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Abstract

Calcium signaling represents one of the most important signaling cascades in cells and regulates diverse processes such as
exocytosis, muscle contraction and relaxation, gene expression and cell growth. G protein-coupled receptors (GPCRs) are
the most important family of receptors that activate calcium signaling. Since calcium signaling regulates a large number of
physiological responses, it is intriguing that how changes in cytosolic calcium levels by a wide range of stimuli lead to
signal-specific physiological responses in the cellular interior. In order to address this issue, we have analyzed temporal
calcium profiles induced by two GPCRs, the serotonin1A and purinergic receptors. In this work, we have described a set of
parameters for the analysis of calcium transients that could provide novel insight into mechanisms responsible for
maintaining signal specificity by shaping calcium transients. An interesting feature of calcium signaling that has emerged
from our analysis is that the profile of individual transients in a calcium response could play an important role in maintaining
downstream signal specificity. In summary, our analysis offers a novel approach to identify differences in calcium response
patterns induced by various stimuli.
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Introduction

Calcium signaling represents one of the most important

signaling cascades in cells. The indispensability of calcium

signaling is apparent from the fact that it governs a large number

of processes in cells [1–3]. In the cytosol, calcium is maintained at

a very low level (,100 nM) and is concentrated in intracellular

calcium stores such as the endoplasmic reticulum (ER) and

extracellular spaces (,2 mM) [3]. The difference in calcium

concentration between the cytosol and these intracellular stores or

extracellular spaces could be utilized very effectively to deliver

signals across the cell membrane. This implies that any stimulus

that activates calcium signaling leads to release of calcium from

these stores and a subsequent increase in cytosolic calcium

concentration [4]. Extracellular stimuli that initiate calcium

signaling could either activate voltage-gated calcium channels

present in the plasma membrane or induce the activation of

ligand-gated calcium channels present on the intracellular stores of

calcium [5,6].

The G protein-coupled receptor (GPCR) superfamily is the

largest and most diverse protein family in mammals, involved in

signal transduction across membranes [7,8]. Since GPCRs

regulate multiple physiological processes, they have emerged as

major targets for the development of novel drug candidates in all

clinical areas [9]. It is estimated that ,50% of clinically prescribed

drugs act as either agonists or antagonists of GPCRs [10]. GPCRs

represent the most important family of receptors that activate

calcium signaling by activating ligand-gated calcium channels

present in the intracellular stores of calcium. The general

mechanism through which GPCRs initiate calcium signaling

involves the activation of phospholipase C (PLC) through activated

heterotrimeric G proteins upon ligand-mediated stimulation [11].

PLC catalyzes the conversion of phosphatidylinositol 4,5-bispho-

sphate (PIP2) present in the plasma membrane into inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG). Subsequently, IP3

diffuses into the cytoplasm and binds to calcium channels termed

as IP3 receptors present on ER membranes, thereby releasing

calcium into the cytoplasm [6]. The released calcium in the cytosol

is either actively taken up by ER through calcium channels called

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), or effluxed

out of the cell through calcium channels present on the plasma

membrane. These processes lead to the interesting occurrence of

calcium spikes/transients which involves repetitive rise and decay

of calcium concentration in the cytosol. During a brief increase of

calcium in the cytoplasm, it initiates a series of signaling events

through activation of various proteins such as calmodulin [12].

As mentioned above, calcium signaling regulates diverse

processes such as exocytosis, muscle contraction and relaxation,

gene expression and cell growth. Given its involvement in such a

diverse set of processes, it is intriguing how changes in cytosolic

calcium levels lead to signal-specific physiological responses inside

cells. Although literature related to calcium signaling has

tremendously increased in the past two decades, understanding

the signal specificity of calcium signaling continues to be the most

challenging problem. For example, calcium has been shown to
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regulate both relaxation and contraction of vascular smooth

muscle depending on its spatial distribution inside smooth muscle

[13]. It has been suggested that specific spatial and temporal

distribution of intracellular calcium upon receptor activation lead

to such specific physiological responses [14]. The presence of

stimulus (such as ligand) presents two major challenges to cells, i.e.,

identification of its nature and strength. A simple strategy could be

activation and modulation of pathways that are sensitive to the

characteristics of stimulus. In this overall context, it is extremely

difficult to experimentally elucidate and assign mechanisms

involved in the identification of various signals, due to the

inherent complexity and cross-talk of signaling pathways encoun-

tered in cells [15]. In addition, since the process of calcium release

and uptake upon signaling occurs over a timescale of a few

hundreds of milliseconds, it often makes it difficult to visualize and

analyze the elementary events of the process. Simulation studies

therefore have become increasingly popular in order to under-

stand the underlying mechanism involved in shaping of ligand-

induced calcium response [16]. Although simulation studies have

provided novel insight into the mechanisms of calcium responses,

their validation in biological system has proven to be challenging.

In order to explore this issue, we have utilized fast fluorescence

imaging to acquire calcium transients and developed an analysis

approach for the temporal calcium profiles induced by two

GPCRs, serotonin1A and purinergic receptors.

The serotonin1A receptor is an important neurotransmitter

receptor and couples to inhibitory G protein (Gai) [17].

Serotonergic signaling is implicated in the generation and

modulation of various cognitive, behavioral and developmental

functions [18]. On the other hand, purinergic receptors respond to

adenosine nucleotides and couple to Gaq in CHO cells [19].

Activation of purinergic receptors results in multitude of physio-

logical effects which could range from neurotransmission to

inflammatory responses [20]. Both receptors utilize calcium

cascade to bring about their specific physiological responses. In

this work, we have analyzed calcium spikes induced by ligand-

mediated stimulation of the serotonin1A and purinergic receptors

(P2 receptors) in Chinese Hamster Ovary (CHO) cells stably

expressing the human serotonin1A receptor (termed as CHO-5-

HT1AR). While serotonin1A receptors are stably transfected, the

purinergic receptor is endogenously present in these cells. We have

identified parameters of calcium transients that are sensitive to the

ligand concentration. In addition, our analysis highlights the

differences in the characteristics of calcium spikes induced by

different ligands. Our results constitute one of the first reports on

the characterization of individual transient of calcium in order to

decipher the ligand-specific signature of calcium response. These

results would provide useful insights into processes involved in

shaping the calcium profile in response to different ligands/stimuli.

Materials and Methods

Materials
Serotonin, ATP, penicillin, streptomycin, gentamycin sulfate,

and pluronic acid were obtained from Sigma Chemical Co. (St.

Louis, MO). DMEM/F-12 (Dulbecco’s modified Eagle’s medium),

fetal calf serum, geneticin (G 418) and fluo-3/AM were from

Invitrogen Life Technologies (Carlsbad, CA). The m-Slides I0.4

Luer were from Ibidi (Martinsried, Germany). All other chemicals

used were of the highest purity available. Water was purified

through a Millipore (Bedford, MA) Milli-Q system and used

throughout.

Cells and cell culture
CHO cells stably expressing the serotonin1A receptor (termed

CHO-5-HT1AR cells) were maintained in D-MEM/F-12 (1:1)

supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf

serum, 60 mg/ml penicillin, 50 mg/ml streptomycin, 50 mg/ml

gentamycin sulfate, and 200 mg/ml geneticin in a humidified

atmosphere with 5% CO2 at 37uC.

Loading of CHO-5-HT1AR cells with fluo-3/AM
Cells (,56104) were plated in m-slides and grown for 24 h.

Loading of cells with fluo-3/AM was carried out by incubating

cells in serum-free D-MEM/F-12 (1:1) medium containing 10 mM

fluo-3/AM and 0.02% (v/v) pluronic acid for 15 min at room

temperature (,25uC). After incubation, cells were washed twice

with PBS and calcium signaling was monitored upon ligand

addition. Changes in cytosolic calcium level were visualized

immediately after loading cells with fluo-3/AM in cases where

ATP was used as a ligand. Serotonin-induced calcium response

was imaged after incubation of fluo-3/AM loaded cells for 45 min

at room temperature (,25uC).

Imaging of ligand-induced calcium signaling in CHO-5-
HT1AR cells

Imaging of calcium response was carried out on an inverted

Zeiss LSM 510 Meta confocal microscope (Jena, Germany) at

room temperature (,25uC). Fluo-3/AM loaded cells were imaged

in PBS with 206/0.75 NA objective using the 488 nm line of an

argon laser and fluorescence of calcium-bound fluo-3 was collected

using 500–550 nm filter. Images were recorded every 0.25 sec for

a total time of ,3.3 min with bidirectional scanning without

averaging to achieve maximum temporal resolution. Ligand was

added on the cells in m-slides on stage after the acquisition of ,10

frames.

Data analysis
The analysis and plotting of data were performed using Origin

software version 7.0 (OriginLab Corp., Northampton, MA) and

Microsoft Excel 2007. In order to explore the effect of ligand

concentration on calcium signaling, we monitored calcium

response with a range of ligand concentration. The half maximal

effective concentration (EC50) was determined upon fitting the

data with a range of concentrations of ligand using the four

parameter logistic equation as follows:

y~yoz ymax{yoð Þ
.

1z10 log xOð Þ - xð Þ�p
� �

ð1Þ

where y is the calcium response in terms of the number of calcium

spikes observed per cell, yo is the basal response, ymax is the

maximal response, xo is the EC50 value for ligand, x is the ligand

concentration, and p is the slope factor. Further analysis of

calcium transients was divided into two categories (see below).

The first category consists of parameters that are described for

the dependence of calcium response on ligand concentration.

These parameters include maximum-fold increase in the fluores-

cence of fluo-3/AM upon ligand-mediated increase in cytosolic

calcium level (Fmax/Fo) and the apparent time constant (t) for the

release of calcium in the cytoplasm from intracellular stores. Fo

and Fmax represent fluorescence intensities of calcium-bound fluo-

3/AM corresponding to basal and ligand-induced maximum

cytosolic calcium concentrations, respectively. Since increase in

the fluorescence of fluo-3/AM is directly proportional to the

amount of calcium present, Fmax/Fo would correspond to the

Calcium Transients upon GPCR Activation
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maximum-fold increase in calcium concentration upon receptor

activation. In order to explore the kinetics of release and uptake of

calcium in the cytoplasm, we divided calcium transient into two

phases, i.e., rise and decay phases (see inset in Fig. 1B). We chose to

analyze the kinetics of only rise phase of the first spike of calcium

response (which consists of multiple spikes) since we often observed

overlapping spikes, particularly at higher ligand concentrations.

The time constant of the rise phase for the first calcium transient

Figure 1. Calcium response in CHO-5-HT1AR cells upon stimulation with serotonin or ATP. Panel (A) shows successive images of calcium
response in cells upon stimulation with serotonin acquired with a time interval of 7.9 sec. CHO-5-HT1AR cells were loaded with Fluo-3/AM to monitor
changes in cytosolic calcium concentration. Time-lapse imaging was performed with a 206/0.75 NA objective. The scale bar (shown in top left panel)
represents 50 mm. Similar response was observed when cells were stimulated with ATP. Representative temporal profiles of calcium response induced
by either (B) serotonin or (C) ATP are shown. The concentration of serotonin used was 100 mM and that of ATP was 500 nM, respectively. Both
serotonin and ATP induce the occurrence of multiple spikes consisting of rise and decay phases. A typical calcium spike with rise and decay phases is
shown in the inset in panel (B). The temporal profile of calcium response was intensity normalized such that the maximum and minimum (basal)
intensities corresponded to values 2 and 1, respectively. See Materials and Methods for more details.
doi:10.1371/journal.pone.0051857.g001

Calcium Transients upon GPCR Activation
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was obtained after fitting the normalized data (such that Fo = 1 and

Fmax = 2) to a single exponential model as:

F tð Þ~FozFmax e t=tð Þ ð2Þ

where F(t) is the fluorescence intensity of calcium-bound fluo-3/

AM at time t, Fo is the basal fluorescence intensity of calcium-

bound fluo-3/AM, Fmax is the maximum fluorescence intensity of

calcium-bound fluo-3/AM upon ligand addition and t is the

apparent time constant for the increase in the fluorescence

intensity of calcium bound fluo-3/AM. We evaluated peak

characteristics by using the simplest model for spike functions,

i.e., Gaussian function (equation 3). It should be noted that these

models do not incorporate the molecular mechanism of calcium

signaling and give the average parameter for phenomena

happening inside cells.

The second category consists of parameters that are described

for the dependence of calcium response on ligand type. These

parameters include amplitude, full width at half maxima (FWHM),

and area of calcium transients. The temporal profile of calcium

transients was normalized (such that Fo = 1 and Fmax = 2) prior to

obtaining these parameters. After normalization, the temporal

profile of calcium was fitted with a multi-Gaussian function

considering each spike to be Gaussian in nature. The function

used to fit the spikes in the temporal profile of calcium response is:

F tð Þ~FozA
.

v p=2ð Þ1=2
� �

exp -2 t-tcð Þ2
.
v2

� �
ð3Þ

where F(t) is the fluorescence intensity of calcium-bound fluo-3/

AM at time t, Fo is the background fluorescence intensity of

calcium-bound fluo-3/AM, A is the area under the spike, and tc is

the time point corresponding to the maximum fluorescence

intensity of calcium-bound fluo-3/AM after ligand addition and

v is full width of the spike at half maximal response (FWHM). It

should be noted here that the assumption about Gaussian shape of

calcium transient is an approximation. In reality, the shape of

calcium transients deviate from a perfect Gaussian profile as the

rise phase always appear steeper than the decay phase. In terms of

Figure 2. Dose response plots for calcium signaling induced by
ligands in CHO-5-HT1AR cells. The figure shows calcium response in
terms of a number of calcium spikes visualized per cell induced with
either (A) serotonin or (B) ATP. The curves are nonlinear regression fits
to the experimental data using eqn. 1. Data represent means 6 SEM of
more than 30 cells from at least four independent experiments. See
Materials and Methods for more details.
doi:10.1371/journal.pone.0051857.g002

Figure 3. The maximum fold change in cytosolic calcium levels
depends on ligand concentration. The figure shows calcium
response in terms of maximum fold change in cytosolic calcium levels
induced with either (A) serotonin or (B) ATP. Only the first spike of
calcium response (when composed of multiple spikes) induced by
ligands was analyzed. Data represent means 6 SEM of more than 30
cells from at least four independent experiments. See Materials and
Methods for more details.
doi:10.1371/journal.pone.0051857.g003
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calcium response, the amplitude signifies the maximum-fold

increase in cytosolic calcium during each spike. On the other

hand, the area corresponds to the total amount of calcium released

during each transient and FWHM is proportional to the life span

of calcium transient in the cytoplasm. We did not observe any

dependence of these parameters on ligand concentration used for

respective spikes after normalization. We therefore collated and

plotted data obtained for the entire range of ligand concentrations

used corresponding to respective calcium spikes.

Eqn. (1) is a well established and commonly used relationship to

analyze receptor pharmacology at multiple steps upon ligand

binding. Calcium signaling represents one such step and is a

downstream process relative to ligand binding to the receptor. We

therefore employed eqn. 1 to analyze dose response curves for

calcium signaling upon activation of receptors. In order to analyze

kinetics of the rise phase and characteristics of calcium spikes, we

decided to employ simple models. We therefore chose to evaluate

kinetics by employing the equation for monoexponential increase

(eqn. (2)). In addition, rise and decay phases of calcium spikes have

been recently analyzed in a similar manner in astrocytes and

dendritic spines [21,22]. We evaluated spike characteristics by

using the simplest model for spike functions, i.e., Gaussian function

(eqn. (3)).

Results

Ligand specificity of calcium response: number of
calcium transients depends on ligand concentration

In order to monitor changes in cytosolic calcium level, we

employed a calcium- sensitive fluorophore fluo-3/AM. Fluo-3/

AM is a cell permeant variant of a calcium indicator whose

fluorescence intensity increases upon binding to calcium [23].

Upon stimulation of fluo-3/AM loaded CHO cells with serotonin

or ATP, we observed repetitive calcium transients as opposed to

the single broad spike reported earlier [24,25]. This is possibly due

to the fact that we employed higher speed imaging of cells with a

temporal resolution of ,250 ms in contrast to temporal resolution

of few sec achieved in earlier reports. The high temporal resolution

in our measurements provided us the advantage to visualize

ligand-mediated repetitive calcium spikes. Fig. 1A shows a

representative series of images scanned after every 7.9 sec showing

calcium response in CHO-5-HT1AR cells upon stimulation with

serotonin. The temporal intensity profile of calcium response in

each cell was obtained by analyzing sequence of images acquired

after every ,250 ms. Such temporal profiles of calcium, induced

by serotonin and ATP in single cells are shown in Fig. 1B and C.

As mentioned earlier, each calcium spike consists of rise and decay

phases as shown in the inset of Fig. 1B. The number of calcium

spikes visualized per cell showed a dependence on ligand

concentration in both cases (see Fig. 2). The figure shows that

the number of calcium spikes increased with an increase in ligand

concentration. The dose response curves for serotonin and ATP

are shown in Fig. 2A and B, respectively. Dose response curves

were fitted with eqn. 1 and EC50 values were calculated for

serotonin and ATP. EC50 values obtained were ,0.28 and

,0.08 mM in cases of stimulation with serotonin and ATP,

respectively. Interestingly, these ligands induced different respons-

es, in terms of number of calcium spikes visualized per cell,

corresponding to the same ligand concentration. ATP appeared to

be more potent ligand than serotonin in eliciting calcium response.

It should be noted that all cells loaded with fluo-3/AM do not

exhibit calcium response upon addition of ligand. Their response

depends on ligand concentration and type. In addition, the

occurrence of oscillations, rather than a single transient, also

depends on ligand concentration. For example, probability of

occurrence of oscillations increases with increase in ligand

concentration.

Maximum fold change in cytosolic calcium level depends
on ligand concentration

We monitored the maximum fold change in cytosolic calcium

concentration (Fmax/Fo) induced by either ligands (serotonin or

ATP) with increasing concentrations. Fmax/Fo vs. ligand concen-

tration plots corresponding to the first spike (see later for analysis

of subsequent spikes) of ligand-induced calcium response are

shown in Fig. 3. The fold change in fluorescence (reflecting change

in cytosolic calcium) appears more or less independent of ligand

concentration in case of serotonin stimulation up to a certain

concentration. The maximum response appeared to decrease at

higher concentrations of serotonin (see Fig. 3A). It has been earlier

reported that higher concentration of calcium inactivates IP3

receptors [26]. It is therefore possible that IP3 receptors could be

deactivated due to high local concentration of calcium, as a result

of fast kinetics of calcium release (see later) at higher serotonin

Figure 4. The rate of increase in cytosolic calcium levels
depends on ligand concentration. The figure shows the apparent
time constant for the rise phase of the first calcium spike induced with
varying concentrations of either (A) serotonin or (B) ATP. R2 values for
fitting of the rise phase of calcium spikes with monoexponential
function range from 0.94–1 in all cases. Data represent means 6 SEM of
more than 30 cells from at least four independent experiments. See
Materials and Methods for more details.
doi:10.1371/journal.pone.0051857.g004
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concentrations. In contrast, ATP-induced maximum fold change

in cytosolic calcium appears to show a bell-shaped profile with

increasing ligand concentration. Interestingly, both serotonin and

ATP induced maximum calcium response of comparable magni-

tude (Fmax/Fo = ,18) although at different ligand concentrations.

Rate of calcium release from intracellular stores depends
on ligand concentration

We monitored the kinetics of calcium release from intracellular

stores with increasing concentrations of either serotonin or ATP.

Ligand-induced release of calcium from intracellular stores

contributes to the rise phase of calcium spike. The rise phase of

each spike was fitted with first order exponential function and the

corresponding time constant (t) was derived. Time constants as a

function of ligand concentration, corresponding to the first spike of

calcium response, are shown in Fig. 4. Time constants for the rise

phase exhibited a reduction with increasing ligand concentration

in both cases. For example, time constants obtained were ,0.78

and ,0.47 sec, corresponding to serotonin concentration of 0.1

and 100 mM, respectively (Fig. 4A). The time constants were

calculated to be ,0.79 and ,0.42 sec, corresponding to 0.01 and

10 mM ATP (Fig. 4B). Interestingly, the time constants appear to

plateau at higher ligand concentrations. This limiting value of time

constant (,0.4 sec) could correspond to the fastest rate of calcium

response.

Figure 5. Calcium responses induced by ATP. Representative (A) distinct or (B) overlapping calcium spikes observed upon stimulation with
500 nM ATP. The propensity of the occurrence of overlapping calcium spikes increased with increase in ATP concentration. The temporal profile of
calcium response was intensity-normalized such that the maximum and minimum (basal) intensities corresponded to values 2 and 1, respectively. See
Materials and Methods for more details.
doi:10.1371/journal.pone.0051857.g005

Calcium Transients upon GPCR Activation
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Dependence of amplitude, FWHM and area of calcium
spike on its position

We observed two different (distinct or overlapping) types of

calcium response induced by serotonin or ATP. In the case of

distinct spikes, each spike is clearly separated from its adjacent

spikes. On the other hand, overlapping spikes are characterized by

partial overlap of a spike with its adjacent spikes. In general,

serotonin induced distinct calcium spikes. Calcium response

induced by ATP, however, displayed both types of spikes (see

Fig. 5). The probability of overlapping spikes increased with

increase in ligand concentration. We monitored the dependence of

amplitude, full width at half maxima (FWHM) and area of calcium

spike on spike position. In case of serotonin stimulation, the

amplitude (maximum fold change in cytosolic calcium) showed a

reduction in case of second spike and remained similar for third

spike. On the other hand, ATP-induced distinct and overlapping

spikes displayed almost linear reduction in the amplitude of

subsequent spikes (see Fig. 6A). FWHM signifies the lifespan of

ligand-induced increase in cytosolic calcium concentration.

FWHM is governed by all processes involved in rise and decay

phases of calcium spikes. Fig. 6B shows the dependence of FWHM

on spike position in ligand-induced calcium response. Both

serotonin-induced spikes and ATP-mediated overlapping spikes

showed an increase in FWHM for the second spike. On the other

hand, FWHM of ATP-mediated distinct spikes was found to be

more or less invariant with respect to spike position. The area

under the spike represents the total amount of calcium released

during the event of calcium spike. In addition, the area is

dependent on both amplitude and FWHM of the spike. Fig. 6C

shows the dependence of the area of calcium spike on its position

in ligand-induced calcium response. The amount of calcium

released was found to be similar for first two spikes and decreased

for the third spike in case of serotonin-mediated response. In case

of ATP-mediated overlapping spikes, the amount of calcium

released was highest for the second spike. On the other hand, the

area of ATP-mediated distinct spikes was found to be less sensitive

to spike position.

Discussion

In the present work, we have analyzed serotonin- and ATP-

induced periodic changes in cytosolic calcium levels (temporal

calcium profiles) in CHO cells. We have described a set of

parameters for calcium transients that could provide novel insight

into mechanisms responsible for maintaining the specificity of

signals by shaping calcium transients. Our results suggest that the

maximum fold change in cytosolic calcium concentration and the

kinetics of calcium release from intracellular calcium stores into

the cytoplasm depend on ligand concentration. In addition, we

demonstrated that the amplitude, duration and area of spike vary

with its number (position) in the temporal profile of calcium.

Importantly, we observed variation in the amplitude, duration and

area of the respective spikes induced by different ligands.

GPCRs mediate multiple physiological processes such as

neurotransmission, cellular metabolism, secretion, cellular growth

and differentiation, and immune response [27]. However, only a

limited number of second messengers, which brings about specific

outcomes in response to stimulation of various receptors present

on cell membranes, have been identified [28]. This has given rise

to the challenge of understanding the coupling of various stimuli to

their signaling counterparts, which produces specific physiological

responses. In this context, calcium signaling represents a universal

and important constituent of such signaling networks. For

example, it has been shown that acetylcholine and glucose

Figure 6. Amplitude, full width at half maxima (FWHM) and
area vary for individual spike in a multi-spike response. The
amplitude of calcium spike represents the maximum fold change in
cytosolic calcium level. The area of calcium spike corresponds to the
amount of calcium released in the cytoplasm and FWHM denotes the
life span of the calcium spike in the cytoplasm. Panels (A), (B) and (C)
show amplitude, FWHM and area for serotonin-induced calcium spikes
(blue triangle), and ATP-induced distinct (red triangle) and overlapping
(N) calcium spikes, respectively. The temporal profile of calcium
response was intensity-normalized such that the maximum and
minimum (basal) intensities corresponded to values 2 and 1,
respectively, before fitting it with a multi-gaussian function. In case of
serotonin and ATP-stimulated calcium spikes, R2 values for fitting of
calcium spikes with Gaussian function ranged from 0.92–0.98 and 0.94–
0.99, respectively. Values represent means 6 SEM of more than 50 cells
from at least four independent experiments. See Materials and Methods
for more details.
doi:10.1371/journal.pone.0051857.g006
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mobilize calcium from different intracellular calcium stores by

agonist-specific coupling of second messengers in MIN6 cells [29].

Since GPCRs regulate multiple physiological processes, they have

emerged as major targets for the development of novel drug

candidates in all clinical areas [9]. As mentioned earlier, it is

estimated that ,50% of clinically prescribed drugs act as either

agonists or antagonists of GPCRs [10]. Interestingly, although

GPCRs represent ,50% of current drug targets, only a small

fraction of all GPCRs are presently targeted by drugs [30]. This

raises the exciting possibility that the receptors that are not

recognized yet could be potential drug targets for diseases that are

difficult to treat by currently available drugs. In this overall context

of GPCRs in cellular signaling and as drug targets, studies aimed

at understanding the underlying mechanisms involved in shaping

of receptor-induced calcium responses assume relevance.

The universal mode of calcium signaling in cells is characterized

by periodic changes in cytosolic calcium levels termed as

oscillations [31]. Oscillations confer the much needed specificity

on calcium signal, otherwise highly diverse and universal in

nature. This signal-specific information is therefore encoded in the

spatiotemporal signature of calcium response. For example, the

frequency of calcium oscillations controls the expression of many

genes such as IL2 and IL8 by differentially regulating the activity

of various transcription factors such as NF-AT, Oct/OAP and NF-

kB [32,33]. In response to various stimuli, changes in cytosolic

calcium are brought about by coordinated opening and closing of

a variety of calcium channels. The shape of a calcium spike

therefore would largely be governed by the probability and

cooperativity of channel opening. Another important determinant

of the shape of calcium spike is subcellular and cell-type dependent

spatial distribution and expression level of calcium channels [34].

Further, it has been shown that calcium signaling cross-talks with

cAMP signaling which is regulated by spatial organization of

cAMP domains [35]. In addition, calcium-binding proteins

present in the cytoplasm play an important role in determining

calcium response [4]. These proteins are spatially distributed in

the cytoplasm and have a wide range of binding affinities for

calcium and control the diffusion of calcium in the cytoplasm [36].

Moreover, receptors utilize different signaling counterparts in their

downstream signaling pathways. For example, different GPCRs

can couple to different G-proteins and interact with diverse

effectors such as GRKs. Taken together, all these processes could

be important in maintaining the signal specificity of calcium

response.

Parameters described by us in the present study such as

amplitude, FWHM and area of the calcium spike could account

for shape determinants of calcium spikes. Our analysis of ATP-

and serotonin-induced temporal profile of calcium suggests that

these ligands induce different patterns of calcium signaling.

Another interesting feature of calcium signaling that has emerged

from our analysis is that the profile of individual transients in a

calcium response could play an important role in maintaining

downstream signal specificity. This is because our analysis showed

that parameters such as amplitude, FWHM and area of the

calcium spike varied with spike position for different ligands.

Taken together, our analysis provides a novel approach to identify

differences in patterns of calcium responses induced by various

stimuli. The novelty of our approach lies in analysis of individual

spikes in a multi-spike pattern. Existing approaches mainly

consider parameters such as frequency of oscillations and overall

pattern of calcium response to describe differences between

calcium responses induced by various receptors or ligands. To

the best of our knowledge, this is one of the first reports which

suggest that the shape of individual spikes could vary in a multi-

spike calcium response and this could represent an important

determinant for the specificity of calcium signaling. In addition,

our analysis could be useful in understanding the mechanism of

interplay of various determinants of calcium signaling, which

confers signal specificity to calcium response.
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