2.57±0.36 (28). One way
Anova followed by a multiple comparison with the Tukey-Kramer test showed that
the NMG+ group value was larger than the following groups: SEA 0400+NMG+

(Q=6.542, pb0.001), KB R7943 plus NMG+ (Q=5.623, pb0.001) and Na+

(Q=8.125, pb0.001). The groups NMG+ plus SEA0400 (Q=0.8359, p>0.05) and
NMG+ plus KB R7943 (Q=1.609, p>0.05) were not significantly different from the
Na+ group.

Fig. 2. SERCA inhibitors transiently increased [Ca2+]i in control cells without any treat-
ment. The fluorescence was monitored and the inhibitors, or the vehicle control, were
added as shown by the arrow and the monitoring was continued. The basal level of
fluorescence was subtracted from each well. The data are pooled from experiments
on several days and the total number of wells was 56 for thapsigargin, 54 for CPA
and 34 for the vehicle control. The mean values for the vehicle control were subtracted
from each time point before graphing the data. The values shown are mean±SEM.

Fig. 3. Effect of thapsigargin on NCX mediated increase in [Ca2+]i. The mean±SEM and
number of replicates for the various groups were Na+: 2.15±0.133 (64), thapsigargin
plus Na+:2.0±0.15 (54), NMG+: 4.41±0.21 (55) and thapsigargin plus NMG+: 2.75±
0.13 (57). One way Anova followed by a multiple comparison with Tukey-Kramer test
showed that the NMG+ group had a larger value than the groups thapsigargin plus
NMG+ (Q=10.366, pb0.001) or Na+ (Q=14.517, pb0.001). However the inhibition
was not complete since the value for the group thapsigargin plus NMG+ was also slightly
larger than the groupNa+ (Q=3.897, pb0.05). Also thapsigargin did not affect the values
in the Na+ group (Q=0.9587, p>0.05).
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transient one. The return of the [Ca2+]i transient to near basal levels
was slightly faster in cells treated with thapsigargin (5 min), which
was used in subsequent experiments to deplete the SER Ca2+ pool.

To determine the effect of thapsigargin on the NCX1 mediated in-
crease in [Ca2+]i, the cells were Na+ loaded in a Ca2+ free buffer and
then transferred into a solution containing Na+ or into a solution in
which Na+ had been substituted with NMG+, and then thapsigargin
was added to some wells and other wells were used for vehicle
control. After determining the background fluorescence, extracellular
CaCl2 was added to all the cells and the rate of change in fluorescence
was recorded for another 5 min (Fig. 3). Thapsigargin inhibited the
rate of change of fluorescence in cells in NMG+-containing solution
(Fig. 3). In contrast, there was no difference in the rate of change of
fluorescence in cells in the Na+-containing solution in the presence
or absence of thapsigargin. Thus, thapsigargin diminished the NCX1
mediated increase in [Ca2+]i without affecting the non-NCX1mediat-
ed Ca2+ entry in the smooth muscle cells.
3.2. 45Ca2+ uptake

The NCX1-mediated 45Ca2+ uptake was compared in Na+-loaded
cells as a difference between the uptake in the Na+-containing and
NMG+-containing solutions. Thapsigargin diminished the NCX1-
mediated 45Ca2+ entry (Fig. 4).

image of Fig.�2
image of Fig.�3


Fig. 4. Effect of thapsigargin on NCX1 mediated 45Ca2+ entry for 5 min. The mean value
of the NCX1 mediated uptake from 5 to 6 plates on a single day was taken as one rep-
licate. The values for mean±SEM of NCX1 mediated uptake and number of replicates
for the various groups were control: 0.52±0.04 (15) and thapsigargin: 0.04±0.03
(8). The two values differed significantly (pb0.0001).

Fig. 5. Dual excitation immunofluorescence confocal microscopy images from middle
stacks. A. Cells labeled with anti-NCX1and secondary antibody goat anti-rabbit Alexa
568. B. Same cells labeled with anti SERCA2 and secondary antibody goat anti-mouse
Alexa 488. C. Overlap of NCX1 and SERCA2 images. Overlap is shown in white. D and
E are negative control images with only the secondary antibodies, goat anti-rabbit
Alexa 568 and goat anti-mouse Alexa 488, respectively. Length of the bar=20 μm.
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3.3. Co-localization of NCX1 and SERCA2

Immunofluorescence confocal microscopy using antibodies
against NCX1 and SERCA2 were used to examine the co-localization
of the two proteins. The basis of this analysis is presented in
Appendix 1. The protocol was first optimized for various parameters:
cell fixation, cell permeabilization, antibody staining, microscopy and
image acquisition. Fig. 5 shows a representative image for the NCX1
detection (Fig. 5A), SERCA detection (5B) and the overlap in the dis-
tribution of the two proteins shown in white (Fig. 5C). Since the de-
tection of the primary antibodies was based on fluorescent
secondary antibodies, control images without the primary antibodies
were also examined (Fig. 5D and E). These images did not show any
significant staining compared to the images obtained using both pri-
mary and secondary antibodies.

Stacks containing interleaved images of cells stained with anti-
NCX1 (561 nm) and anti-SERCA2 (488 nm) were next used to exam-
ine whether the two proteins are co-distributed in the subsarcolem-
mal domains of the cells. For each cell, slices showing the brightest
stain for NCX1 were chosen and subsarcolemmal domains were num-
bered (Fig. 6). Each numbered domain was then cropped and rotated
such that the PM was horizontal. The sections were then cropped
(10–15×1–1.5 μm), de-interleaved and analyzed for co-distribution
of the two proteins. Four types of parameters were determined. Co-
distribution of the two proteins was determined as Pearson's coeffi-
cient (Roriginal). For each substack, the SERCA2 images were random-
ized and the Rrandom value was determined again. The fraction of
NCX1 that co-distributed with SERCA2 was determined as the Man-
ders' coefficient M1 and similarly the fraction of SERCA2 that co-
distributed with NCX was determined as M2.

The cells were Na+-loaded and placed in the NMG+-containing
solution with or without thapsigargin and then analyzed as shown
in Fig. 6. In five experiments, a total of 514 areas were analyzed for
68 cells without thapsigargin treatment and 617 areas from 71 cells
with thapsigargin treatment. The values of Roriginal, Rrandom (obtained
by randomization of the SERCA2 images), M1 and M2 are shown in
Table 3. The significant probability of co-localization of NCX1 and
SERCA2 as indicated by the observed values of R was not due to ran-
dom chance because Rrandom values were significantly lower than the
Roriginal values. NCX1 is known to be in the plasma membrane and not
in the deep cytoplasmic regions of the cells. Therefore, the data were
also analyzed using cytoplasmic regions from the same images
(Fig. 6, Appendix 1). The values for M1, M2 and Roriginal that were
obtained from the subsarcolemmal regions were significantly larger
than those from the deep cytoplasmic regions. Thus, the co-
localization of NCX1 and SERCA2 in the subsarcolemmal regions
was confirmed with the comparison using images from two types
of negative controls: randomization and deep cytoplasmic region
analysis (Appendix 1).

Thapsigargin treatment showed a significant increase in the Roriginal

values as compared to the vehicle control cells. The values of M1 were
greater than those of M2 for both thapsigargin treated and untreated
cells. Thapsigargin increased the M1 and M2 values as compared to
vehicle control cells, with increase in M1 being larger as compared to
M2. The data were also analyzed for the frequency distribution of the
R, M1 and M2 values (Fig. 7). Thapsigargin treatment shifted the
frequency distributions to higher values for Roriginal (Chi
square=47.631, pb0.0001), M1 (Chi square=54.699, pb0.0001),
and M2 (Chi square=45.250, pb0.0001). Thus the mean value and
frequency distribution analyses showed that thapsigargin treatment
increased the cross co-localization between NCX1 and SERCA2,
increased the fraction of NCX1 co-distributed with SERCA2 and to a
smaller extent increased the SERCA2 co-distributed with NCX1.
Appendix 1 shows that the effects of thapsigargin were observed
only in the subsarcolemmal region images and lost upon randomiza-
tion. They were also absent when cytoplasmic region images were
analyzed.

image of Fig.�4
image of Fig.�5


Fig. 7. Effect of thapsigargin on overlap between NCX1 and SERCA2 in the subsarcolem-
mal domains. A. NCX1-SERCA2 cross co-localization. B. Fraction of NCX1 overlapping
with SERCA2. C. Fraction of SERCA2 overlapping with NCX1. Image stacks from 68
cells placed in NMG+ alone were analyzed as a total of 514 regions. For the NMG+

plus thapsigargin experiment 71 cells were analyzed as 617 regions. From each region
Pearson's coefficient, M1 (NCX1 overlap with SERCA2) and M2 (SERCA2 overlap with
NCX1) were determined. Frequency distribution for each parameter was expressed
as relative frequency distribution and plotted.

Fig. 6. Steps involved in co-localization analysis of NCX1 and SERCA2. Confocal images
were obtained by dual excitation immunofluorescence for anti-NCX and anti-SERCA
antibodies. From the middle of the stack 4 contiguous slices with the brightest staining
for NCX were selected and interleaved with the corresponding images for SERCA2. Sev-
eral regions of 10–15×1–1.5 μm in the subsarcolemmal domain (numbered 1–15 in
the figure) and cytoplasmic domains (labeled A,B,C,D) were chosen from stacks for fur-
ther analysis. For analysis of each region, the stack was rotated such that the long axis
of the image was horizontal. The stack of images was then cropped to obtain the de-
sired region and de-interleaved to obtain substacks for NCX1 and SERCA2. The sub-
stacks were analyzed for co-localization using JACoP.
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4. Discussion

NCX1 mediated Ca2+ entry in the cells was observed both as an
increase in the fluorescence intensity of Ca2+ sensitive dye and as
the uptake of radioactive Ca2+. This NCX1 mediated [Ca2+]i increase
observed with both the methods was diminished following inhibition
of the SERCA2 pump with thapsigargin. Ca2+ depletion from the SER
with thapsigargin also increased the co-localization of NCX1 and
SERCA2 in the subsarcolemmal domain. The discussion focuses on
the experimental methodology used in the present study, comparison
Table 3
Theeffect of thapsigargin treatmenton various overlap parameters (Mander's andPearson's
coefficient using Costes randomization) in Na+-loaded cells in NMG+ solution.

NMG+ NMG+-Thapsigargin t-value P value

M1 0.617±0.005 0.663±0.004 7.254 b0.001
M2 0.595±0.005 0.616±0.004 3.402 0.001
Roriginal 0.356±0.007 0.415±0.006 6.704 b0.001
Rrandom 0.088±0.004 0.087±0.004 0.150 0.881

The values are mean±SEM of 514 regions for NMG+ and 617 regions for NMG+-
Thapsigargin.
of the key observations with literature and the significance of these
findings.

NCX1 mediated Ca2+ entry may be examined using electrophysi-
ological techniques, Ca2+ sensitive fluorescent probes, 45Ca2+ uptake
in Na+-loaded cells or functional studies. Each method has its own
advantages and pitfalls. In this study, we used a Ca2+ sensitive dye
and the radioactive isotope 45Ca2+ to examine the NCX1 mediated
changes in [Ca2+]i in the smooth muscle cells. The results obtained
with the two methods were consistent with each other and with

image of Fig.�7
image of Fig.�6
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the pharmacological characterization using the NCX inhibitors KB
R7943 and SEA 0400.

We used thapsigargin to study the effect of SERCA2 inhibition on
its functional linkage and spatial correlation with NCX1. Thapsigargin
has been used extensively to cause depletion of the SER Ca2+ pool.
We observed an inhibition of the NCX1 mediated Ca2+ entry in the
smooth muscle cells in the presence of thapsigargin. Thus, thapsigar-
gin modulates the functional linkage between NCX and SERCA2.

Co-localization of NCX1 and SERCA2 in the cells was determined
using immunofluorescence microscopy. We have previously validat-
ed this method using several positive and negative controls [26].
Appendix 1 also contains details of the basis of this analysis. SERCA2
inhibition by thapsigargin led to an increase in the co-distribution
of NCX1 and SERCA (Roriginal), the fraction of NCX co-distributed
with SERCA2 (M1) and to a smaller extent, the fraction of SERCA2
co-distributed with NCX1 (M2). A smaller increase in M2 as com-
pared to M1 is expected as only the peripheral component of total
SER has been shown to move closer to PM to form nanodomains.
The area analyzed for our co-localization study was 1–1.5 μm deep
into the cell and a much higher SERCA content is found in the exten-
sive SER in the cell interior. These results suggest that the depletion of
intracellular Ca2+ stores by thapsigargin increases the proximity be-
tween NCX1 and subsarcolemmal SERCA2. In studies on other cell
types, it has been shown that depleting Ca2+ from the SER leads to
an increase in proximity between the sarcolemmal protein Orai and
the SER protein STIM to form the store operated Ca2+ channels
[15,16,21–23]. In the subsarcolemmal SER, SERCA2 is also co-
localized with STIM [40]. Thapsigargin has been shown to increase
an association between the lipid raft resident TRPC1 protein with
STIM [19]. NCX is also a lipid raft resident protein [27]. Therefore,
one cannot rule out the possibility that the observed thapsigargin in-
duced increase in the proximity between NCX1 and SERCA2 results
from the spatial reorganization of other proteins in their proximity.

A functional linkage where Ca2+ entry by reverse mode NCX re-
fills the SER Ca2+ pool has been suggested in various other tissues
[17,20,24,25,28]. A linked transport of Ca2+ between NCX and
SERCA may result due to close apposition of the SER to the PM
[26,27]. In vascular smooth muscle, a “junctional cytoplasmic space
model” has been proposed. In this model, NCX and SERCA occur in a
close complex within a narrow cytoplasmic space between the sub-
surface SER and the PM allowing for restricted Ca2+ diffusion and a
functional linkage [17,20,28]. We postulate that thapsigargin treat-
ment leads directly or indirectly to an organellar rearrangement
that further restricts diffusion between the junctional space and the
cytoplasm. Although one cannot rule out the role of mitochondria in
close proximity to SER, a possibility is that SERCA inhibition causes
Ca2+ to accumulate in the limited diffusional space between the PM
and the superficial SER leading to a shift in the reverse potential of
NCX and inhibition of NCX mediated Ca2+ entry. This is supported
by our observation that thapsigargin also leads to increased proximity
between NCX and SERCA. Although the exact mechanism behind this
spatial rearrangement is unclear, it is speculated that this would fur-
ther tighten the junctional complexes. It is not known if there is a
cause and effect relationship between the decreased NCX mediated
Ca2+ entry and the spatial rearrangement. The spatial rearrangement
also raises several questions that need to be addressed. STIM family of
proteins involved in SOCE also reside in SER like SERCA. Like reverse
mode NCX, SOCE is also an important partner in refilling the empty
SER Ca2+ pool. It needs to be determined if the activity of SOCE is
influenced by spatial co-relation of the peripheral SER and PM in
the cells. Do these two Ca2+ refilling pathways operate independent-
ly or does disruption of one affect the activity of the other? In one
study, it has been suggested that NCX overexpression may enhance
SOCE [41]. Also, does Ca2+ elevation in the limited subsarcolemmal
domain affect the voltage operated channels which have been sug-
gested to enhance SER refilling [24]?
A pathophysiological implication of the reported observations is
that the inhibition of SERCA blocks the constant Ca2+ entry through
NCX and prevent cellular damage due to excessive [Ca2+]i. The in-
crease in NCX mediated Ca2+ entry was diminished with an inhibi-
tion of SERCA activity with thapsigargin. Peroxide, superoxide and
peroxynitrite can severely damage SERCA in the pig coronary artery
smooth muscle [6]. Thus, inhibition of NCX mediated Ca2+ entry
and organellar rearrangement may protect the cells from severe dam-
age during ischemia–reperfusion when SERCA is not functional.
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