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Abstract

The melanocortin-4 receptor (MC4R), a critical G-protein-coupled receptor (GPCR) 
regulating energy homeostasis, activates multiple signalling pathways, including 
mobilisation of intracellular calcium ([Ca2+]i). However, very little is known about the 
physiological significance of MC4R-induced [Ca2+]i since few studies measure MC4R-
induced [Ca2+]i. High-throughput, read-out assays for [Ca2+]i have proven unreliable 
for overexpressed GPCRs like MC4R, which exhibit low sensitivity mobilising [Ca2+]i. 
Therefore, we developed, optimised, and validated a robust quantitative high-throughput 
assay using Fura-2 ratio-metric calcium dye and HEK293 cells stably transfected 
with MC4R. The quantitation enables direct comparisons between assays and even 
between different research laboratories. Assay conditions were optimised step-by-step 
to eliminate interference from stretch-activated receptor increases in [Ca2+]i and to 
maximise ligand-activated MC4R-induced [Ca2+]i. Calcium imaging was performed using 
a PheraStar FS multi-well plate reader. Probenecid, included in the buffers to prevent 
extrusion of Fura-2 dye from cells, was found to interfere with the EGTA-chelation of 
calcium, required to determine Rmin for quantitation of [Ca2+]i. Therefore, we developed a 
method to determine Rmin in specific wells without probenecid, which was run in parallel 
with each assay. The validation of the assay was shown by reproducible α-melanocyte-
stimulating hormone (α-MSH) concentration-dependent activation of the stably expressed 
human MC4R (hMC4R) and mouse MC4R (mMC4R), inducing increases in [Ca2+]i, for 
three independent experiments. This robust, reproducible, high-throughput assay that 
quantitatively measures MC4R-induced mobilisation of [Ca2+]i in vitro has potential to 
advance the development of therapeutic drugs and understanding of MC4R signalling 
associated with human obesity.

Introduction

Mutations in hMC4R are the single most common gene 
mutation associated with human obesity (Farooqi et  al. 
2000, Vaisse et al. 2000). For years, studies investigating 
native and mutant MC4R signalling have focused 
on MC4R-induced increases in cyclic AMP (cAMP)  

(Yeo et  al. 2003), activation of CRE-reporter gene 
transcription (Wright et  al. 2015), and phosphorylation 
of ERK (Daniels et al. 2003, Vongs et al. 2004, Chai et al. 
2006, Paisdzior et al. 2020). Recently, hMC4R recruitment 
of β-arrestin was investigated, and a significant correlation 
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was found between the efficacy of mutant MC4R-β-
arrestin recruitment and BMI but not between cAMP 
and BMI (Lotta et al. 2019). A second study also showed 
mutant MC4R exhibit decreased, or increased, β-arrestin 
recruitment in vitro (Gillyard et  al. 2019). Both studies 
indicate that MC4R-β-arrestin signalling is more closely 
associated with obesity compared with MC4R-associated 
cAMP, which emphasises a need to investigate MC4R 
signalling beyond cAMP. Measurement of [Ca2+]i is not 
considered a reliable high-throughput read-out in an 
overexpression system (Westerink & Hondebrink 2010, 
Meijer et  al. 2014, Gillyard et  al. 2019). Recently, using 
microscopy analysis, Class V obesity-associated hMC4R 
variants (i.e. those that are obesity associated but appear 
similar to WT on cAMP assays and protein expression 
studies) were shown to mobilise [Ca2+]i with similar 
efficacy to WT hMC4R (Sharma et  al. 2020). However, 
application of this method is limited as it is neither of 
high throughput nor quantitative. A high-throughput 
nuclear factor of activated T cell (NFAT) luciferase reporter 
gene assay was recently used to show that Class V obesity-
associated hMC4R variants exhibit impaired activation 
of phospholipase C-β (PLC) compared with WT hMC4R 
(Clement et  al. 2018). It is assumed that this signalling 
is via PLC-induced increased inositol triphosphate and 
mobilisation of intracellular calcium. Because α-MSH-
induced [Ca2+]i in HEK293 cells is not associated with 
an increase in inositol triphosphate but is significantly 
attenuated by cholera toxin and therefore dependent 
on Gαs (Mountjoy et  al. 2001), the signalling pathway 
monitored by NFAT luciferase reporter in HEK293 
cells may or may not involve α-MSH-induced [Ca2+]i. 
Nevertheless, while the intracellular signalling pathway 
responsible for α-MSH-induced [Ca2+]i in HEK293 cells 
remains unknown, there is a need to develop a high-
throughput assay to specifically measure MC4R-induced 
mobilisation of [Ca2+]i in vitro.

High-throughput GPCR signalling assays, comprising 
cell monolayers in 96-well plates with automated 
capturing of a signalling response (Kurko et  al. 2009, 
Valentine & Tigyi 2012), can have associated problems. 
The first problem is to eliminate ‘stretch-receptor-
activated mobilisation of [Ca2+]i which interferes with 
ligand-induced mobilisation of [Ca2+]i and contributes 
to assay variability. Stretch-receptor responses are 
triggered by turbulence resulting from injecting 
ligands into media covering the cell monolayer and/or  
sudden movement of the plate (Demer et  al. 1993, 
Naruse & Sokabe 1993, Sigurdson et  al. 1993, Rosales 
et  al. 1997, Tong et  al. 1999, Hayakawa et  al. 2008,  

Heusinkveld & Westerink 2011, Meijer et  al. 2014). 
Secondly, there is potential for non-homogeneous 
distribution of the calcium-binding dye in a cell 
monolayer. Accumulation of dye in multiple, discrete 
subcellular compartments blunts ligand-induced calcium 
transients (Malgaroli et  al. 1987). Thirdly, plate-reader-
based methods have low temporal and spatial resolution 
resulting in low sensitivity for measuring highly 
dynamic and transient changes in [Ca2+]i (Meijer et  al. 
2014). Fourthly, most high-throughput assays measuring 
calcium transients use single-wavelength fluorescent 
dyes such as Fluo-4 that are not quantitative and are 
subject to interference from a number of factors (Kurko 
et al. 2009, Galaz-Montoya et al. 2017). Comparisons of 
transient changes in [Ca2+]i are only possible within an 
assay using single-wavelength calcium indicators.

Dual-wavelength calcium indicators such as Fura-2 
undergo a spectral shift proportional to [Ca2+]i and are 
not subject to interference seen with single-wavelength 
calcium dyes (Paredes et  al. 2008). Peak-emitted 
fluorescence of Fura-2 at 510 nm shifts with excitation 
wavelength from 340 nm in the calcium-bound state 
to 380 nm in the calcium-free state. Fura-2-Ca2+ is 
quantitated by computing the ratio of fluorescence at 
two wavelengths, independent of dye concentration 
in the assay (Grynkiewicz et  al. 1985, Malgaroli et  al. 
1987). Therefore, average cytosolic-free calcium released 
during an assay can be quantitated with Fura-2, providing 
that minimum (Rmin) and maximum (Rmax) Ca2+ can be 
determined.

Previously, using cell suspensions and a manual assay 
with Fura-2, carbachol was shown to activate endogenous 
M3 muscarinic acetylcholine receptor (M3-AChR) in 
HEK293 cells increasing [Ca2+]i, while α-melanocyte-
stimulating hormone (α-MSH) activated stably expressed 
mMC4R stimulating, a reduced [Ca2+]i response (~three-
fold lower) compared with carbachol-stimulated M3-AChR 
response (Mountjoy et al. 2001). Traditional FLIPR assays, 
commonly used to measure relative [Ca2+]i concentrations, 
appear not to have been used to demonstrate MC4R 
coupling to [Ca2+]i. This may be due to the FLIPR assay 
not having the sensitivity required to detect relatively low 
efficacious MC4R-induced [Ca2+]i responses (Mountjoy 
et al. 2001, Newman et al. 2006, Sharma et al. 2020). Here, 
we developed and validated a high-throughput assay using 
Fura-2 to quantitate [Ca2+]i responses for stably expressed 
hMC4R and mMC4R in HEK293 cells. We evaluated 
assay conditions in a step-by-step manner. Finally, we 
validated the high-throughput quantitative [Ca2+]i assays 
for α-MSH-concentration-dependent activation of hMC4R 
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and mMC4R and carbachol-concentration-dependent 
activation of M3-AChR was used as a positive control.

Materials and methods

Reagents

DMEM, newborn calf serum (NCS), penicillin and 
streptomycin (P/S), Fugene 6 transfection reagent, and 
Geneticin (G418) were purchased from Invitrogen. Poly-
L-lysine (PLL), ionomycin calcium salt, ethylene glycol-
bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 
(EGTA) and carbamylcholine chloride (carbachol) were 
purchased from Sigma-Aldrich. Fura-2/AM, pluronic 
acid F-127, probenecid, and HBSS were purchased from 
Life Technologies. α-MSH was purchased from Bachem, 
Switzerland. Corning 96-well black, clear-bottom 
polystyrene, tissue-culture-treated microplates were 
purchased from Invitro Technologies.

Cells and plasmids

The human embryonic kidney (HEK293) cells used 
in this study were originally sourced from ATCC and 
authenticated in this laboratory. For the SNPs tested, 
they are 100% identical to ATCC clone CRL-12013. The 
hMC4R and mMC4R cloned in pcDNA3.1 and HEK293 
cells stably expressing hMC4R or mMC4R were previously 
developed (Mountjoy et al. 1994, Kay et al. 2015).

Buffers

The buffers used were: CLB-LG (132 mM NaCl, 5 mM KCl,  
5 mM Na2HPO4, 1.2 mM NaH2PO4·H2O, 1 mM CaCl2·2H2O, 
0.8 mM MgCl2·6H2O, 1 mM Glucose); CLB-HG (132 mM 
NaCl, 5 mM KCl, 5 mM Na2HPO4, 1.2 mM NaH2PO4·H2O, 
1 mM CaCl2·2H2O, 0.8 mM MgCl2·6H2O, 10 mM Glucose); 
Ca2+-free buffer-HG (132 mM NaCl, 5 mM KCl, 5 mM 
Na2HPO4, 1.2 mM NaH2PO4·H2O, 0.8 mM MgCl2·6H2O, 
10 mM Glucose); Ca2+-free buffer–Ward (118 mM NaCl, 
6 mM KCl, 1.18 mM MgSO4, 1.18 mM KH2PO4, 24.8 mM 
NaHCO3, 10 mM glucose) and Ca2+-free buffer Ion Optix 
(10 mM NaCl, 150 mM KCl, 3 mM MgCl2, 10 mM HEPES).

Cell culture

HEK293 cells were grown in DMEM supplemented with 
10% (v/v) NCS and 1% (v/v) P/S at 37 °C under 5% CO2. 
The hMC4R or mMC4R stably transfected HEK293 cells 
were maintained in the presence of 500 μg/mL G418.

Experimental design

First, the speed and volume of vehicle injection onto 
HEK293 cell monolayer were optimised to eliminate 
stretch-receptor activation of [Ca2+]i. Secondly, the dye-
loading and esterase-activity buffers, incubation times, 
and incubation temperatures were optimised in a step-by-
step manner (Fig. 1) for use with Fura-2/AM, a membrane-
permeable dye (Grynkiewicz et  al. 1985). Each step was 
optimised to eliminate vehicle-induced stretch-receptor 
activation and maximise carbachol-induced M3-AChR 
mobilisation of [Ca2+]i (positive control). Thirdly, the 
method was validated for reproducible quantitative 
analysis of carbachol-induced M3-AChR mobilisation 
of [Ca2+]i and α-MSH-induced hMC4R and mMC4R 
mobilisation of [Ca2+]i.

Optimisation of injection speed and injection 
volume to prevent stretch-receptor-activated  
[Ca2+]i in HEK293 cell monolayer

HEK293 cells (4.5 × 104 cells/0.2 mL/well) were plated 
in PLL coated 96-well plates. After 48 h, cells (~1.2 × 105 
cells/well) were washed once with 0.2 mL DMEM/25 mM 
HEPES containing 2.5 mM probenecid. Cells were then 
loaded with 100 µL of this media containing Fura-2/AM  
(1 µg/µL) premixed with 20 % pluronic acid F-127 in 
DMSO (1:1), and added to media to give 2 µM Fura-2/AM 
final concentration. Cells were incubated at RT for 60 min 
in the dark (wrapped in foil). Loading buffer was removed, 
and cells washed once with 0.2 mL CLB-HG containing  
2.5 mM probenecid. CLB-HG containing 2.5 mM 
probenecid (0.29 mL) was added to each well, and the 
plate incubated at 37°C for 90 min inside the PheraStar 
FS. During this incubation, Fura-2/AM was de-esterified 
to Fura-2. To test for stretch-receptor activation, vehicle 
(CLB-HG) ranging from 10 to 50 µL was injected into each 
well with speeds ranging from 100 to 430 µL/s.

Figure 1
Schematic showing the experimental parameters optimised for 
measuring [Ca2+]i in HEK293 cell monolayers.
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Optimisation of buffers, incubation temperatures, 
and incubation times for Fura-2/AM loading and 
Fura-2/AM esterase cleavage plus calcium imaging

Buffers, incubation times, and temperatures for  
Fura-2/AM loading and esterase cleavage of Fura-2/AM to 
release Fura-2 were optimised as outlined in Fig. 1.

Development of quantitative [Ca2+]i assay for use 
with cell monolayers in 96-well plate

[Ca2+]i was calculated using the f340/f380 ratio and the 
Grynkiewicz   et al. equation with Kd = 224 (Grynkiewicz 
et  al. 1985). To determine Rmin and Rmax values, EGTA 
(10 µL of 165 mM stock in water) was injected at 30 s to 
chelate calcium, and ionomycin (10 µL of 0.33 mM stock 
in DMSO) was injected at 30 s to increase extracellular 
calcium flux across the plasma membrane and saturate 
Fura-2 binding.

Development of quantitative [Ca2+]i assay for use 
with cell suspensions in 96-well plate

Confluent cells grown in T75 tissue culture flasks 
were washed and detached using versene, diluted in  
DMEM/25 mM HEPES containing 10% NCS, and pelleted 
by centrifugation at 950 g for 5 min. The cell pellet was 
washed with DMEM/25 mM HEPES, pelleted again by 
centrifugation, and then the cells were resuspended in 
DMEM/25 mM HEPES. A 1:1 mix of Fura-2/AM with 
pluronic acid in DMSO was added to the cell suspension 
to give 2 µM Fura-2/AM final concentration. Cells 
were incubated at RT for 60 min in dark with gentle  
mixing by manually rotating the tube. Cells were 
pelleted, washed once with CLB-HG containing 1 mM  
probenecid and pelleted again. The cell pellet was 
gently resuspended in CLB-HG containing 1 mM 
probenecid to give 8.5 × 105 cells/mL and cells incubated 
at 37°C for 80 min in dark with gentle mixing. Cells 
were then pipetted into PLL coated 96-well plates 
(~1.8 × 105 cells/0.21 mL/well) for calcium imaging in the  
PheraStar FS.

The well volume (0.21–0.29 mL), injection volume 
(10–30 µL) and injection speed (100–150 µL/s) for the 
addition of vehicle or ligand was optimised for cell 
suspensions. Baseline, vehicle, and α-MSH (10−6–10−10 M)  
stimulated 340/380 ratios were monitored and [Ca2+]i  
was quantitated following the protocol outlined for 
quantitation of [Ca2+]i in cell monolayers.

Calcium imaging

The 96-well plates with cells were imaged using PheraStar 
FS (BMG LABTECH) at 37°C. Baseline fluorescence 
intensity for each well was recorded for 30 s using 340/380 
nm excitation and 510 nm emission wavelengths (Fig. 2A). 
Vehicle/ligand was injected at 30 s, and the 340/380 ratio 
(Fig. 2B) was monitored post-injection for 50 s. The peak 
340/380 ratio was calculated by subtracting the baseline 
340/380 ratio from the maximum 340/380 ratio (Fig. 2C). 
An increase or decrease in the 340/380 ratio reflects an 
increase or decrease in calcium signal, respectively. The 
basal and agonist-stimulated carbachol response was used 
as an indicator for the optimal conditions.

PheraStar FS setup

The PheraStar FS plate reader was set up for imaging 
calcium with a settling time of 0.5 s before measurement 
of each well, and with a bi-directional horizontal reading 
direction to avoid activation of stretch-receptor calcium 
channels. The number of flashes (10) per well was set 
to average to one intensity value per well to improve 
accuracy. The kinetic window was set to 80 s, and the 
plate was set at the bottom optic to measure fluorescence. 
The focus and gain were adjusted prior to running each 
assay. The focal height adjustment of the optical system 
ensures best signal-to-noise ratio for the volume in every 
well. The gain adjustment optimises signal amplification 
so that maximum sensitivity was achieved.

Statistics

GraphPad Prism 7.0 software (GraphPad Software 
Incorporated) was used to generate graphs and perform 
statistical analysis. Carbachol- and α-MSH-concentration-
response curves were fitted to raw [Ca2+]i data to obtain 
EC50 values from three independent experiments. 
The quantitative [Ca2+]i data from three independent 
experiments were then pooled for comparison of 
maximum, minimum, or EC50 values between carbachol-
induced and α-MSH-induced [Ca2+]i.

Results

Ten microlitres injection at a speed of 100 µL/s into 
290 µL buffer covering a HEK293 cell monolayer 
eliminates stretch-receptor Ca2+ response

We found that a 10 μL injected at 100 μL/s into a well 
containing 290 μL buffer consistently eliminated 
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stretch-receptor activated [Ca2+]i response in HEK293 
cell monolayers (Supplementary Table 1, see section on 
supplementary materials given at the end of this article).

Dulbecco’s modified Eagle medium (DMEM) is the 
optimal buffer for Fura-2/AM loading

Fura-2/AM loading into HEK293 cells was compared 
between buffers, DMEM and calcium loading buffer-
high glucose (CLB-HG). Data from two independent 
experiments showed that DMEM was optimal for  
Fura-2/AM loading. In contrast with CLB-HG, there was 
no vehicle-induced activation of stretch-receptor calcium 
response in the presence of DMEM. Furthermore, two 
doses of carbachol (10−4 and 10−5 M) in two independent 
experiments consistently induced higher calcium signal 
with DMEM compared with CLB-HG (Fig. 3A and 
Supplementary Fig. 1A, B, C).

CLB-HG is the optimal buffer for esterase cleavage 
of Fura-2/AM and calcium imaging

Following Fura-2/AM loading in DMEM, buffers: hanks 
balanced salt solution (HBSS), calcium loading buffer-
low glucose (CLB-LG), and CLB-HG were compared for 
optimal esterase cleavage of Fura-2/AM. Data from two 
independent experiments consistently showed no vehicle-
induced stretch-activated calcium response with any of 

these buffers. However, three different doses of carbachol 
(10−3, 10−4 and 10−5 M) in two independent experiments, 
consistently induced higher calcium signal in the presence 
of CLB-HG compared with HBSS or CLB-LG (Fig. 3B and 
Supplementary Fig. 1D, E, F, G).

Room temperature (RT) is optimal for  
Fura-2/AM loading

We compared Fura-2/AM loading in DMEM between 
incubation temperatures, RT and 37°C. Data from two 
independent experiments consistently showed no vehicle-
induced stretch-activated calcium response at either 
RT or 37°C. Our data confirmed previous findings that 
dye loaded into cell monolayers at 37°C blunts ligand-
induced mobilisation of [Ca2+]i. Three doses of carbachol  
(10−4, 10−5 and 10−6 M) consistently induced higher 
calcium signal when Fura-2/AM loading was performed at 
RT compared with 37°C (Fig. 4A and Supplementary Fig. 
2A, B, C, D).

Optimal temperature for esterase cleavage of 
Fura-2/AM is 37°C

Data from two independent experiments consistently 
showed no vehicle-induced stretch-activated calcium 
response at either RT or 37°C. However, three doses of 
carbachol (10−4, 10−5 and 10−6 M) consistently induced 

Figure 2
Representative trace of fluorescence kinetic data 
from single-wells showing stretch-receptor, 
vehicle and agonist-induced [Ca2+]i in HEK293 cell 
monolayers. (A) The raw fluorescence (RFU) at  
340 nm and 380 nm for stretch-receptor, vehicle 
and agonist-induced calcium responses. (B) The 
fluorescence ratio (340/380) corresponding to the 
raw fluorescence values for stretch-receptor, 
vehicle and agonist-induced calcium responses. 
(C) Schematic showing how baseline and peak 
response for measurement of [Ca2+]i is calculated. 
Arrows indicate the time (30 s) that the vehicle/
agonist was injected and the time calcium imaging 
was finished (80 s).
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higher calcium signal when Fura-2/AM esterase cleavage 
was performed at 37°C, compared with RT (Fig. 4B and 
Supplementary Fig. 2E, F, G, H).

Optimal incubation time for Fura-2/AM loading  
is 60 min

Fura-2/AM loading in DMEM at RT was compared at  
15 min intervals for incubation times from 15 to 75 min. Data 
from three independent experiments consistently showed 
no vehicle-induced stretch-activated calcium response for 
Fura-2/AM loading performed at any of these incubation 
times. However, two doses of carbachol (10−4 and 10−5 M)  

consistently induced higher calcium signal when  
Fura-2/AM loading was conducted at RT for 60 min 
compared with other incubation times (Fig. 5A and 
Supplementary Fig. 3A, B, C).

Optimal incubation time for esterase cleavage of 
Fura-2/AM is 80 min

Endogenous esterase cleavage of Fura-2/AM following 
loading in DMEM at RT for 60 min was compared at 
10 min intervals from 10 to 120 min with incubation 
in CLB-HG at 37°C. Data from three independent 
experiments consistently showed no vehicle-induced  

Figure 3
Optimal buffer for Fura-2/AM loading is DMEM and optimal buffer for 
esterase cleavage and calcium imaging is CLB-HG. (A) DMEM and CLB-HG 
were compared for Fura-2/AM loading, and the cells were tested for 
vehicle induced stretch-activated calcium response and carbachol (10−4 
and 10−5 M)-induced calcium signal; (B) HBSS, CLB-LG, and CLB-HG were 
compared as buffers for esterase cleavage and calcium imaging. The cells 
were tested for vehicle-induced stretch-activated calcium response and 
carbachol (10−3, 10−4 and 10−5 M) -induced calcium signal. Data shown as 
mean ± s.e.m. are representative of two experiments. Data for all 
experiments are shown in Supplementary Fig. 1A, B, C, D, E, F and G.

Figure 4
Optimal temperature for Fura-2/AM loading is RT and the optimal 
temperature for esterase cleavage of Fura-2/AM is 37°C. (A) RT and 37°C 
were compared for Fura-2/AM loading and the cells were tested for 
vehicle-induced stretch-activated calcium response and carbachol  
(10−4 M, 10−5 M and 10−6 M) -induced calcium signal; (B) RT and 37°C were 
compared for esterase cleavage of Fura-2/AM and the cells were tested 
for vehicle-induced stretch-activated calcium response and carbachol 
(10−4, 10−5 and 10−6 M) -induced calcium signal. Data shown as  
mean ± s.e.m. are representative of two experiments. Data for all 
experiments are shown in Supplementary Fig. 2A, B, C, D, E, F, G and H.
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stretch-activated calcium response when cells were 
incubated for 90 min compared with the other incubation 
times. Carbachol (10−5 M) consistently induced higher 
calcium signal when cells were incubated for 80 min 
compared with other times (Fig. 5B and Supplementary 
Fig. 3D, E, F, G).

Validation that addition of pluronic acid enhances 
Fura-2/AM loading in HEK293 cell monolayers

Pluronic acid is a surfactant polyol that is frequently used 
to increase the incorporation of Fura-2/AM into cells 
(Krylova & Pohl 2004). Here, we validated that pluronic 

acid enhances Fura-2/AM loading into HEK293 cell 
monolayers. Data from three independent experiments 
consistently showed no vehicle-induced stretch-
activated calcium response in the absence or presence of 
pluronic acid in DMEM. Carbachol (10−4 M) consistently 
induced higher calcium signal when Fura-2/AM 
loading was conducted in the presence of pluronic acid  
compared with no pluronic acid (Fig. 6A and 
Supplementary Fig. 4A, C).

Figure 5
Optimal incubation time for Fura-2/AM loading is 60 min and optimal 
incubation time for cytosolic esterase cleavage of Fura-2/AM is 80 min. (A) 
Incubation times ranging from 15 to 75 min were compared for  
Fura-2/AM loading and then the cells were tested for vehicle-induced 
stretch-activated calcium response and carbachol (10−4 and 10−5 M) 
-induced calcium signal. (B) Incubation times ranging from 10 to 120 min 
were compared for esterase cleavage of Fura-2/AM and then the cells 
were tested for vehicle-induced stretch-activated calcium response and 
carbachol (10−5 M) -induced calcium signal. Data shown as mean ± s.e.m. 
are representative of three experiments. Data for all experiments are 
shown in Supplementary Fig. 3A, B, C, D, E, F and G.

Figure 6
Pluronic acid and probenecid enhanced carbachol-activated M3-AChR-
induced calcium signal. (A) Fura-2/AM was loaded in DMEM the presence 
or absence of pluronic acid and the cells were then tested for vehicle-
induced stretch-activated calcium response and carbachol (10−4 M) 
-induced calcium signal. (B) Probenecid (2.5 mM) was present or not 
present during Fura-2/AM loading and esterase cleavage and then the 
cells were then tested for vehicle-induced stretch-activated calcium 
response and carbachol (10−4 M) -induced calcium signal. Data shown as 
mean ± s.e.m. are representative of three independent experiments. Data 
for all experiments are shown in Supplementary Fig. 4A, B, C and D.
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Validation that addition of probenecid during 
Fura-2/AM loading and esterase-cleavage enhances 
cellular retention of Fura-2/AM

Probenecid is an organic anion pump inhibitor that is used 
to inhibit the extrusion of Fura-2/AM into the extracellular 
environment (Di Virgilio et al. 1988, Di Virgilio et al. 1990, 
Roe et al. 1990, Li et al. 2008, O’Connor & Silver 2013). 
Here, we validated that probenecid (2.5 mM) retains 
Fura-2/AM and Fura-2 in HEK293 cell monolayers. Data 
from three independent experiments consistently showed 
no vehicle-induced stretch-activated calcium response in 
the absence or presence of probenecid. Carbachol (10−4 M)  
consistently induced higher calcium signal when 
probenecid was included both in Fura-2/AM loading 
buffer (DMEM) and Fura-2/AM esterase cleavage buffer 
(CLB-HG) (Fig. 6B and Supplementary Fig. 4B, D).

Development of a method to determine Rmin and 
Rmax for a quantitative [Ca2+]i assay using HEK293 
cell monolayers

Fura-2[Ca2+]i is quantitated by computing the ratio of 
fluorescence at two wavelengths and determining Rmin 
and Rmax [Ca2+]i (Grynkiewicz et al. 1985, Malgaroli et al. 
1987). A decrease in basal calcium signal is observed when 
EGTA chelates calcium and this is used to determine 
Rmin. Surprisingly, EGTA injections did not reduce basal 
calcium signal in cell monolayers using the optimised 
assay conditions. EGTA was previously successfully used 
for determining Rmin in the absence of pluronic acid and 
probenecid using HEK293 cell suspensions (Mountjoy et al. 
2001). Therefore, EGTA chelation of calcium was assessed 
in the presence and absence of both pluronic acid and 
probenecid. Here, we show that probenecid (0.5–2.5 mM),  
but not pluronic acid, interferes with EGTA chelation of 
calcium. We did not observe the expected decrease in 
basal calcium signal, thus preventing the determination 
of Rmin (Supplementary Fig. 5). We questioned whether 
the probenecid interference of EGTA-calcium chelation 
could be due to esterase activity buffer used. Previous 
studies have used calcium-free buffers for EGTA chelation 
of calcium to determine Rmin (Sauve et al. 1990, Ward et al. 
2003), one with reduced probenecid (1 mM) (Zhang et al. 
2008). We determined that 1 mM probenecid worked 
as efficiently as 2.5 mM for Fura-2 retention since there 
was no blunting of carbachol-stimulated calcium signal 
with 1 mM probenecid (Supplementary Fig. 6). However, 
addition of 1 mM probenecid to CLB-HG, Ca2+-free 
buffer-HG, Ca2+-free buffer-Ward, or Ca2+-free buffer-Ion 

Optix buffer interfered with EGTA chelation of calcium 
(Supplementary Fig. 7).

It is known that cells kept in EGTA rapidly become 
depleted of intracellular calcium stores (Hoth & Penner 
1992, Struk et al. 1998). EGTA then prevents the refilling 
of these stores by acting as a scavenger. Therefore, to 
overcome probenecid interference of EGTA chelation of 
calcium, we tested whether Rmin could be determined 
using EGTA in the absence of probenecid, using specific 
Rmin wells in each assay. These had Fura-2/AM loaded in 
DMEM (-probenecid) in the presence of EGTA (10 µM final 
concentration). Probenecid (1 mM) was then included in 
different esterase activity buffers; the buffer containing 
calcium, CLB-HG (Mountjoy et  al. 2001), and three 
different buffers with no calcium, Ca2+-free-HG, Ca2+-free 
buffer-Ward (Ward et  al. 2003), and Ca2+-free buffer-Ion 
Optix (https://www.ionoptix.com/resource/loading-fura-
2-into-cardiomyocytes/), and then EGTA chelation of 
calcium was tested. Three independent experiments 
consistently showed that injection of EGTA (5.5 mM final 
concentration) into these wells during imaging chelated 
calcium in the presence of either Ca2+-free-HG buffer or 
Ca2+-free-Ward buffer (Fig. 7 and Supplementary Fig. 8). 
We chose to use the Ca2+-free-HG buffer to determine Rmin 
because this buffer was similar to the CLB-HG used when 
measuring ligand-stimulated increases in (Ca2+)i.

Figure 7
EGTA sequestration of calcium during fura-2/AM loading enabled use of 
EGTA injection to chelate calcium for determination of Rmin for 
quantitation [Ca2+]i. The cells were co-loaded with Fura-2/AM and 10 µM 
EGTA in DMEM. Following this, probenecid (1 mM) was included in the 
CLB-HG buffer, or one of three different Ca2+-free buffers, for esterase 
cleavage and calcium imaging. EGTA (5.5 mM) was injected into these 
buffers during calcium imaging to chelate [Ca2+]i for determination of Rmin. 
Data shown as mean ± s.e.m. are representative of three experiments. 
Data for all experiments are shown in Supplementary Fig. 8.
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Ionomycin, an ionophore that facilitates the transfer 
of calcium and floods the cells with extracellular calcium, 
is used to measure Rmax. There was a rapid increase in 
calcium signal following ionomycin injection in the 
presence or absence of probenecid.

Validation for the assay developed here to 
quantitate carbachol-induced endogenous 
M3-AChR mobilisation of [Ca2+]i in HEK293 
cell monolayer

Carbachol induces robust M3-AChR-activated 
mobilisation of [Ca2+]i in HEK293 cell suspensions 
(Mountjoy et al. 2001). We used this carbachol response 
to validate the quantitative calcium assay on HEK293 cell 
monolayer. Three independent experiments produced 
carbachol-concentration-dependent curves for [Ca2+]i with 
similar EC50 values (Fig. 8A). Pooling the data from these 
experiments determined the minimal (12.8 ± 4.4 nM), 
maximal (339.8 ± 3.9 nM), and EC50 (1.4 µM) carbachol-
induced [Ca2+]i.

The assay to quantitate carbachol-induced 
endogenous M3-AChR mobilisation of [Ca2+]i in 
HEK293 cell monolayer lacks sensitivity to measure 
α-MSH-induced hMC4R or mMC4R mobilisation 
of [Ca2+]i

Previously, α-MSH produced concentration-dependent 
curves for stably expressed mMC4R-activated mobilisation 
of [Ca2+]i in HEK293 cell suspensions (Mountjoy et  al. 
2001). Here, α-MSH was unable to stimulate an increase in 
[Ca2+]i for hMC4R transiently transfected in HEK293 cell 
monolayers using the new calcium assay. Previously, the 

maximum α-MSH-activated mMC4R-induced [Ca2+]i in 
HEK293 cell suspension was ~three-fold lower compared 
to the carbachol-activated M3-AChR-induced [Ca2+]i 

(Mountjoy et  al. 2001). We predicted that Pherastar FS 
might lack sensitivity to measure α-MSH-induced MC4R 
increase in [Ca2+]i because the imaging aperture on 
PheraStar FS only views 1 mm of each well (each 96-plate 
well has a total area of ~ 0.36 cm2). Therefore, we modified 
the assay to increase the number of cells viewed by the 
PheraStar FS aperture.

Validation of a new assay to quantitate  
α-MSH-induced hMC4R or mMC4R mobilisation of 
[Ca2+]i in HEK293 cell suspensions in 96-well plates

We increased the number of cells viewed by the PheraStar 
FS aperture by loading cell suspensions into wells of 
a 96-well plate. We used stably expressed hMC4R or 
mMC4R in HEK293 cells, with Fura-2/AM loading and 
esterase activity taking place in cell suspensions. The 
buffers, incubation temperatures and incubation times 
used were those optimised for cell monolayers. The cells 
in suspension were then plated into a 96-well plate for 
imaging on PheraStar FS. The injection volume, injection 
speed, and volume of buffer in each well were optimised 
for use with cell suspensions in 96-well plates to eliminate 
stretch-receptor activation and maximise carbachol 
M3-AChR-induced [Ca2+]i. A 30 μL injection at 150 μL/s 
into a well containing 210 μL cell suspension consistently 
eliminated stretch-receptor-activated [Ca2+]i response 
in HEK293 while providing a robust carbachol-induced 
increase for [Ca2+]i (Supplementary Table 2). Using these 
optimised conditions, three independent experiments 
produced α-MSH-concentration-dependent curves for 

Figure 8
Validation of high-throughput quantitative ligand-activated GPCR-induced [Ca2+]i assay using cell monolayers or cell suspensions. (A) Carbachol 
concentration-dependent activation of M3-AChR-induced [Ca2+]i using HEK293 cell monolayers. Three independent experiments performed with 
triplicates for each concentration. Baseline [Ca2+]i ranged from 92 to113 nM. α-MSH-concentration-dependent activation of (B) hMC4R or (C) mMC4R 
(stably expressed in HEK293 cells) -induced [Ca2+]i using cell suspensions. Three independent experiments performed with quadruplicates for each 
concentration. Baseline [Ca2+]i ranged from 85 to 102 nM. Data shown as mean ± s.e.m.
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activation of hMC4R or mMC4R increasing [Ca2+]i, with 
similar EC50s for all experiments on each receptor (Fig. 
8B). Data from the three independent experiments were 
pooled to determine the minimal (hMC4R: 24.1 ± 8.4 nM; 
mMC4R: 9.4 ± 4.1 nM), maximal (hMC4R: 206.1 ± 6.9 nM;  
mMC4R: 146.7 ± 2.5 nM), and EC50 (hMC4R: 
1.4 nM; mMC4R: 0.4 nM) for α-MSH-activated  
MC4Rs-induced [Ca2+]i.

Discussion

We developed a novel, high-throughput assay for 
quantitative measurements of ligand-activated MC4R-
induced increases in [Ca2+]i. The assay conditions were 
optimised to eliminate interference from stretch-activated 
receptor increases in calcium and to maximise ligand-
activated MC4R-induced [Ca2+]i. The latter was achieved 
using carbachol-activated endogenous M3-AChR-induced 
calcium signal as a positive control. The cell monolayer 
assay lacked sensitivity to detect increases in [Ca2+]i 
following α-MSH-activated hMC4R transiently expressed 
in HEK293 cells. Therefore, a more sensitive assay was 
developed by plating cell suspensions into 96-well plates; 
this increased the number of cells monitored in each well 
compared with monolayers. The cell suspension assay was 
validated by showing reproducible α-MSH-concentration-
dependent activation of stably expressed hMC4R or 
mMC4R in HEK293 cells inducing increases in [Ca2+]i, for 
three independent experiments. Stably expressing cells 
were used but we expect this method may also work for 
transiently transfected cells.

Interference from stretch-activated-receptor-induced 
[Ca2+]i is a major problem when measuring ligand-activated 
GPCR-induced increases in [Ca2+]i in cell monolayers 
(Demer et  al. 1993, Naruse & Sokabe 1993, Sigurdson 
et al. 1993, Rosales et al. 1997, Tong et al. 1999, Hayakawa 
et al. 2008, Heusinkveld & Westerink 2011, Meijer et al. 
2014). Activation of stretch receptor will flood the cell 
with calcium, and this has potential to either attenuate or 
synergise, subsequent ligand-activated-receptor-induced 
[Ca2+]i. Furthermore, activation of stretch-receptor-
induced increase in [Ca2+]i is highly variable between 
wells and assays; this likely contributes to current views 
that measurement of GPCR-induced mobilisation of 
[Ca2+]i is not a reliable read-out in an overexpression 
system (Westerink & Hondebrink 2010, Meijer et  al. 
2014, Gillyard et al. 2019). We have developed an assay 
for high-throughput quantitative measurement of GPCR-
induced mobilisation of [Ca2+]i that is free of interference 
from stretch-activated-receptor-induced [Ca2+]i, by careful 

step-by-step optimisation of all assay conditions. Our data 
show that the stretch-activated-receptor-induced calcium 
response is sensitive to injection speed, injection volume, 
well-buffer volume, and well-buffer composition.

We discovered that while we could measure a robust 
carbachol-activated endogenous M3-AChR-induced 
[Ca2+]i using cell monolayers, we could not detect α-MSH-
activated transiently expressed hMC4R in cell monolayers 
inducing increased [Ca2+]i. High-throughput plate-
reader based methods have a low-temporal and spatial 
resolution, resulting in low sensitivity for measuring 
highly dynamic and transient changes in [Ca2+]i (Meijer 
et  al. 2014) and we predicted that failure to detect 
an α-MSH/hMC4R response in cell monolayers was a 
sensitivity issue. Therefore, we developed an assay with 
an increased number of cells viewed by PheraStar FS 1 mm 
aperture in each well. For this assay, cells in suspension 
were loaded with Fura-2/AM, washed, and then incubated 
to enable esterase activity to release Fura-2, using the 
buffers, incubation temperatures and incubation times 
that had been optimised for use with cell monolayers. 
The cell suspension was plated into a 96-well plate to give 
1.8 × 105 cells/well, ready for imaging on the PheraStar 
FS. The estimated number of HEK293 cells in confluent 
monolayer in each well is ~1.2 × 105 cells. Furthermore, 
the cells in suspension are more rounded compared 
to the adhered and flattened cells in monolayers; this 
potentially increases the number of plasma membrane-
expressed hMC4R accessible to α-MSH activation, and 
also increases the number of cells viewed by the PheraStar 
FS aperture for cells in suspension, compared with 
monolayers. Following optimisation of injection volume 
and injection speed for cell suspensions, this assay had 
the sensitivity required to detect α-MSH activated hMC4R 
or mMC4R-induced [Ca2+]i, without interference from 
stretch-receptor-induced [Ca2+]i. Therefore, putting cell 
suspensions into 96-well plates for imaging on PheraStar 
FS increases the sensitivity for measuring highly dynamic 
and transient changes in [Ca2+]i resulting from ligand-
activation of GPCRs.

This quantitative assay to measure highly dynamic 
and transient changes in [Ca2+]i will enable data to be 
compared between different assays, different laboratories, 
and different GPCRs. This contrasts with commercially 
available high-throughput assays for measuring transient 
changes in [Ca2+]i that use single-wavelength calcium dyes, 
are not quantitative, and comparisons can only be made 
within assays. Commercially available assays frequently 
include probenecid in the dye-loading and esterase-
activity buffers to retain the calcium dye inside cells.  
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We show in the assay developed here that indeed 
probenecid enhances retention of calcium dye, but we 
also show that probenecid interferes with development of 
a quantitative assay for [Ca2+]i. EGTA is required to obtain 
the minimum [Ca2+]i, a measurement for the amount of 
Fura-2/AM loaded in each experiment. It is a standard 
procedure to inject EGTA onto cells to chelate calcium and 
thereby determine the Fura-2 fluorescence with minimal 
calcium present in the cell. This rapid EGTA chelation 
of calcium is visualised as a sudden marked decrease in 
fluorescence ratio (340/380). However, this does not 
occur in the presence of probenecid; addition of EGTA 
either has no effect on fluorescence ratio or increases the 
fluorescence ratio. While it is unknown why probenecid 
interferes with EGTA chelation of calcium, probenecid is 
known to produce a profound and prolonged attenuation 
of transmitter release when co-administered with calcium 
chelator, BAPTA/AM (Di Virgilio et  al. 1988). To resolve 
the interference from probenecid, we plated cells into 
specific Rmin wells for each assay, and [Ca2+]i was depleted 
from the cells in these wells by the addition of EGTA 
prior to calcium imaging, when probenecid is required 
for Fura-2 retention. The esterase activity and calcium 
imaging buffer were also changed to a calcium-free buffer 
exclusively for these wells. All other conditions for these 
wells remained the same as the other wells in the assay. 
Following injection of EGTA into these ‘specific Rmin 
wells’, there was consistently a rapid small decrease in 
fluorescence 340/380 ratio, indicative of EGTA chelation 
of calcium. We are not aware of other quantitative calcium 
assays using EGTA to deplete cells of calcium prior to 
calcium imaging. 

We show good reproducibility for the assays 
developed here using either cell monolayers or 
cell suspensions in 96-well plates for quantitative 
measurement of [Ca2+]i. Three independent experiments 
for carbachol-activated M3-AChR in cell monolayers 
produced similar concentration-dependent curves, 
with almost identical EC50 values (Fig. 8A). Similarly, 
three independent experiments for α-MSH-activated 
hMC4R (Fig. 8B) or mMC4R (Fig. 8C) in cell suspensions 
produced comparable α-MSH concentration-dependent 
curves with similar EC50. Furthermore, data obtained in 
these high-throughput assays are not too different from 
data obtained in 2001 when a manual method was used 
to quantitate ligand-activated GPCR-induced [Ca2+]i in 
HEK293 cell suspensions (Mountjoy et  al. 2001). The 
manual method showed a peak minus baseline carbachol-
activated M3-AChR-induced increase in [Ca2+]i to ~290 nM  
with an EC50 = ~5 µM (Mountjoy et  al. 2001), and here 

we observed a peak minus baseline carbachol-activated  
M3-AChR-induced increase in [Ca2+]i equal to 340 nM 
(17% increase compared to manual method) with an EC50 =  
1.4 µM (3.6% decrease compared to manual method). 
The manual method showed a peak minus baseline  
α-MSH-activated mMC4R-induced increase in [Ca2+]i to 
~100 nM with an EC50 = 0.5 nM (Mountjoy et al. 2001), and 
here we observed a peak minus baseline α-MSH-activated 
mMC4R-induced increase in [Ca2+]i equal to 147 nM (11% 
increase compared to manual method) with an EC50 =  
0.4 nM (1.3% decrease compared to manual method). The 
peak minus baseline α-MSH-activated hMC4R-induced 
increase in [Ca2+]i equal to 206 nM with an EC50 = 1.4 nM. 
The higher but less sensitive calcium response observed 
here for hMC4R compared with mMC4R, reflects a 
potential species difference for MC4R coupling to  
[Ca2+]i signalling pathway. 

In summary, we have developed and validated a new 
high-throughput method to quantitate MC4R-induced 
mobilisation of [Ca2+]i in vitro. This assay is reliable and 
reproducible from day-to-day and can therefore be used 
to compare quantitative transient changes in [Ca2+]i for 
different ligands on MC4R or different GPCRs, with assays 
performed on different days, and in different laboratories. 
The high-throughput assay to quantitatively measure 
ligand-activated MC4R-induced [Ca2+]i in vitro has 
potential to advance development of therapeutic drugs 
and understanding about MC4R signalling associated with 
human obesity. The utility of the assay in determining 
differences between Group V hMC4R variants and WT 
hMC4R remains to be determined.
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