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The dynamic interplay between extracellular ATP (eATP) and intracellular calcium ([Ca2+]i) serves as a pivotal 
signaling axis in cellular physiology, influencing a myriad of cellular processes. Traditionally recognized as an 
energy currency within the cell, ATP has emerged as a multifunctional signaling molecule that orchestrates 
diverse cellular responses through activation of purinergic receptors. The complex link between ATP signaling 
and calcium dynamics plays a central role in cellular communication and homeostasis. Advancements in imaging 
technologies such as development of genetically encoded biosensors have revolutionized the study of cellular 
signaling dynamics, enabling visualization of the spatiotemporal aspects of eATP and [Ca2+]i in real-time. The 
convergence of eATP signaling and [Ca2+]i dynamics serves as a central hub in cellular communication. In this 
study, utilizing bicistronic construct biosensors for multispectral imaging of [Ca2+]i responses to eATP, we show 
that distinct concentrations of eATP administration reveal complex intracellular [Ca2+]i responses, potentially 
attributed to receptor desensitization. Single-cell co-imaging uncovers [Ca2+]i heterogeneity, emphasizing the 
significance of individual cell dynamics in eATP-induced calcium signaling. Therefore, this study sheds light on 
the intricacies of eATP-induced calcium signaling, providing insights valuable for basic research and therapeutic 
applications. 
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Introduction 
 

The dynamic interplay between extracellular ATP 
(eATP) and intracellular calcium ([Ca2+]i) serves as a pivotal 
signaling axis in cellular physiology, influencing a myriad 
of cellular processes ranging from cell proliferation to 
synaptic transmission [1,2]. ATP, traditionally recognized 
as an energy currency [3,4] within the cell, has emerged 
as a multifunctional signaling molecule that orchestrates 
diverse cellular responses through activation of purinergic 
receptors [5,6]. Notably, the intricate link between ATP 
signaling and calcium dynamics plays a central role in 
cellular communication and homeostasis [7,8].  

Adenosine triphosphate (ATP), primarily known for its 
role in cellular energy transfer, has garnered increasing 
attention as an extracellular signaling molecule [9]. The 
recognition of purinergic receptors, encompassing P1 
adenosine and P2 purinoceptor families, has established 
ATP as a key mediator in intercellular communication [10]. 
Among the P2 purinoceptor family, P2X receptors directly 
respond to eATP, leading to the influx of calcium ions and 
subsequent activation of downstream signaling cascades 
[11]. The coupling of eATP to intracellular calcium 
signaling is integral for the regulation of cellular responses 
[12,13], making it a focal point for investigations aimed at 
unraveling the complexities of cellular communication. 

Advancements in imaging technologies have 
revolutionized the study of cellular signaling dynamics 

[14], enabling researchers to visualize the spatiotemporal 
aspects of eATP and [Ca2+]i in real-time [15-17]. Chemical 
and genetically encoded biosensors have played pivotal 
roles in this endeavor [18]. Traditional chemical 
indicators, such as Fluo-4 and Fura-2, offer high sensitivity 
but are limited by issues like photobleaching and potential 
cytotoxicity [19]. Genetically encoded biosensors, on the 
other hand, provide a versatile and targeted approach by 
fusing fluorescent proteins with proteins sensitive to 
specific signaling molecules [18]. 

This study, employed a bicistronic construct 
expressing GRABATP1.0 and RCaMP, genetically encoded 
biosensors for eATP and [Ca2+]i, respectively [20]. This 
approach not only allows for the simultaneous monitoring 
of extracellular ATP and intracellular calcium but also 
offers the advantage of improved spatial resolution and 
reduced perturbation compared to traditional chemical 
indicators. The specific binding and fluorescence changes 
associated with these genetically encoded biosensors 
offer a direct and reliable readout of eATP and [Ca2+]i, 
facilitating a more comprehensive understanding of the 
signaling events.  

While genetically encoded biosensors have 
significantly advanced live-cell imaging, the importance of 
multiparametric imaging cannot be overstated [21]. 
Multispectral imaging involves the simultaneous 
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acquisition of multiple wavelength bands, allowing for the 
discrimination of distinct fluorophores [7,22,23]. This 
study utilizes the GRABATP1.0 [15] and RCaMP [22] 
permitting multispectral imaging to capture their unique 
spectral properties using conventional widefield 
microscopes, a common challenge in conventional 
imaging techniques. This approach provides a nuanced 
perspective, enabling the separation of signals from 
different probes, thereby refining the accuracy of data 
interpretation. In the context of eATP and [Ca2+]i imaging, 
multispectral analysis would not only improve the 
reliability of signal detection but also facilitate the 
identification of potential crosstalk or interference 
between the two signaling pathways. Thus, the 
incorporation of multispectral imaging with genetically 
encoded biosensors is instrumental in advancing the 
precision and discriminatory power of live-cell imaging 
studies. 

The cellular landscape is inherently heterogeneous, 
with individual cells within a population often exhibiting 
diverse characteristics [24]. Single cell heterogeneity is 
particularly evident in signaling pathways, where cellular 
responses to external stimuli can vary significantly even 
within clonal cell lines [25]. Traditional population-level 
measurements may obscure critical insights into the 
underlying dynamics of cellular signaling [26]. Single cell 
imaging techniques provide a powerful tool to unveil this 
heterogeneity and offer a more granular understanding of 
cellular responses [27]. In the context of our study, single 
cell imaging allowed us to discern variable [Ca2+]i 
responses despite consistent eATP signals. This discovery 
underscores the importance of investigating signaling 
dynamics at the single-cell level. By unraveling the 
heterogeneity within a cell population, we gain a more 
comprehensive understanding of the range of responses 
that cells may exhibit. Single cell imaging enables the 
identification of subpopulations with distinct signaling 
profiles, revealing hidden complexities that would 
otherwise be overlooked in bulk measurements.  

Understanding single cell heterogeneity in signaling 
has profound implications for both basic research and 
therapeutic applications [28]. It provides insights into the 
inherent diversity of cellular responses, offering a more 
accurate representation of the cellular milieu. This 
knowledge is crucial for designing targeted interventions, 
as therapies that account for and address the spectrum of 
cellular responses within a population are likely to be 
more effective. Consequently, the importance of single 
cell imaging in elucidating the intricacies of cellular 
signaling cannot be overstated. It serves as a key tool for 
refining our understanding of cellular behavior, fostering 
advancements in both basic science and clinical 
applications. 

The convergence of eATP signaling and [Ca2+]i 
dynamics serves as a central hub in cellular 
communication. Leveraging genetically encoded 
biosensors, particularly through multispectral imaging, 
provides a powerful platform for dissecting the 
complexities of these interconnected signaling pathways. 

Furthermore, the exploration of single cell heterogeneity 
sheds light on the diversity of cellular responses, offering 
a more nuanced understanding of the intricate signaling 
networks governing cellular behavior. Our study 
contributes to this ongoing endeavor by employing 
cutting-edge techniques to unravel the heterogeneity in 
eATP-induced calcium signaling, paving the way for 
enhanced precision and reliability in the study of cellular 
signaling dynamics. 

 

Materials and Methods 
 

Cell Culture and Transfection 
Human embryonic kidney cells (HEK293T) were 

cultured in a high-glucose medium (4.5 g/L) supplemented 
with 10% FBS, 100 μg/ml streptomycin, and 100 U/ml 
penicillin. Cells were maintained in a humidified incubator 
at 37°C with 5% CO2. 24 hours prior to transfection, cells 
were seeded at a density of approximately 3 × 105 cells per 
well on 30 mm glass coverslips No.1 (Glaswarenfabrik Karl 
Knecht, Sondheim, Germany). When cells reached a 
confluency of about 70–80%, transfection with GRABATP1.0-
P2A-RCaMP was carried out using the PolyJet transfection 
reagent, following the manufacturer's guidelines. All 
imaging experiments took place 24 hours post-
transfection. 

 

Imaging Buffers and Solutions 
 All chemicals were purchased from NeoFroxx except 

otherwise stated. One hour before the imaging 
experiment, the culture medium was substituted with a 
sterile storage buffer (pH=7.43). This buffer comprised 2 
mM CaCl2, 5 mM KCl, 138 mM NaCl, 1 mM MgCl2, 1 mM 
HEPES (Pan-Biotech, Aidenbach, Germany), 0.44 mM 
KH2PO4, 2.6 mM NaHCO3, 0.34 mM NaH2PO4, 10 mM D-
Glucose, 0.1% MEM Vitamins (Pan-Biotech, Aidenbach, 
Germany), 0.2% essential amino acids (Pan-Biotech, 
Aidenbach, Germany), 100 µg/mL penicillin (Pan-Biotech, 
Aidenbach, Germany), and 100 U/mL streptomycin (Pan-
Biotech, Aidenbach, Germany). Cells were kept in the dark 
outside the incubator for one hour in the storage buffer 
before performing the imaging experiments. The 
physiological imaging buffer composition included 2 mM 
CaCl2, 5 mM KCl, 138 mM NaCl, 1 mM MgCl2, and 10 mM 
D-Glucose, pH buffered with 10 mM HEPES (7.43). For 
experiments with ATP administration, the desired 
concentrations of ATP were prepared in the 
abovementioned imaging buffer. 

 

Fluorescence Imaging 
Real-time imaging experiments utilizing HEK293T cells 

expressing GRABATP1.0-P2A-RCaMP were conducted on a 
Zeiss Axio Observer.Z1/7 (Carl Zeiss AG, Oberkochen, 
Germany) equipped with a Colibri 7 LED light source 
(excitation wavelengths: 423/44 nm, 469/38 nm, 555/30 
nm), Plan-Apochromat 20×/0.8 dry objective, Plan-
Apochromat 40×/1.4 oil immersion objective, and a 
monochrome CCD camera Axiocam 503. GRABATP1.0 signals 
were obtained using a 495 nm excitation filter, and 
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emission signals were collected through a bandpass filter 
(BP 525/50). For RCaMP emissions, filter combinations 
FT570 (BS) and emission filter 605/70 were employed. The 
data acquisition process utilized Zen Blue 3.1 Pro software 
(Carl Zeiss AG, Oberkochen, Germany). The administration 
and washout of the imaging buffers were facilitated by a 
custom-made perfusion system and a metal perfusion 
chamber (NGFI, Graz, Austria). 

  
Statistical Analysis 
All data analysis was performed using GraphPad Prism 

software (GraphPad Software, San Diego, CA, USA). One-
way ANOVA (Tukey’s multiple comparison test) was 
performed for statistical comparison of the multiple 
responses.  

 

Results and Discussion 
 
In this study, our primary objective was to establish a 

correlation between extracellular ATP levels and 
intracellular calcium responses within cultured HEK293T 
cells. To achieve this, we employed a novel bicistronic 
construct that co-expresses the differentially targeted 
GRABATP1.0 for extracellular ATP detection and the 
intracellularly targeted calcium sensor RCaMP (Figure 1A). 
The distinct spectral properties of both biosensors 
enabled accurate detection of their emissions in their 
respective channels. Successful differential targeting was 
confirmed, and no discernible bleedthrough was 

observed, as illustrated in (Figure 1B). Notably, despite 
being separated by a self-cleavage peptide (P2A), both 
biosensors exhibited robust expression in the cellular 
environment.  

Subsequently, we assessed the functionality of the 
biosensors and their responses to extracellular ATP, 
focusing on the impact on intracellular calcium levels. 
(Figure 1C) demonstrates that the constitutive addition of 
varying concentrations of extracellular ATP led to a clear 
and concentration-dependent activation of GRABATP1.0, 
validating the correct function of the extracellular ATP 
sensor in the green channel. Concurrently, the red-
fluorescent protein-based RCaMP exhibited functional 
responsiveness, demonstrating a robust intracellular 
calcium response even in the presence of low extracellular 
ATP concentrations. 

This experimental setup, performed in transiently 
transfected HEK293T cells, effectively showcases the full 
functionality of both probes and allows for the precise 
correlation of extracellular ATP and intracellular calcium 
signals. Utilizing a pump-driven super fusion system, we 
administered and withdrew different concentrations of 
ATP, as indicated by lines. Intriguingly, we observed rapid 
activation of intracellular calcium, characterized by 
characteristic oscillations during ATP treatment. 
Noteworthy is the observation that upon withdrawal of 
the agonist from the imaging medium, extracellular ATP 
signals declined more slowly compared to the 
corresponding intracellular calcium signals. 

 

 
Figure 1. Graphical overview and characterization of GRABATP1.0-P2A-RCaMP construct. A) Graphic illustrates the localization of GFP-based 

ATP biosensor (GRABATP1.0) and RFP-based Ca2+ biosensor (RCaMP). B) High resolution confocal images of HEK293T cells expressing 
GRABATP1.0-P2A-RCaMP. Left image shows HEK293T cells stained with Hoechst. The second and third image shows the same cells co-
expressing RCamP and GRABATP1.0, respectively. The very right image shows the merged version of the single images. C) Real-time 
traces of extracellular ATP imaged with GRABATP1.0 (black curve) and intracellular calcium, imaged with RCaMP (red curve) in response 
to the indicated concentrations of extracellular ATP using a pump driven super fusion system. Scale bar represents 20 µm. 

 
To further explore the observed phenomena and 

elucidate the direct relationship between extracellular 
ATP and intracellular calcium, we refined our perfusion 
protocols. In this iteration, we administered identical 

concentrations of extracellular ATP, as illustrated in 
(Figure 1), but omitted washout steps between the 
increasing concentrations of ATP. As anticipated, the 
extracellular ATP biosensor, GRABATP1.0, exhibited a 
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pronounced concentration-dependent response in 
accordance with the increasing levels of ATP 
administration. Surprisingly, the corresponding 
intracellular calcium responses displayed non-specific 
calcium activity.  

The observed correlation between extracellular ATP 
and intracellular calcium responses, as depicted in (Figure 
1C), presents an intriguing aspect of cellular signaling 
dynamics. Notably, this correlation becomes more 
pronounced when extracellular ATP is subjected to a 
washout-readdition protocol. A plausible explanation for 
this phenomenon lies in the concept of receptor 
desensitization, a complex regulatory mechanism that 
shapes cellular responses to repeated or sustained ligand 
exposure [30]. Purinergic receptors, particularly P2 
receptors that respond to extracellular ATP, are known to 
undergo desensitization following prolonged or repetitive 
stimulation [31]. Desensitization refers to a reduction in 
receptor responsiveness, often attributed to mechanisms 
such as receptor internalization, uncoupling from 
downstream signaling pathways, or alterations in receptor 
conformation. In the context of our study, repeated 
exposure to extracellular ATP could induce desensitization 
of purinergic receptors within the cellular membrane. The 
washout and subsequent re-addition of ATP in our 
experimental setup may serve as a resetting mechanism 
for the desensitized receptors. During the washout phase, 
any bound ATP molecules are removed, allowing 

receptors to undergo deactivation and potentially regain 
sensitivity. Upon re-addition of ATP, receptors that have 
been reset during the washout phase may exhibit 
heightened responsiveness to extracellular ATP, leading 
to the observed correlation with intracellular calcium 
responses. This phenomenon aligns with the concept of 
ligand-induced receptor desensitization and 
resensitization, which has been well-documented in 
various cellular systems [32]. It reflects the dynamic 
nature of cellular signaling regulation, where the 
responsiveness of receptors can be modulated in 
response to ligand exposure patterns. The washout-
readdition protocol in our study provides a controlled 
experimental context to investigate the temporal aspects 
of purinergic receptor desensitization and recovery, 
shedding light on the intricacies of extracellular ATP-
mediated signaling events. 

(Figure 2) presents three representative multispectral 
imaging experiments (Figure 2A-C) out of several repeats. 
In these experiments, while certain cells exhibited 
minimal and transient intracellular calcium activity, others 
displayed oscillations irrespective of the extracellular ATP 
concentrations applied. The statistical analysis of these 
experiments, as depicted in Figure 2D, revealed a robust 
and heterogeneous maximum intracellular calcium 
response. Conversely, the extracellular ATP sensor 
GRABATP1.0 exhibited a clear concentration correlation 
with no observed heterogeneity. 

 

 
Figure 2.  Single cell responses of HEK293T cells to extracellular ATP as indicated in the panels A-C. Extracellular ATP      responses detected 

with GRABATP1.0 are shown in black curve, left axis; and intracellular calcium responses detected with RCaMP are shown as red curves, 
right axis. These representative experiments were repeated 9 times. Panel D, shows a scatter dot plot analysis of maximum RCaMP 
responses (n=9) and panel e shows the statistical analysis of maximum responses of GRABATP1.0 (n=9) in response to 0,5 µM, 30 µM 
and 200 µM as indicated in the panels. Error bars show ±SD values.. 

These findings collectively suggest a significant 
heterogeneity in intracellular calcium responses within 
cultured HEK293T cells exposed to identical 
concentrations of extracellularly applied ATP. The absence 
of a clear correlation between extracellular ATP and 

intracellular calcium responses under direct 
administration suggests a complex and dynamic cellular 
response. This lack of correlation could be attributed to 
the rapid and sustained activation of receptors, leading to 
desensitization and downstream signaling alterations 
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[30]. The direct administration protocol may induce 
receptor desensitization, disrupting the usual correlation 
observed with washout-readdition cycles. Receptor 
desensitization is a crucial aspect to consider in the 
interpretation of our results. P2 purinergic receptors, 
which respond to extracellular ATP, may undergo 
desensitization upon prolonged or repetitive stimulation. 
This desensitization could alter intracellular calcium 
signaling dynamics and contribute to the observed 
differences in responses between the two experimental 
setups. This unexpected diversity in the intracellular 
calcium signaling underscores the complexity of the 
cellular response to extracellular ATP and prompts further 
investigation into the underlying mechanisms governing 
such heterogeneity even in clonal cell lines. 

The integration of multispectral imaging techniques 
has been a key facet of our research endeavors, extending 
beyond the investigation of extracellular ATP and 
intracellular calcium dynamics. In previous studies, we 
applied similar multispectral imaging approaches to 
correlate intracellular calcium responses with nitric oxide 
[7] or hydrogen peroxide levels [29]. In a recent 
investigation, we employed a multiparametric imaging 
strategy, revealing differential cellular responses at the 
subcellular level in co-cultured cells [21]. The application 
of multispectral imaging to simultaneously monitor 
extracellular ATP and intracellular calcium responses 
furnishes a significant advantage in our research. This 
methodological approach not only facilitates the 
detection of subtle differences in cellular responses but 
also allows for a nuanced exploration of intricate signaling 
pathways that may evade detection in conventional 
single-channel imaging. Our study on the interplay 
between extracellular ATP and intracellular calcium in 
HEK293T cells underscores the imperative of employing 
advanced imaging techniques for a comprehensive 
understanding of cellular signaling dynamics. 
Furthermore, our broader research context involving 
intracellular calcium, nitric oxide, and hydrogen peroxide 
emphasizes the versatility of multispectral imaging. By 
expanding our investigative scope, we have successfully 
unraveled the complex interrelationships governing 
cellular responses. In a recent multiparametric imaging 
study, the differential cellular responses observed in co-
cultured cells on the subcellular level underscore the 
power of multispectral imaging in deciphering intricate 
cellular signaling networks [21]. 

The application of biosensors in single-cell imaging is 
paramount in uncovering cellular heterogeneity. Our 
study emphasizes the significance of biosensors, such as 
GRABATP1.0 and RCaMP, in elucidating individual cell 
responses. Single-cell imaging allows the identification of 
cell-to-cell variations that would be masked in population-
based measurements, providing a more nuanced 
understanding of cellular signaling dynamics. The 
detection of heterogeneous intracellular calcium 
responses underscores the complexity within the cellular 
population. Understanding this heterogeneity is crucial 
for several reasons. Firstly, it reflects the diverse nature of 

cellular responses to extracellular ATP, suggesting the 
involvement of intricate regulatory mechanisms. 
Secondly, this information has implications for 
therapeutic interventions, as targeting specific 
subpopulations of cells may be necessary for effective 
treatment strategies. 
 

Conclusion 
 

In conclusion, our study leverages advanced imaging 
techniques and biosensors to uncover the intricate 
relationship between extracellular ATP and intracellular 
calcium in HEK293T cells. The observed heterogeneity and 
the impact of receptor desensitization underscore the 
dynamic nature of cellular responses, emphasizing the 
need for nuanced experimental designs and single-cell 
imaging approaches in unraveling the complexity of 
purinergic signaling. 
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