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Calcium is a key intracellular signal that controls manifold cellular processes over a wide temporal range. The development of
calcium-sensitive fluorescent dyes and proteins revolutionized our ability to visualize this important second messenger and its
complex signalling characteristics. The subsequent advent of high throughput plate-based fluorescence readers has resulted in
the calcium assay becoming the most widely utilized assay system for the characterization of novel receptor ligands. In this
review we discuss common approaches to calcium assays, paying particular attention to the potential issues associated with
interpretation of receptor pharmacology using this system. Topics covered include dye saturation and forced-coupling of
receptors to the calcium pathway, but special consideration is given to the influence of non-equilibrium conditions in this
rapid signalling system. Modelling the calcium transient in a kinetic mode allows the influence of ligand kinetics, receptor
reserve and read time to be explored. This demonstrates that observed ligand pharmacology at very early time points can be
quite different to that determined after longer incubations, even resulting in reversal of agonist potency orders that may be
misinterpreted as agonist biased signalling. It also shows that estimates of antagonist affinity, whether by Schild analysis or
inhibition curves, are similarly affected by hemi-equilibrium conditions. Finally we end with a discussion on practical
approaches to accurately estimate the affinity of insurmountable antagonists using calcium assays.
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This article is part of a themed section on Analytical Receptor Pharmacology in Drug Discovery. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2010.161.issue-6

Abbreviations

AUC, area under the curve; BCs, ligand concentration producing half-maximal receptor occupancy; CHO cells, Chinese
hamster ovary cells; CHO-M3, Chinese hamster ovary cells recombinantly expressing the M3 muscarinic receptor; DR,
dose ratio; ECso, agonist concentration producing half-maximal response; FLIPR, fluorescence imaging plate reader; GFP,
green fluorescent protein; GPCR, G protein-coupled receptor; HEK cells, human embryonic kidney cells; InsPs, inositol
1,4,5-trisphosphate; K4, equilibrium dissociation constant, equivalent to the concentration of ligand required to bind
50% of the available receptor sites at equilibrium; ko, pseudo first-order rate constant for ligand-receptor association.
Other kinetic constants are specified in Scheme 1; Kg, parameter describing the efficiency by which receptor occupancy
is transduced to a biological effect; nH, hill coefficient; PLC, phospholipase C enzyme; 1, [R]iwota/Ke where [R]ior is the
total receptor concentration

Historically, drug discovery was performed using
tissue preparations and whole animal models. This
had the clear advantage that drugs were studied in a
physiologically relevant system, but co-expression
of related family members made the task of charac-
terizing the pharmacology of a drug at a specific
receptor complex and at times impossible. It cer-

tainly was not quick. In the last part of the twenti-
eth century several important innovations
combined to radically change the way the pharma-
cology of new receptor ligands was assessed (Rang,
2006). First, advances in molecular biology enabled
recombinant receptors to be expressed in immortal-
ized host cell backgrounds to produce a ‘cleaner’
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(arguably too sterile) environment. This allowed the
activation of specific receptor subtypes to be studied
at a cellular level. Many G protein-coupled receptors
(GPCRs) can trigger an increase in cytosolic calcium
concentration, most commonly by initiating a
cascade of events involving G proteins, phospholi-
pase C (PLC), inositol 1,4,5-trisphosphate (InsPs)
and InsPs-sensitive calcium channels on the endo-
plasmic reticulum that stores calcium in the cell
(Berridge et al., 2003). To exploit this, calcium-
sensitive fluorescent dyes were used in conjunction
with fluorimeters to assess receptor activation. At
this stage the experiments were still labour-
intensive, with fluorescence measurements made
one at a time using cuvette-based fluorimeters. But it
was the development of fluorescence imaging plate
readers, particularly the FLIPR from Molecular
Devices, that hailed the advent of high throughput
pharmacology (Schroeder and Brad, 1996; Sullivan
etal.,, 1999). These plate readers, coupled with
refined high emission calcium-sensitive fluorescent
dyes, enabled the kinetics of intracellular calcium
levels to be measured from 96 wells simultaneously,
increasing the number of data points a single scien-
tist could generate in a day by two orders of magni-
tude (Chambers et al., 2003). Since then, technology
has advanced at an incredible rate, with machines
capable of simultaneously imaging 1536 wells
(Hodder etal., 2004) and high content imaging
devices able to measure calcium flux in single cells
in a plate format (Richards et al., 2006). It is now
relatively simple for one scientist to generate full
ICso curves for hundreds of compounds a day. This
has undoubtedly helped speed up the process of
testing novel compounds, but in our drive for
increased efficiency we run the risk of overlooking
the detail in the large quantities of data we generate.
In this article we review the use of the calcium assay
in drug discovery and show that although it may be
one of the most convenient assay systems available,
care must be taken to not misinterpret the pharma-
cology of novel receptor ligands.

The complexity of calcium signalling

Elevation of cytosolic calcium concentration is one
of the most universal, yet functionally diverse intra-
cellular signals (Berridge et al., 2003). Calcium can
trigger extremely rapid events, such as neurotrans-
mitter release (Augustine, 2001), but also act over
much longer periods of time to promote gene tran-
scription and cell proliferation (Berridge, 2005;
Greer and Greenberg, 2008). The functional conse-
quences of increased intracellular calcium levels are
largely governed by the temporal profile of calcium
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signalling, which can range from short, intense
‘sparks’ in smooth muscle cells (Jaggar et al., 2000)
to long periods or ‘plateaus’ of raised calcium in
vascular endothelial cells (Faehling et al., 2002).
Many G protein-coupled receptors (GPCRs) can
trigger an increase in cytosolic calcium. Although
there are several examples where GPCRs can regu-
late calcium influx through voltage-dependent ion
channels via the G protein G, (Hescheler etal.,
1987), the large majority increase intracellular
calcium levels by activating phospholipase C (PLC)
via Goq or Gi-derived By subunits. This results in the
generation of the soluble intracellular messenger
inositol 1,4,5-trisphosphate (InsP;), that diffuses to
the endoplasmic reticulum, opening InsPs-sensitive
calcium channels to release stored calcium into the
cytosol. The result is a rapid peak in intracellular
calcium levels that, in the absence of extracellular
calcium, is transient (Berridge et al., 2003). Typi-
cally, however, this peak is followed by an influx of
extracellular calcium that results in a more sus-
tained second phase of signalling. In many different
cell types, this process repeats to form calcium oscil-
lations that can vary in both frequency and ampli-
tude (Berridge, 1990). Figure 1A shows an example
of the kinetics of calcium signalling for a range of
concentrations of methacholine at the M3 receptor
recombinantly expressed in CHO cells (CHO-M3
cells).

This complexity presents an important question:
How do we quantify calcium signalling for the
purpose of assessing receptor activation? For sim-
plicity, the majority of researchers use the peak
calcium response, but the entire calcium transient
can also be quantified using area under the curve
(AUC). In many systems, however, the resulting
concentration-response curves are similar, as shown
in Figure 1B where the concentration-response data
from Figure 1A are analysed using both the peak and
AUC as measurements of response. The frequency of
calcium oscillations can also vary between agonists,
but as the majority of plate readers measure the
response from the entire well, only fully synchro-
nous oscillations can be detected using these instru-
ments. This can be overcome using single-cell
imaging, but this is still not feasible if reasonable
throughput is required.

Calcium indicators

The development of fluorescent calcium indicator
dyes has revolutionized our ability to measure the
functional consequence of GPCR activation and a
bewildering array of options are available. For a
more thorough discussion see reviews by Takahashi
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(A) Methacholine-induced intracellular calcium responses in CHO cells expressing the recombinant Ms; muscarinic receptor (data re-drawn from
Sykes et al., 2009). (B) Concentration-response curves generated from the data in panel A using either peak calcium or area under the curve as
the measure of response. (C) Simulated calcium signals (in % of maximal response of the system) generated by increasing concentrations of an
agonist (with k; =1 107 M~"-min~" and k, =1 min™") as a function of the post-agonist administration time in a system with low cellular amplification
(t=0.1) and ks =2 min™". (D) Simulated agonist concentration-response curves obtained by simulating calcium signal peak levels (in % of maximal
response of the system) and area under the curve values (AUC, in % of total plot area) in a system with high cellular amplification (t = 10). Rate
constants are the same as in panel C. Parameters of the curves are given in Table 1. AUC, area under the curve; CHO cells, Chinese hamster ovary

cells.

et al. (1999) and Paredes et al. (2008). Each dye has a
different affinity (Kq) for calcium and they are
usually split into high- and low-affinity dyes. The
low affinity dyes have Ky values in the range of
1-100 uM and are good for imaging calcium in com-
partments such as endoplasmic reticulum where the
calcium concentration can be around 200 uM
(Hofer et al., 1995). The high affinity dyes typically
have Kj values between 1 and 500 nM and are more
widely used for investigating cytosolic calcium con-
centration, which is normally between 10-100 nM
at resting, but can increase by over 100-fold at peak
stimulation in certain cell types. Fluo-3 and the
higher emission Fluo-4 are most routinely utilized
in modern receptor pharmacology labs (Gee et al.,
2000). These are high affinity, high emission indica-
tors that are very sensitive to small calcium changes
so have become very popular for assay development
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to achieved good signal : noise ratios. Change in
fluorescence is, however, only linear with change in
calcium over a narrow range, meaning that a
calcium concentration of less than 0.1-fold will not
be detected and at a calcium concentration greater
than 10-fold Ki, the dye will saturate. Thus,
although high affinity dyes might be more sensitive
to small changes, in cells that generate large changes
in calcium concentration the dye may become satu-
rated and underestimate the magnitude of signal.
Such observations were made in a study of
glutamate-induced calcium signalling in neurons
where the maximal response detected was higher for
low affinity dyes than high affinity dyes (Mulligan
and MacVicar, 2005). This is important as it may
result in an overestimation of agonist potency for
full agonists and efficacy for partial agonists. It may
also result in steeper concentration-response curves.



The fluorescent properties of ratiometric calcium
dyes (e.g. Fura-2) shift on binding to calcium, allow-
ing quantification of bound and unbound dye and
therefore calcium concentration (once Ky is estab-
lished). They are often, however, not as bright as
single wavelength indicators. In addition, the first
generations of calcium imaging plate readers did not
support ratiometric measurements, so the use of
single wavelength indicators has become wide-
spread, and it is usual to express calcium levels as
change in fluorescence units (AF). It is possible to
estimate the calcium concentration from AF of

single wavelength dyes wusing the following
equation:
247 _ F_Fminj
[Ca”"]= Kd(—Fmax —F (1)

where Kj is the dissociation constant of the dye for
calcium, F is the experimentally measured fluores-
cence value, Fn, is the fluorescence in the absence
of calcium and Fn.x is the fluorescence at saturating
calcium, achieved using permeabilized cells (Taka-
hashi etal.,, 1999). In practice, however, this is
seldom performed and can become an issue when
the incorrect dye is chosen for a particular applica-
tion. For this reason it is important to at least check
for dye saturation and choose the appropriate dye
for the system of interest. Another consideration is
that many compounds can directly influence the
signal from fluorescent dyes via quenching or auto-
fluorescence, generating false positive or false nega-
tive hits in a screening campaign. High throughput
screening falls outside the scope of this review, so
readers are referred to alternative sources for infor-
mation on compound interference (Comley, 2003;
Inglese et al., 2007).

An alternative method for detecting calcium
signals utilizes photoproteins, such as the jellyfish-
derived aequorin. These biosensors can be recombi-
nantly expressed in a variety of cell types and even
targeted to specific organelles (e.g. mitochondria) to
investigate sub-cellular localization of calcium sig-
nalling (Rizzuto et al., 1992). Aequorin requires a
substrate, coelenterazine, to generate a signal. When
calcium binds to aequorin (Kq ~ 10 uM), coelentera-
zine is oxidized to coelenteramide, emitting light in
the blue range that can be detected using a charge-
coupled device (CCD). The result is an extremely
efficient system with high signal: noise ratios,
although the slower reaction kinetics mean it is not
suitable for measuring complex calcium transients
in real-time. As the aequorin response is not directly
correlated to calcium concentration, methods have
also been described for quantifying intracellular
calcium concentrations from a luminescence signal
(Blinks, 1989). This is, however, more complex and
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error-prone than calibration of fluorescent dyes.
Regeneration of the aequorin molecule requires low
calcium concentrations, meaning the reaction is
effectively irreversible during elevated calcium
levels. This results in a progressive depletion of the
biosensor and short-term sequestration of calcium.
Considering only low expression levels of aequorin
are normally required for a high signal, this can
significantly blunt the fraction of total calcium that
can be detected. More recently, Photina® has been
developed specifically to improve upon the issues
associated with the use of aequorin in high through-
put screens (Bovolenta et al., 2007). This novel chi-
meric photoprotein has slower kinetics and a larger
luminescent intensity than aequorin.

An alternative family of fluorescence resonance
energy transfer (FRET)-based biosensors have been
developed using chimeras of green fluorescent pro-
teins (GFPs) with calcium binding proteins. The
cameleons consist of two modified GFPs linked by
calmodulin and the calmodulin binding domain of
myosin light chain (Miyawaki et al., 1997). Calcium
binding to calmodulin results in a conformational
change that increases the FRET signal. Circularized
versions of these biosensors, the camgaroos or peri-
cams, have also been developed that have a higher
affinity for calcium and increased fluorescent output
(Baird et al., 1999). All of these FRET-based calcium
indicators are fully and rapidly reversible, meaning
that unlike aequorin they can be used to continu-
ously monitor changes in intracellular calcium con-
centrations over time (e.g. oscillations). They do,
however, suffer from the same type of interference
described above for the fluorescent dyes. See Eglen
and Reisine (2009) for a more thorough review on
the wvariety of calcium-sensitive photoproteins
available.

It is clear from the discussion above that there are
a large number of alternative options for the moni-
toring of intracellular calcium concentration, all of
which exhibit particular strengths and weaknesses.
As there is no single solution, careful selection is
required to identify the most appropriate calcium
indicator for any given situation.

Forced and facilitated coupling to the
Goq pathway

The relative simplicity of measuring calcium signal-
ling has resulted in its widespread exploitation for
receptor pharmacology studies. However, although
a large number of GPCRs coupling to Gog, the
majority do not efficiently stimulate a rise in intra-
cellular calcium concentrations, hindering the uni-
versal application of this method. This has been
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particularly important in the field of receptor
de-orphanization, where the G protein coupling
preference of a new receptor can not be predicted,
complicating the interpretation of failed ligand
fishing campaigns. For these reasons, efforts have
been made to force the coupling of Go; and Gos-
preferring receptors to the calcium pathway, even if
they do not naturally activate PLC. The most
common approaches involve utilizing promiscuous
G proteins. There are several naturally occurring G
proteins (e.g. Gous, Gous) that are members of the
Gog family and can couple many receptors to the
PLC pathway. In addition, a series of chimeric G
proteins have been developed that efficiently couple
Goy-preferring receptors the PLC (Conklin et al.,
1993). Studies have shown that as predicted, Gaous is
more efficient at coupling Go,-preferring receptors
to calcium and the chimeric Gogs G protein more
efficiently couples to the Goy-preferring receptors
(Kostenis, 2001). This suggests there is unlikely to be
a single, universal G protein adaptor. To overcome
this problem, experimenters have in the past trans-
fected a cocktail of promiscuous G proteins to
increase the probability of coupling newly identified
receptors to the calcium pathways. This might not
always be advised, due to potential dominant nega-
tive effect of promiscuous G proteins on coupling to
natural, endogenous subtypes. For example, the
S1P; receptor couples efficiently to endogenous Goyg
(and therefore calcium) in HEK 293 cells, but over-
expression of either Gous or the myristillated form of
Gogis reduces the effectiveness of SI1P to increase
calcium (Kostenis, 2001). In addition, overexpres-
sion of Gog alone may generate a highly sensitive
system that will overestimate the potency of recep-
tor agonists relative to physiological systems. For
this reason it may be more appropriate to utilize
parallel cell lines rather than a cocktail of promis-
cuous G proteins. An alternative method for
improving the coupling efficiency of Gou-preferring
receptors to the calcium pathway is to ‘prime’ the
system using a Gog-coupled receptor. Cross-talk
between second messenger pathways appears rela-
tively common, with Gog-coupled receptors able to
modulate the responses at Gaj-coupled receptors,
and vice versa (Selbie and Hill, 1998). With respect
to calcium signalling, the prior addition of ATP or
an alternative Goq agonist can enable Gou-coupled
receptors to stimulate a calcium response (Werry
et al., 2002), even in situations where there was no
response in the absence of the priming agent
(Rosethorne ef al., 2004). This method appears to
retain the natural G protein-coupling characteristics
of the receptor in question, but because crosstalk
can occur at a number of levels in the signal trans-
duction pathway it may complicate interpretation
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of data with of novel ligands of unknown selectivity.
Finally, as GPCR and Ga protein densities may differ
considerably from one cell type to another, influ-
encing the cellular response to a given agonist,
efforts have been undertaken to construct GPCR-Ga.
tusion proteins (Wurch and Pauwels, 2001). By this
way, a fixed 1:1 stoichiometry between both is
achieved irrespective of the cell system and of the
absolute expression level. While the proponents of
this approach claim that it should allow an accurate
comparison of experimental data obtained in differ-
ent laboratories, a number of critical considerations
have been raised, including potential attenuation of
the Go—Byinteractions and the ability of such fusion
proteins to still activate endogenous Ga proteins
(Wenzel-Seifert and Seifert, 2000; Vauquelin and
von Mentzer, 2007).

The rapid and transient nature of
calcium responses

Agonist-generated calcium responses are transient
in nature; the cytoplasmic calcium concentration
typically reaches a maximum after a few seconds
and then declines to attain a longer-lasting plateau
of variable height. The time to this peak response is
variable and depends upon the degree of receptor
activation, with higher agonist concentrations
achieving peak responses more rapidly. Due to the
rapid and complex nature of the calcium signal, the
system is unlikely to reflect equilibrium binding
conditions. In addition, it is common to determine
the agonist-induced response at peak calcium level
regardless of the time take to reach that point, exac-
erbating the non-equilibrium conditions. Despite
this, many investigators apply pharmacological
methods that assume equilibrium binding to their
calcium studies (e.g. Schild analysis). We have
chosen to demonstrate the influence of non-
equilibrium conditions on apparent pharmacology
using a series of computer-aided simulations. The
model we have used is adapted from that described
by Christopoulos et al. (1999), with one important
difference. The Christopoulos model states that the
calcium response fades as a consequence of receptor
desensitization, yet is not always the case in experi-
mental situations. For example, while angiotensin II
produces a sharp and short (<1 min) rise in the cyto-
plasmic calcium levels in recombinant AT;-receptor
expressing Chinese Hamster Ovary (CHO) cells, the
level of inositol triphosphate molecules continues
to rise unabated for almost 10 min (Vanderheyden
et al., 1999). To better describe such a situation, we
developed an alternative scheme in where it is not
[AR] that ‘desensitizes’ but K that increases with the



k1
(A) A+R+=—AR
2

Response = [AR]/([AR] + Kg)

Vs
(Ke) = KE-ek3t
Ks
(B) I+Re=——= IR
Ke

Scheme 1

(A) Description of transient calcium response kinetics by a dynamic
model adapted from that described by Christopoulos et al. (1999). In
this model, binding of the agonist molecules (A) to free receptors (R)
proceeds according to a reversible bimolecular reaction so that the
amount of occupied receptors [AR] obeys the law of mass-action. The
corresponding association and dissociation rate constants are
referred to as k; and k; respectively. Agonist binding generates/
favours an active receptor conformation that serves as the ‘stimulus’
for initiating a cascade of intracellular events leading to the response
of interest. While the stimulus-response relationship could be linear
in certain cases, this only seldom so (especially in recombinant recep-
tor over-expressing cell systems; Brink et al, 2000) because of the
limited capacity of some intervening cellular processes to cope with
the upstream ‘demand’. Therefore, receptor occupancy-response
relationships are commonly described by a logistic rectangular
hyperbolic function where Ke (=[R]wota/T) is an efficacy term (Black
and Leff, 1983). Finally, to deal with the transient nature of the
calcium response, Ke is set to increase time-wise with the first-order
rate constant ks. (B) Binding of competitive antagonist molecules (I)
to free receptors also proceeds according to a reversible bimolecular
reaction with association and dissociation rate constants denoted as
ks and ks respectively.

rate k; (Scheme 1A). This corresponds to a ‘desensi-
tization’ of T (1 = [Rlww/Ks, see below). As the
agonist-bound receptors themselves were consid-
ered unable to desensitize within the short time
frame a calcium signal is usually recorded, receptor
‘recycling’ was disregarded. This variant model pro-
duces more rapid peak times than the original, in
line with experimental data (see below). Computer-
assisted simulations were obtained by integrating
the differential equations (Equations 2 to 4) as pre-
viously described (Vauquelin et al., 2001; Vauquelin
and Van Liefde, 2006) and allowed the calcium
signal (response) to be simulated as a function of
time.

d[R]=d(t)-(k, -[AR]-k; -[A]-[R]) (2)
d[AR]=d(t)-(k; -[A]- [R]-(k; +k3)-[AR]) 3)
d(Kg)=d () (ks -Kg) (4)

At each time point (t) the (response). = [AR]¢/([AR]: +
(Kg)e). These differential equations yield changes in
Kg as well as the percentage of free and occupied
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receptors after a very small time interval (t, typically
10 000 times less than t’, the total time lapse of the
measurement).

Figure 1C shows an example of such simulated
calcium signals as a response to increasing agonist
concentrations as a function of the post-agonist
administration time. When the agonist concentra-
tion increases, the response peak level is higher and
occurs sooner. Such simulations represent a close
approximation to real-life calcium transients such as
those initiated upon addition of methacholine to
CHO-M;3 cells (Figure 1A). As described previously
for this experimental system (Figure 1B), simulated
agonist concentration-response curves based on
peak levels may also closely mirror those based on
AUC determinations (Figure 1D). As previously
described, it is most commonly the peak calcium
levels that are wused to construct agonist
concentration-response curves from which the
maximal response (or intrinsic activity; Ariens,
1954), and potency (ECsy) can be derived. However,
because of the positive influence of the cellular
amplification thereon, such values provide little
information about the agonist’s actual interaction
with its receptor (Vauquelin and von Mentzer,
2007). Additionally, the recorded peak heights are
unlikely to reflect equilibrium binding of the
agonist because of the very small time lapse between
its emergence and the agonist administration. In the
ensuing sections we show step by step how these
different phenomena might affect agonist concen-
tration - calcium signal response curves.

The bimolecular binding process

Even in the case of a simple bimolecular ligand
(L)-receptor interaction, one needs already to be
alert to the potential interference of non-
equilibrium situations when analysing radioligand
saturation binding data in terms of affinity (defined
by the equilibrium dissociation constant, Kg). As
illustrated in Figure 2A, this is due to the fact that
ligands need appreciably more time to reach equi-
librium binding at low concentrations than at
higher concentrations. The association curves are
mono-exponential with a pseudo-first order rate
constant, keys (=0.69/apparent association ti;). Yet,
Kobs is not truly a constant as, besides being function
of the genuine rate constants, it is also positively
related to the ligand concentration: i.e. Kops = ko +
ki.[L]. Hence, the apparent association ti; is nega-
tively related to the ligand concentration. It is rather
obvious that ks should be positively related to k;
but less intuitive is that this is also the case with
respect to k. This forms a rationale for many obser-
vations showing that slow dissociating ligands also
associate slowly and the definition by Motulsky and
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Mahan (1984) that equilibrium is reached when
incubation exceeds four times the dissociation ty/; of
LR (or the slowest dissociating one when more than
one ligand is present). After short incubation
periods, non-equilibrium binding will be more
prominent at the lowest ligand concentrations. As a
result, while the amount of binding/response may
already reflect a close-to-equilibrium situation at the
highest ligand concentrations, it may still be far less
than expected at the lowest concentrations. This
will result in a steep saturation curve (i.e. nH > 1;
Figure 2B) and the half-maximal binding (BCso)
values may also be appreciably higher than expected
for an equilibrium situation.

Adding intrinsic efficacy and cellular
amplification of the signal

In the ‘operational model’ from Black and Leff
(1983) K; is an efficacy term that is inversely pro-
portional to the ability of the agonist to generate/
favour an active receptor conformation or, in other
words, the stimulus. This ability is given by the
‘intrinsic efficacy, ¢ of the agonist in question
(Furchgott, 1966). K; is also inversely related to the
cellular amplification of the resulting signal. Being
positively related to € and the cellular amplification,
it is more intuitive to use the transducer ratio term,
T (T = [Rlwoa/Kg) than Kg itself for describing the
efficiency by which receptor occupancy is trans-
duced to a biological effect (Black and Leff, 1983).
Hence, t© will be adopted as the descriptor further
on. For the same response and cellular system, t
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reflects the agonist’s intrinsic efficacy. Alternatively,
for the same agonist, t reflects the degree of cellular
amplification. As 1t decreases with time in the
calcium assays (with the rate constant ks), only its
initial value (i.e. at the time of agonist addition) is
provided in the corresponding descriptions and
figure legends.

Inspection of the operational model sheds light
on three interesting facts. First, to obtain a near-
linear receptor occupancy-response relationship at
all ligand concentrations, T must be very small so
that only a minute response is generated even at full
receptor occupancy. Next, En.x can be approached
when 7 is very large, but never attained. Finally, due
to the hyperbolic nature of the relationship, the
response is advantaged at low receptor occupancy,
especially when t is large. This will result in
a t-dependent leftward shift the agonist
concentration-response curves or, in other words,
increase the agonist’s potency. As shown in
Figure 3A and Table 1, this shift as well as the
‘intrinsic activity’ of the agonist is positively related
to 1, not only for equilibrium binding situations but
also for non-equilibrium situations in where the
response is recorded after a short incubation time. It
is only for small values of t that the ECso values
come close to the BCso values (Table 1). In the case
of the theoretical equilibrium situation the slope of
the agonist concentration-response curves remained
the same as for the saturation binding curves
(i.e. nH = 1) at all T values examined. Yet, for the
short-incubation non-equilibrium situations, the
concentration-response curves became steeper
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Figure 3 -
Simulated agonist concentration-response curves: (A) Effect of T on agonist-mediated responses recorded after a brief, fixed-time incubations (0.1

and 0.4 min) and at equilibrium. Agonist kinetic parameters are: k; = 10" M~"-min~" and k, = 1 min~'. (B) Effect of t on calcium signal peak values

for the same agonist and ks = 2 min~'. Time dependencies of the calcium signal at selected agonist concentrations are shown in Figure 1C for t

= 0.1. Parameters of the curves are given in Table 1.

Table 1

Parameters obtained by analysis (variable slope) of the concentration- response curves shown in Figure 3A

Maximal response by

agonist (% of maximal

Time (min) PECso or pBCso* Slope (nH) response by system)
Equilibrium 10 8.04 1.00 91
Equilibrium 1 7.30 1.00 50
Equilibrium 0.1 7.04 1.00 9
Equilibrium R occupancy 7.00* 1.00

0.1 10 7.03 1.04 92
0.1 1 6.36 1.18 52
0.1 0.1 6.15 1.27 10
0.1 R occupancy 6.12* 1.29

0.4 10 7.58 1.06 92
0.4 1 6.91 1.19 50
0.4 0.1 6.70 1.27 9
0.4 R occupancy 6.68* 1.27

Peak 10 7.20 0.97 91
Peak 1 6.43 0.93 50
Peak 0.1 6.14 0.91 9
AUC 10 717 1.05 56
AUC 1 6.70 1.04 17
AUC 0.1 6.52 1.01 23

Peak corresponds to peak values of the calcium response (Figure 3B). AUC corresponds to area under the calcium response curve (in % of
total plot area, i.e. maximal response during 2 min). *pBCs, (given for the sake of comparison) corresponds to the half-maximal receptor
occupancy by the same agonist (curves shown in Figure 2B).

AUC, area under the curve.

(Figure 3A) especially at high t (Table 1). Taken ratio) to increase in equilibrium as well as in short-
together, increasing the agonist’s intrinsic efficacy incubation non-equilibrium situations and, in the
and/or cellular amplification will cause the maximal latter situation, it will even affect the slope of the
response and agonist potency (i.e. the BCso/ECso agonist concentration-response curves.
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Simulated concentration-response curves for two agonists (with kinetic properties specified in the figure) measured in the following experimenal
systems. (A) [*S]GTPYS binding assay in a system with low cellular amplification (t = 1). Membranes are pretreated for 60 min with increasing
concentrations of the agonists. Then [**S]GTPyS is added and its binding is measured after an additional 60 min incubation. (B) Calcium signal
peak values for the same agonists in a cellular readout system with very high amplification (t = 100) and with ks = 2 min~'. Response values are
expressed in per cent of the maximal response produced by each agonist in question.

Adding the variable time to peak

calcium response

In contrast to other assay formats (e.g. inositol
triphosphate or cAMP accumulation measure-
ments), the kinetic read-out of calcium levels allows
the peak response to be accurately determined. It is
unlikely, however, that equilibrium is achieved
between receptor and agonist during the short time
lapse between the administration of agonist and
attainment of the peak (Figure 2). The agonist
concentration- calcium (peak level) response curve
will further be affected by the apriori unknown
intrinsic efficacy of the agonist and cellular amplifi-
cation of the signal (Figure 3A). In addition, it is also
likely to be affected by the potential differences in
time lapse at which the peak emerges at low and
high agonist concentrations (Figure 1A and C) and
the complex mechanisms that are responsible or the
transient nature of the signals (Scheme 1). Simula-
tions such as those shown in Figure 3B were per-
formed to explore the impact of this additional level
of complexity on the concentration- calcium peak
response curves. Compared with the single time
point non-equilibrium situations (Figure 3A), only
relatively small changes are noticed when focussing
on the effect of T on the agonist’s maximal response
and potency (Table 1). In particular, while the
potency remains less than expected from an equi-
librium binding situation at low 7, this tendency can
be reversed upon increasing t (Leff and Martin,
1986). Very similar potencies and variations thereof
are obtained by analysing the AUC rather than peak
values.
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Interpretation of assay-dependent
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As described above, many factors including the
degree of receptor activation, the cellular amplifica-
tion of the signal and transient nature of the
calcium response may affect the maximal response
and potency of the agonist as well as the slope of its
concentration-response curve. This can significantly
complicate the interpretation of agonist pharmacol-
ogy, particularly when comparing transient
responses to those measured at longer time points.
To illustrate this point, we have compared the
concentration-response curves of two agonists in
two different assay systems. The agonists have iden-
tical intrinsic efficacy but 10-fold difference in
potency and 100-fold difference in off-rate. The first
assay mimics a calcium peak response in case of a
very large system amplification (t = 100). The
second assay system mimics a [*S]GTPyS binding
assay with little amplification (t = 1) and where
agonist has been allowed to equilibrate for 60 min
prior to initiation of functional effect by addition of
[**SIGTPyS for a further 60 min. Figure 4A shows
that at equilibrium with the [*S]GTPyS binding
assay, the agonists have the expected 10-fold differ-
ence in potency. When the response is observed at
the peak calcium concentration however, the ago-
nists behave very differently (Figure 4B). The lower
affinity (Kq = 100 nM), fast onset agonist is highly
potent (ECso = 1.5 nM), as would be expected in a
system with higher receptor reserve. In contrast, the



higher affinity (Kq = 10 nM), slowly equilibrating
agonist is less potent (ECso = 5.5 nM), due to the
transient nature of this read-out. Such reversal in
agonist potency orders at different pathway read-
outs has been suggested as evidence of agonist-
directed trafficking of receptor signalling (Kenakin,
1995), whereby different agonists may trigger/
stabilize distinct receptor conformations modulat-
ing the receptor’s preference for certain G proteins/
responses (Hermans, 2003). In line with some
critical considerations in Urban et al. (2007), it is
advisable that any data used in support of this
hypothesis should first be assessed for kinetic arti-
facts. As developed in the next section, these
complex, non-equilibrium-based recordings could
also interfere with the study of antagonist-receptor
interactions.

Calcium signals for the study of
antagonist-receptor interactions -
impact of hemi-equilibrium

In functional experiments, antagonist-receptor
interactions are typically investigated indirectly by
evaluating their ability to decrease agonist-mediated
responses. One of the most robust pharmacological
methods available for determining antagonist affin-
ity is that described by Arunlakshana and Schild
(1959), which calculates the concentration of
antagonist required to shift the agonist
concentration-response curve by twofold. The
resulting value is termed the equilibrium dissocia-
tion constant (Kq) and is equal to the concentration
of antagonist required to bind 50% of available
receptors at equilibrium. Equilibrium is attained
between the antagonist and receptor by ensuring a
sufficient pre-equilibration time before addition of
the agonist (Leff and Martin, 1986). It is not possible
to achieve equilibration after agonist addition,
however, because of the very short time lapse
between the administration of the agonist and the
attainment the calcium peak level. This situation
was termed ‘hemi-equilibrium’ by Paton and Rang
(1965). This can result in a reduction in the maximal
response elicited by the agonist, even with competi-
tive antagonists that should be fully surmountable
(Vauquelin etal., 2002a,b). This phenomenon,
known as ‘insurmountable’ antagonism, has histori-
cally been associated with binding of irreversible
antagonists which results in a permanent reduction
of receptor number. However, insurmountability
will also be observed when pre-formed antagonist-
receptor complexes are reversible but dissociate so
slowly that only part of the receptors can be liber-
ated and, hence, occupied/stimulated by the subse-

Hemi-equilibrium in calcium assays

quently added agonist molecules before the
response is measured. This situation will readjust
with time until ultimately, both the agonist- and the
antagonist- receptor interactions reach competitive
equilibrium. Therefore, the insurmountability of
slow dissociating antagonists is only ‘apparent’ and
can theoretically be overcome by measuring the
response after a sufficient time lapse. Yet, this is not
possible with calcium response measurements and,
because of the much shorter delay between these
measurements and the agonist administration when
compared with other experimental paradigms, even
otherwise ‘surmountable’, quite fast dissociating
competitive antagonists may display insurmount-
able behaviour. To illustrate this assertion, simula-
tions presented in Figure 5 explore the effect of pre-
administered antagonists with different dissociation
rates on the agonist concentration-dependent
calcium peak levels. For these simulations, some
differential equations have to be added or adapted.
As for the agonist, the antagonist (I)-receptor inter-
actions are described as a reversible bimolecular
binding process with the bimolecular association
rate constant, ks, and the monomolecular dissocia-
tion rate constant, ks (Scheme 1). The antagonists
are competitive so that agonist and antagonist
binding is mutually exclusive. While Equations 3
and 4 are still valid, Equation 2 has to be extended
(to Equation 5) and an additional equation has to be
to included (Equation 6) to incorporate antagonist
binding: i.e.

d[RI=d(®)- (ks -[AR]-k; -[A]-[R]+ K - [IR]= ks - [I]-[RD (5)

d[IR] = d(t)- (ks - [T]-[R]— ke - [IR]) (6)

Figure 5 shows simulated calcium peak levels after
addition of different agonist concentrations to naive
receptors (control curve) or after pretreatment with
antagonists with different dissociation rates. For the
sake of comparison, antagonist binding has reached
equilibrium at the moment of agonist administra-
tion and the same fraction of receptors (91%) are
occupied. All the antagonists produce a significant
depression of the maximal response by the agonist,
i.e. they show insurmountable behaviour. In this
respect, it is remarkable that even the fast
dissociating antagonist (ks = 1, corresponding to
dissociation ti2 = 0.69 min) is insurmountable in
this experimental setting albeit to a lesser degree
than the slower dissociating ones. Of note is that
increasing © dampens the insurmountable behav-
iour of the antagonists (compare Figure SB to 5A).
This is because the agonist is able to generate a
response at lower receptor occupancy (see above).
That even the fast-dissociating antagonist shows
some insurmountability in the calcium response
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Simulated agonist concentration- calcium peak response curves in a system with t = 0.1 (A) or 10 (B) without pretreatment (control, red curve)
or after pretreating the cells with a fast, medium- or slow dissociating antagonist (rates specified in the figure and ks = 108 M~".min™" for all).
Pretreatment lasts until equilibrium binding (91% receptor occupancy for [I] = 10.Ky) is reached. Then different concentrations of agonist (with
ki =10” M"-min~" and k, = 1 min™") are added and calcium peak levels are recorded. Other parameters are: ks = 2 min™'. Insert of panel A. Same
conditions as for the main panel except that t remains steady (ks =0 min™') and that the response is only measured after a fixed, 10 min incubation

with the agonist.

paradigm can merely be attributed to the very short
time lag between the administration of the agonist
end the manifestation of the calcium peak. This is
clearly illustrated by the fact that such an antagonist
no longer displays insurmountability when another
response (but with the same receptor occupancy —
response relationship) is measured after a much
longer incubation time (10 min) with the agonist
(compare the insert and main panel of Figure 5A).
Insurmountable antagonism can also be a hallmark
of allosteric inhibition of receptor signalling (May
et al., 2007). The fact that even competitive antago-
nists can show insurmountability of calcium
responses largely precludes the use of this assay
system for ascribing compound mechanism of
action.

Although Schild analysis is arguably the most
appropriate method to determine antagonist affin-
ity from functional experiments, it is far more
common to perform inhibition (ICsy) experiments
where the antagonist is titrated against a fixed con-
centration of agonist. Provided the agonist- and (at
all concentrations) antagonist-receptor interactions
are competitive and at equilibrium, antagonist
potency ratios are inversely related to their 1Cso-
ratios, and the equilibrium dissociate constant (Kq)
can be calculated using the functional form of the
Cheng and Prusoff correction (Cheng and Prusoff,
1973; Leff and Dougall, 1993). Although this last
condition is more or less obeyed for such assays that
permit a sufficiently long incubation time before the
response is measured, this is again not the case in
calcium assays. While co-incubation experiments
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clearly reflect a non-equilibrium situation, experi-
ments in where the antagonist was allowed to
equilibrate with the receptor before addition of the
agonist are at best in hemi-equilibrium. The pro-
found effect of this hemi-equilibrium is illustrated
in Figure 6, where inhibition curves of competitive
antagonists are simulated at different agonist con-
centrations (abscissa) and the antagonist 1Cso values
(expressed as pICso) are calculated by analysing the
curves according to a variable-slope one-site compe-
tition model. The different curves in each panel
correspond to antagonists with different dissocia-
tion rates. With a low ‘receptor reserve’ or a weak
partial agonist (i.e. a small value of 1, Figure 6A), the
plCsos of the three antagonists investigated varied
only marginally, even upon a 100-fold increase in
the agonist concentration. This may inadvertently
lead to the false conclusion that the antagonists in
question were non-competitive/allosteric (Christo-
poulos and Kenakin, 2002). For a larger value of t
(Figure 6B), the most rapidly dissociating antagonist
exhibits the relationship expected from a normal
competitive ligand. However, even with this large
receptor reserve the plCses vary little with the
slowest dissociating antagonist.

So, rather than being constant, the K, value of an
antagonist calculated using the Cheng Prusoft cor-
rection are dependent upon its dissociation rate, the
agonist’s intrinsic efficacy and the cellular amplifi-
cation of the signal (Figure 6). Even more extreme
situations could be encountered when comparing
antagonist ICso values obtained from calcium assays
with those obtained from other functional assays
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Simulated inhibition curves of a fast- (panel A: dissociation t;,, = 0.69 min) and slow dissociating antagonist (panel B: dissociation t;,, = 69 min)
by measuring distinct responses by the same agonist. Receptors are pretreated for 30 min with different concentrations of both antagonists. Then
a high concentration (100 uM) of agonist (with k; = 107 M".min™" and k, = 1 min™") is added and calcium peak levels are recorded in a system
with high cellular amplification (t = 10) and ks = 2 min~". Alternatively, responses are recorded after 10 min incubation in a system with low and
steady cellular amplification (t = 0.1 and ks = 0 min™"). Other parameters are: ks = 108 M~"-min~".

requiring a much longer, e.g. 10-min incubation
with the agonist. As illustrated in Figure 7, the slow-
dissociating antagonist is apparently less potent in
the calcium assay (panel A) whereas the fast-
dissociating antagonist appears to be less potent in
the alternative assay (panel B). Comparable assay-
related antagonist potency inversions have already
been observed for, e.g. the CCK; receptor in CHO
cells (Pommier et al., 1999). Note that shallow inhi-
bition curve of the fast dissociating antagonist in
the calcium assay (solid squares in panel A) results
from the combination of a high value of T and the

partial liberation of the receptors by the antagonist
before the measurement of the peak. Similar
behaviour has also been observed before in the case
of partially insurmountable AT; angiotensin recep-
tor antagonism (Fierens et al., 1999). However, at
first impression, one could be tempted to advance
that the agonist triggers the calcium response by
activating two distinct receptors, and that they
display quite different affinity for the fast dissociat-
ing antagonist and comparable affinity for the slow
dissociating antagonist. Such observations may
also be mistaken as evidence for receptor-specific
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conformations. Alternatively, if the two read-outs
were from different tissues, it might be concluded
that the antagonist displays tissue-selectivity.

Positive aspects of calcium signalling

To this point we have largely focussed on the con-
founding issues and potential bias associated with
using calcium assays to investigate the affinity and
mechanism of action of new receptor ligands. There
are, however, several qualities that might make it
the assay format of choice for a number of different
applications. First, calcium assays are often highly
sensitive. A large degree of signal amplification can
be achieved in high receptor expression systems
(Sykes et al., 2009), making it one of the most sen-
sitive pathways for high throughput screening to
discover new agonists. This does tend to skew the
apparent potency and efficacy, so it is important to
also use an alternative system (preferably primary
human cells) that more closely resembles the physi-
ological setting in order to properly characterize
the compounds. Providing low concentrations of
agonist are used, calcium assays can also be a very
sensitive tool for discovering new antagonists,
where hemi-equilibrium conditions (particularly
in low expression cell lines) can make the pre-
equilibrated antagonist appear much higher affinity
than would be expected if it was left to reach equi-
librium with the agonist (discussed above). Thus,
providing the appropriate secondary assays are in
place to determine mechanism of action, calcium
assays are very useful for the discovery of new GPCR
ligands.

Second, many physiological processes involve
rapid receptor-mediated calcium signalling, such as
cardiac muscle contraction. If the receptor under
study was responsible for such transient signalling,
it could be argued that the ‘apparent’ pharmacology
observed in a calcium assay is actually more relevant
and predictive of in vivo behaviour than that
observed at equilibrium. For example, a competitive
compound with slow dissociation kinetics that
appears insurmountable in the calcium assay would
be likely to also exhibit this profile in vivo, reducing
the maximal agonist-induced response rather than
shifting its potency. The important consideration
here is that the mechanism of insurmountability
would not be obvious from the original experiment
using calcium assays. Indeed, in situations in where
the receptors are pre-incubated with antagonist
before their challenge with agonist, it is difficult to
determine whether such compounds bind an
allosteric site at the receptor or simply display
slow dissociation Kkinetics. Analysis of agonist
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concentration-response curves under antagonist
co-incubation conditions could solve this issue as,
under this condition, competitive antagonists
should merely produce a rightward shift of the
agonist concentration-response curve (Vauquelin
et al., 2002a,b) This has been observed for AT; angio-
tensin receptor antagonists in inositol phosphate
accumulation measurements (Fierens et al., 1999; Le
etal., 2007). Yet, because of the fast emergence of
calcium peak levels, such rightward shifts may only
become perceptible at very high antagonist concen-
trations, especially if they dissociate slowly from the
receptor.

Moving forward — how should we
interpret data at hemi-equilibrium?

We have described in detail the potential bias asso-
ciated with non-equilibrium conditions in calcium
assays, but have also established that there are clear
technical and practical benefits to using this assay
format. With this quandary in mind, is there a way
forward that enables the estimation of antagonist
affinity at hemi-equilibrium? As can be seen from
the simulations described above, the influence of
hemi-equilibrium is less apparent where there is a
significant amplification in the response (large
t-value). In practical terms, this large receptor
reserve can be achieved by high receptor expression
in recombinant systems, efficient receptor coupling
and high efficacy agonists, or a combination of the
three. In these systems, even non-competitive
antagonists will shift the concentration response
curve of an agonist to the right, until the point
where spare receptors are no longer available. In
these situations it is possible to estimate the affinity
of insurmountable antagonists by calculating the
pA: from dose ratios at low agonist responses, as
described by Kenakin et al. (2006). This can be dem-
onstrated by examining the relationship between
pA: and pKs of an insurmountable antagonist
(Equation 7),

pA; = pKg +1log(1+2[A)/K,) ()

where [A] is the control agonist concentration at
which the dose ratio (DR) is calculated. This
equation shows that at low agonist occupancy (i.e.
[A]<<Ka) the pA, will tend towards the pKs, but at
high occupancy the pA, will overestimate the true
affinity of the antagonist. A practical solution to
estimate the affinity of an insurmountable antago-
nist would therefore be to use a system with high
receptor reserve and calculate the pA, (using pA: =
log(DR-1)-log[B]) by determining the DR at low
agonist responses. This can be exemplified using the
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Figure 8

lllustration of the optimal agonist response levels at which to deter-
mine the dose ratio (DR) of an insurmountable antagonist. Data are
reproduced from Figure 5A for the most slowly dissociating antago-
nist (t1,2 = 69 min). Red and green arrows illustrate the DR at 40%
and 10% response respectively.

data in Figure 5B for the most slowly dissociating
compound (12 = 69 min) which has a pK;s of 10 (see
Figure 8). If the DR is calculated at the 10% response
level (green arrow), the estimated pA, is reasonably
accurate at 10.08. If, however, the DR is calculated at
the 40% response level (red arrow), the resultant pA,
overestimates the true affinity by fivefold at 10.69.

Conclusions

The calcium assay remains one of the most widely
utilized experimental systems to characterize the
pharmacology of novel G protein-coupled receptor
ligands. In this review we have described a number
of factors that may complicate the interpretation of
calcium response data, focussing in particular on
the influence of rapid response kinetics on observed
potency, efficacy and affinity of receptor ligands. We
have also highlighted the potential danger of mis-
interpreting kinetic artefacts as evidence for a
number of topical concepts, including agonist-
biased signalling, tissue selective antagonism and
allosteric mechanisms of action. Despite this, the
calcium assay has significant practical benefits and
is also a highly relevant readout for drug targets that
utilize this pathway physiologically. We suggest
that, providing the common artefacts are fully
appreciated and data are analysed appropriately, the
calcium assay remains an important tool for charac-
terizing the pharmacology of novel receptor ligands.

Hemi-equilibrium in calcium assays
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