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Abstract A change in the intracellular free Ca®" concentra-
tion ([Ca®'];) functions as a transmitter for signal transduction
and shows a broad temporal pattern. Even genetically homo-
geneous cell types show different Ca®>* response patterns
under permanent agonist stimulation. In Ca®" signaling, the
dynamics of the Ca®" release from the Ca®" channels during
continuous agonist stimulation and the simultaneous effect of
the pumps are unclear. In this study, the dynamic interaction of
the Ca®" ATPases in the plasma membrane (PMCA) and the
endoplasmic reticulum membrane (SERCA) during continu-
ous ACh stimulation is monitored using Fluo-3 and Fura-2
loaded HEK 293 cells. We characterize Ca*" release patterns
at the sub-maximal and maximal stimulation doses in the
absence of extracellular Ca®>*. We analyze the responses re-
garding their types, oscillation frequency and response times.
La*" (PMCA blocker) do not change the frequency and time
courses in sub-maximal ACh treatment, while with the max-
imal stimulation oscillation frequency increase as oscillations
superimpose on robust release, and response time of [Ca®"]; is
elongated. A similar effect of La>" is observed in quantal Ca**
release phenomenon. In the presence of CPA, a SERCA
blocker, oscillations are completely abolished, but response
time does not change. We also observe that during continuous
receptor stimulation, Ca>" release do not cease. These data
may suggest that Ca®" release continues during agonist stim-
ulation, but SERCA and PMCA form a new steady state and

return [Ca”"]; to its physiological concentration.
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Introduction

The generation of Inositol (1,4,5)-Trisphosphate (IP3) in re-
sponse to agonist stimulation activates its own receptor chan-
nel (IP;R) on Endoplasmic Reticulum (ER) membrane. With
this activation, IPsR mediates the release of stored Ca>" from
ER into the cytoplasm (Berridge and Irvine 1984; Berridge
and Irvine 1989). The increase of free cytosolic Ca** concen-
tration ([Ca®'];) acts as a second messenger that regulates
many cellular processes like cell proliferation, muscle con-
traction and the electrical activities of the cell (Bootman and
Berridge 1995).

Increase in [Ca®']; exhibits many different spatial and
temporal dynamics. Spatially, rise of [Ca*']; may be global
(Ca®* waves) or restricted to a local part of the cell (Ca**
sparks), and temporally, increase of [Ca®']; could be observed
as a single rise or have an oscillatory pattern (Bootman and
Berridge 1995; Shuttleworth and Thompson 1996; Falcke
2004). Cells may use these different Ca>* signaling dynamics
to encode information arriving at the cell surface towards
cytoplasmic targets (Falcke 2004). Depending on the cell type
and the strength of the agonist stimulation, oscillations may
show differences in their amplitudes or frequencies (Marchant
et al. 1999; Rooney et al. 1989; Berridge et al. 2003).

Even in a single cell type, different oscillation patterns to
the same agonist concentration can be observed. A possible
mechanism for this variation may be the immense dependence
of IP5R open probability to both [Ca®']; and [IP5]. Released
Ca”" increase open probability of the adjacent IP;R channels,
whereby Ca®" induces its own release from intracellular
stores, known as Ca*>" induced Ca** release (CICR) (Salazar
et al. 2008; Skupin and Falcke 2007; Berridge 2002). Also,

@ Springer



504

J Bioenerg Biomembr (2014) 46:503-510

IP;R has three subtypes, and Type 3 IP;R shows inhibition
with the high concentrations of Ca®" (Tu et al. 2005; Hagar
et al. 1998).

Two Ca?"-ATPases, sarco/endoplasmic reticulum Ca®'-
ATPase (SERCA) and Plasma Membrane Ca”’-ATPase
(PMCA) also have major effects on the [Ca®']; dynamics
(Falcke 2004; Solovyova et al. 2002; Verkhratsky 2005;
Petersen et al. 1993). They preserve [Ca*']; within physiolog-
ical limits. SERCA uptakes cytosolic Ca*" to intracellular
stores and PMCA extrude Ca*" across the plasma membrane.
Different expression levels of these proteins may also contrib-
ute to the diversity (Camacho and Lechleiter 1993).

In the present study, we monitored different temporal Ca*"
release patterns towards equivalent doses of Acetylcholine
(Ach) in Fluo-3 and Fura-2 loaded HEK 293 cells expressing
endogenous muscarinic receptors. Besides, these [Ca'] re-
sponses are affected variously with the inhibitions of PMCA
and SERCA activity by lanthanum and cyclopiazonic acid
(CPA), respectively.

We classified Ca®" release patterns after the sub-
maximal and maximal doses of ACh application. We
grouped Ca®" responses by their types (qualitatively),
oscillation frequency (number of peaks) and response
time (a period of time which start with the increase in
the [Ca®']; after a perturbation and finish when the
[Ca®"); returned to its baseline level).

We analyzed the effects of the perturbations according to
these classifications. We demonstrated that in sub-maximal
stimulations SERCA is the major component for the genera-
tion of the Ca®" oscillations, shaping the temporal patterns.
Besides, with the maximal stimulation PMCA activity domi-
nates the release, suggesting that its activity depends on a high
[Ca®"); threshold. In this study we observed that during ago-
nist stimulation, despite the [Ca®'];. returns to its base levels,
the release from IPsR continues and mainly SERCA and
PMCA activities maintain the physiological concentrations
of cytoplasm.

Materials and methods
Cell culture

HEK-293 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10 % fetal
bovine serum, penicillin (100 IU/ml) and streptomycin
(100 pg/ml) in a 5 %CO, incubator at 37 °C, to about
90 % confluence in tissue culture flasks. They were
suspended by gently tapping after incubation with
I mM EDTA in PBS at 37 °C for 5 min (No trypsin
was used). These cells were transferred on glass cover
slips in 6-well plates and allowed to attach overnight.
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Intracellular calcium measurements

Fluorescent measurements were done on HEK293 cells load-
ed with Fluo-3 AM or Fura-2 AM (Invitrogen, USA). Cover
slips with attached cells were mounted in a Teflon chamber
and before Ca®" measurements cells were washed twice with
bathing solution containing 120 mM NaCl, 5 mM KCI,
10 mM HEPES, 1 mM MgCl, and 1.5 mM Ca®" (pH 7.4).
All the measurements were done with nominally Ca*" free
bathing solution (Putney 2006; Utz et al. 1999).

Experiments with the Fluo-3 AM loaded cells were
carried on confocal microscope (Leica, TCS SPS5, Ger-
many) equipped with a 63% water immersion objective.
Fluo-3 was excited with Argon laser at 488 nm and
fluorescence emission was collected around 530 nm
wavelengths. Fluorescence signals from the whole cell
field was selected as Region of Interest (ROI) for each
separate cell and they were analyzed with software of
Leica Imaging System. Approximately 40-50 cells were
analyzed per experiment. For data evaluation 4-5 exper-
iments were assessed for each group. To minimize
background fluorescence ROIs were assigned from
blank and their values were subtracted from the cell
fluorescence. Loading differences between cells were
excluded by dividing entire record received during the
time of the record to beginning record (F/Fy).

For the ratiometric fluorescent measurements Fura-2 AM
loaded cells were placed on an inverted epifluorescent micro-
scope (Nikon, Japan) plate, and total fluorescence signal from
the focal area was collected and analyzed with a fluorescence
system and its software (Photon Technology International,
USA). Cells were sequentially excited at 340 and 380 nm.
Total emission signal from the 40-50 cells in the objective
field was collected around 510 nm. The ratio of the emitted
fluorescence at 340 and 380 nm (Fs40/380) Was used as an
indicator of [Ca®'];.

Chemicals

Unless specified, the chemicals used were obtained from
SIGMA-Aldrich Canada. During the experiments, all the
drugs were applied gently into the nominally Ca®" free bath-
ing solution via micro-pipette. To visualize the effect of the
withdrawal of the ACh, experiment solution was perfused
without changing other chemical concentrations.

Statistics

Means of all results were given with SEM. Levels of
significance of the difference between means were de-
termined using unpaired Student t test with two tailed P
value or one way ANOVA as indicated. Significance
was defined at the P<0.05 level.



J Bioenerg Biomembr (2014) 46:503-510

505

Results

Release patterns for maximal and Sub-maximal doses of ACh
in HEK 293 cells

In HEK 293 cells IP; induced Ca”" release is achieved by
stimulating the mACh receptor by its own agonist ACh. When
cells in whole objective field were treated with 1 uM ACh or
100 uM ACh in nominal Ca*" free bathing solution, cells
showed huge differences in Ca®" responses as long lasting
robust release or transients that vary between single and
multiple peaks. In Fig. 1a some selected basic release types
were shown for 1 uM ACh (up) and 100 uM ACh (down). In
single cell level, diversity of these different temporal patterns
becomes much more apparent. Figure 1b shows some re-
sponse patterns for 100 uM ACh from single cells. One of
the aims of this study is to identify these response patterns for
sub-maximal and maximal doses of ACh in HEK 293 cells.
Therefore we grouped response patterns according to the
shape of the peaks as shallow (during robust response) (S)
or deep (D). Shallow responses refer to releases with no
oscillations or some which do not significantly affect the
tendency of monotonic decrease of [Ca”'];. Deep responses
refer to short timed, individual oscillations (approximately
10 s) and the releases that have peaks that disrupt the tendency
of monotonic decrease of [Ca'];.

Fig. 1 Different temporal
patterns of [Ca*']; for the ACh
stimulations in HEK 293 cells. a 12-

Effect of PMCA inhibition on Ca®>* dynamics

In order to examine the efflux kinetic of [Ca®']; from
plasma membrane, 1 mM (La’") was used. When used
in these concentrations, La>" blocks the Ca®" efflux from
cells by inhibiting PMCA and cation channels (Van
Breemen et al. 1972). La®" application alone (I mM)
has not created a significant effect (Fig. 2). In Fig. 2,
representative data for 1 pM ACh and 100 puM ACh
without La®" and with La®>" is shown. The effect of this
perturbation to the agonist induced cytosolic Ca*" oscil-
lations was examined by comparing their number of
peaks, distribution of these oscillations according to their
types (D or S type), and release times in Fig. 2b, ¢ and d,
respectively. Peaks in each cell were counted and grouped
after the perturbations in Fig. 2b. La®>" application had no
effect on the distribution of the peak numbers in sub-
maximal dose, but with maximal dose of Ach, La*" in-
creased the number of peaks significantly. However, as
shown in Fig. 2a, (right-down) this increase occurred as
shallow oscillations, which overlapped on sustained re-
lease (an increase to 5 and more peaks).

In the presence or absence of 1 mM La®*, 1 uM ACh and
100 uM ACh responses were compared according to the
percentage of response types (D or S type) within their groups
in Fig. 2c. La®" had no significant effect on distribution of
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Fig 2 Effect of PMCA inhibition on [Ca®"]; oscillations and classifica-
tion of Ca®" oscillations. a La>* application alone (1 mM) did not create a
significant effect (up). Middle, representative data for 1 pM ACh (lef?)
and 100 uM ACh applications (right), Bottom, successive application of
1 mM La** and 1 uM ACh (leff) and 1 mM La** and 100 uM ACh
(right). La>" with 100 uM ACh significantly elongated the response time
and brought an oscillatory pattern to the robust release. b Peaks in each

1 uM ACh or 100 uM ACh response types. However, 1 M
ACh responses have a slight tendency to shift from D to S.

Effect of 1 mM La®" application on the 1 uM ACh and
100 uM ACh induced Ca®" release was investigated in terms
of duration in Fig. 2d. La®" application led to a significant
prolongation of Ca®* release for 100 uM ACh in terms of the
release time. However, it did not create a significant change in
1 uM ACh.

Effect of SERCA inhibition on [Ca*']; oscillations

In order to examine the effect of the SERCA activity on basal
[Ca”"];, SERCA was inhibited by 20 uM CPA. At the indicat-
ed time the blocker was added to bath solution, and subse-
quently [Ca®"]; increased slowly for a while and then gently
returned to the baseline (Fig. 3a up).

In Fig. 3 middle and down, representative traces show the
effect of SERCA blockage to the 1 uM ACh and 100 pM
ACh responses, respectively. Before the agonist application,
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cell were counted and grouped according to the perturbations. ¢ The effect
of 1 mM La*>" on the 1 pM ACh and 100 uM ACh induced response
types (shallow (S) or deep (D) type responses). *P<0.05 vs. | uM ACh S
type responses and “P<0.05 vs. 1 uM ACh D type responses. (ANOVA)
d The effect of 1 mM La>" on the 1 uM ACh and 100 uM ACh induced
Ca*" response time. *P<0.05 vs. 1 uM ACh (1 mM La*") group
(ANOVA)

20 uM CPA was added to bath solution. SERCA blockage
caused a total disappearance of the oscillations for both doses
of ACh.

The effect of CPA on the agonist induced Ca’"
release was also investigated in terms of duration
(Fig. 3b). SERCA blockage did not effect the ACh
induced response time. However, CPA application alone
increased [Ca®"] gradually and Ca®" was removed from
the cytoplasm in a long term.

The Ca®" influx continues during the ACh stimulation

Fura 2 AM loaded HEK 293 cells were monitored with a
micro-spectrofluorimeter and total fluorescence signal from
40-50 cells in the objective field were analyzed. In Fig. 4a, in
order to observe how the SERCA and PMCA affect the Ca**
dynamics together, | mM La*" and 20 uM CPA were simul-
taneously applied onto the cells. Without ACh, [Ca®']; tends
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Fig. 3 Effect of SERCA a
inhibition on [Ca®"]; response 8-
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to increase slowly. Right after the ACh application, [Ca®'];
increases rapidly and decays slowly.

To understand whether the release ceases during the ago-
nist stimulation, we applied La*>* onto the cells right after CPA
and ACh application (Fig. 4b left) and observed [Ca®']; in-
crease after the PMCA blockage.

One point must be specified here is that before the
ACh stimulation, [Ca®']; increase in response to CPA as
in Fig. 3a up (confocal microscope data) was not ob-
served in this experiment. Collective data acquisition
systems do not enable distinguishing only the respon-
sive cells. A total signal received reflects an average
response and the contribution of the unresponsive cell
signals will cancel out relatively lower amplitudes as in
Ca”" responses to CPA.

In another experiment (Fig. 4b right) we applied both
inhibitors and ACh successively on the cells, and during
a relatively stable phase of [Ca®'];, ACh was removed
via perfusion from the bath media. We observed that
withdrawal of ACh in the presence of both Ca®" pump
inhibitors decreased [Ca’']; rapidly. In order to control

100 s

the effect of perfusion, the group with continuous ACh
stimulation, was also perfused without changing the
concentration of the chemicals (Fig. 4a right). This
experimental result indicates that during the ACh stim-
ulation, Ca®" release from the stores to the cytoplasm
continues, despite the [Ca*']; reach a new steady state.

PMCA activity in quantal Ca®" release

Quantal Ca’" release experiments were performed to
explore whether the PMCA activity alters the Ca®"
concentration in ER. As shown in Fig.4b right, decrease
of the Ca®" in the cytoplasm after withdrawal of ACh
shows that Ca’" release from the Ca®" stores continues
during the agonist stimulation. Although efflux is
blocked by La’" and release continues during the ACh
stimulation, [Ca®"]; still reach to a new steady state. To
explore whether this change in the Ca®" store capacity
of ER affects the PMCA activity, we applied 100 uM
ACh after 1 uM ACh pretreatment during 1 mM La®*
application (Fig. 5a). When we compare quantal forms
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Fig. 4 Co-inhibition of SERCA and PMCA with ACh Stimulation. a
Left, SERCA and PMCA co-inhibited with 1 uM La>" and 20 uM CPA
during the indicated time. Right, during the blockage of the both pumps
100 uM ACh was applied at the 60 s. b Left, 20 uM CPA at 30 s and
100 pM ACh at 60 s was applied on the cells. During decrease period of

of the 100 uM ACh responses with (w) and without
(wo) La*", the response times were significantly differ-
ent (Means of the response times: w: 207.9 s+3 and
wo: 118.6 s+4) (Fig. 5b) Although response time was
significantly decreased compared to the La*" application
with the 100 uM ACh, still the quantal 100 pM Ach
has a greater response time (207.9 s+3) to 100 uM
ACh alone (148.2 s+19) (Fig. 5c).

2.0 100 pM ACh

F340 /F380

0.04 CPA+La®*

2.0- 100 pM ACh

F34OIF380

0.0 CPA+La®"

[Ca®*]; 1 mM La was added. Right, at 140 s ACh was removed via
perfusion from the bath media while both SERCA and PMCA were
inhibited. Measurements were performed by Fura-2 AM with a micro-
spectrofluorimeter and fluorescence signals of average 40-50 cells were
collected. Dashed lines were drawn for comparison with the base-line

Discussion

In this study, we tried to understand possible reasons of
different temporal dynamics of Ca®" responses after the ago-
nist stimulation from a perspective of the variables as Ca>"
influx, efflux and Ca’" release. The effects of mutual activities
of SERCA and PMCA on Ca** dynamics in HEK 293 cells
during release were inspected. HEK 293 cells show quite

Fig. 5 Effect of Ca®" store a b
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regarding their response times 91 100 uM ACh ft1001uMMA:\:gh 10031‘”' ACh
(Averages of=100 cells from the 1M ACh (after 11 ) (after La”'+ 1 uM ACh)
same day experiments). *P<0.05 6
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many different Ca®" release patterns even for the same agonist
concentration. Therefore, in order to understand and general-
ize the properties of Ca®" release, first we examined the
temporal behaviors of Ca®" responses in cytoplasm for sub-
maximal and maximal concentrations of ACh.

Release patterns were grouped according to the oscillation
types as shallow responses (S) that refer to releases with no
peaks or some which do not significantly affect the tendency
of monotonic decrease of [Ca®'];, or deep responses (D),
referring to short timed, individual peaks (approximately
10s) and the releases that have peaks which disrupt the ten-
dency of monotonic decrease of [Ca®'];.

According to this classification, the distribution of re-
sponses to 1 uM and 100 uM ACh were determined. Al-
though it is argued in the literature that in different cell types
oscillatory pattern of the Ca®" release will reduce in maximal
stimulus (Berridge 1990; Jacob 1990; Thomas et al. 1996), we
clarified the difference: In higher dose, generally during the
robust release, shallow oscillations (approximately 2 peaks)
were monitored, while in sub-maximal dose, the majority of
the cells had individual peaks which showed a wide distribu-
tion with an increasing trend towards multiple number of
peaks.

According to this classification, the effects of the perturba-
tions on the Ca®" release were identified. In our experiments,
contrary to literature (Bird and Putney 2005), in the presence
of 1 mM La*", sub-maximal dose ACh stimulation did not
increase the oscillation frequency. However, in maximal dose
ACh stimulation, ] mM La®>" increased the shallow oscillation
frequency on the robust release. The removal time of Ca®* for
1 uM ACh and 100 uM ACh were measured as nearly
equivalent. This equivalence was altered with the PMCA
inhibition. During 1 uM ACh stimulation, ceasing Ca”" efflux
with 1 mM La** did not change the removal time. However,
100 uM ACh with 1 mM La** prolonged the removal of the
Ca*" from the cytoplasm. This prolongation may be related
with the differences in the Ca®" affinity of the two pumps,
SERCA and PMCA (Brini and Carafoli 2009; Hove-Madsen
and Bers 1993).

Meanwhile, the PMCA blockage without ACh application
did not change base level of [Ca®'];, which indicates that
PMCA may not have an active role in resting cell. Approxi-
mately ten fold decrease of the pump Kd for Ca** during the
activation of the pump (from 10 uM to less than 1 M) (Brini
and Carafoli 2009) also supports this hypothesis.

In the resting cell, [Ca®']; was previously measured in
literature to be between 0.03 to 0.1 uM (Mak et al. 1998;
Bezprozvanny and Ehrlich 1995; Golovina and Blaustein
1997; Shmigol et al. 1996). If the PMCA activation needs
elevated [Ca®'];, final concentration reached after ACh con-
centration might have a critical importance. In our experi-
ments we did not observe dramatic effects of “Lanthanide
insulation technique (Dupont et al. 2011)” for 1 uM ACh,

which may cause sustained oscillations in some non-excitable
cells. This difference may be explained with the efficacy
differences of the agonists for the threshold [Ca®'];.

In this study, we also examined the effect of SERCA on
Ca”" oscillations. In line with literature, our experiments
demonstrated that basal [Ca®"]; remained stable in the absence
of any perturbation, but the application of SERCA inhibitor
leads to a gradual increase in [Ca”']; (Solovyova et al. 2002).
This implies a steady state that resulted from the ER Ca®" leak
and SERCA uptake at the basal condition (Verkhratsky 2005).
Furthermore, application of SERCA inhibitor with ACh led to
higher amplitudes but shorter durations of [Ca®']; in our
experiments. The reason of this rapid decline after the ACh
stimulation may arise from PMCA activation, which occurs
when [Ca®']; exceeds the threshold value.

We also detected that in the presence of 20 uM CPA, ACh
induced Ca®" oscillations were completely abolished. These
data emphasize that the oscillatory pattern of the Ca*" release
depends on a critical balance between Ca®" release by IP;R
and Ca®" uptake by SERCA.

To understand the mutual interaction of SERCA and
PMCA, they were inhibited by the inhibitors CPA and La*"
before the agonist stimulation during the same experiment.
When these two inhibitors were in the bath solution, ACh led
to a higher amplitude and longer duration of [Ca®"]; increase.
During the perturbations, removal of the ACh from bath
solution rapidly ceased the Ca®" release. These data indicate
the continuation of the Ca®" release from the Ca®" stores
during the agonist stimulation. We also examined the interac-
tion between PMCA and the store capacity. La®" application
with the successive 1 puM ACh and 100 uM ACh stimulations
led to a decrease in Ca®" response time for 100 uM ACh when
compared with the effect of only 100 uM ACh with La*>*. This
alteration could be explained by a change in the activity on
PMCA, or less Ca®" content. It was previously shown that
PMCA overexpression caused a reduction in store Ca®" con-
centration (Brini et al. 2000). Therefore, there is a significant
interaction between PMCA and Ca®" stores, which could be
explained as a reduction in Ca>" content and therefore less
Ca®". PMCA is observed to be responsible for extrusion of
huge amounts of the Calcium from the cytoplasm and has a
significant role in Ca*" homeostasis.

One important question here is about the percentage of the
pumps blocked. In the experiments after blocking SERCA
and PMCA together with the ACh stimulation, we observed
that [Ca®']; was stable for a certain time. If the pumps were
100 % blocked, this observation may suggest cease of the
release from IP; receptors. However, washing the ACh with-
out changing inhibitor concentrations caused a decrease in
[Ca®"];. These data clearly show that Ca®" entry to cytoplasm
from IP; receptors and removal from cytoplasm were in a
steady state in this condition. It was previously demonstrated
in literature that 1 mM La*" is adequate for inhibiting Ca**
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extrusion at the plasma membrane (Van Breemen et al. 1972).
However, 20 uM CPA may not maximally inhibit SERCA, or
the other Ca®" re-uptake mechanisms like mitochondria might
be taken into consideration (Halestrap 2009).

In conclusion, the present data show that a PMCA block-
age alone or with the low dose ACh stimulation did not make
a dramatic effect on temporal [Ca”']; dynamics in HEK293
cells. The level of [Ca®']; after the receptor stimulation is
critically important for the PMCA activation. During the
agonist stimulation Ca®" release from the stores continues,
and in sub-maximal stimulations SERCA may shape the
oscillations in this continuous release. With an increased
degree of stimulation, mostly PMCA activity shapes the re-
sponse pattern and preserves the Ca>* homeostasis.

Conflicts of interest No potential conflicts of interest relevant to this
article have been reported.
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