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BACKGROUND AND PURPOSE
Because the in vivo effectiveness of ligands may also be determined by the rate by which they dissociate from their target
receptors, drug candidates are being increasingly screened for this kinetic property. The dissociation rate of unlabelled
ligand–receptor complexes can be estimated indirectly from their ability to slow the association of subsequently added
radioligand molecules.

EXPERIMENTAL APPROACH
We used the ‘two-step competition’ binding approach consisting of pre-incubating the receptor preparation with a wide
range of ligand concentrations, washing off free ligand molecules, adding radioligand and monitoring its receptor binding
after a fixed time. Based on the rationale that binding of both ligands is mutually exclusive and that they bind according to
the law of mass action to a single class of sites, the unlabelled ligand’s disociation rate can be estimated from the upward
shift that the competition curve experiences after washing.

KEY RESULTS
The relevance of the ‘two-step competition’ approach was explored by computer simulations and by comparing the
dissociation behaviour of unlabelled D2 dopamine and CB1 cannabinoid receptor antagonists in this and alternative
approaches. Besides providing satisfactory estimations of dissociation rates, the method also detects the ability of the
unlabelled ligand molecules to be released from ‘sinks’ such as the cell membrane.

CONCLUSIONS AND IMPLICATIONS
As the ‘two-step competition’ requires rapid intermediate washing steps and needs radioligand binding to be measured at
only one time point, this approach is particularly suited for binding studies on intact plated cells.

LINKED ARTICLES
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
CHO-D2S cells, recombinant Chinese hamster ovary cells stably expressing the human D2S dopamine receptor;
HEK293-CB1r cells, recombinant human embryonic kidney cells stably expressing human Cannabinoid CB1 receptor;
IC50, concentration at which the competitor produces half-maximal inhibition of specific radioligand binding; k4,
dissociation rate constant of an unlabelled competitor; TSC, two-step competition
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Introduction

Classical ‘organ bath’ experiments as well as related
studies on cell lines shed light on the ability of slow
dissociating antagonists to effectively prevent their
receptors to be stimulated during a subsequent
agonist exposure. This constitutes a major mecha-
nism for the so-called ‘insurmountable antagonism’
(Vauquelin et al., 2002). From the clinical perspec-
tive, slow dissociation has been claimed to prolong
the performance of some antagonists acting at H1

histamine, nicotinic acetylcholine, a2A adrenocep-
tors, 5-HT3, 5-HT7 and M3 muscarinic receptors (el
Bizri and Clarke, 1994; Kukkonen et al., 1997;
Anthes et al., 2002; Blower, 2003; Swinney, 2004;
Smith et al., 2006). This property has been featured
especially for AT1-type angiotensin II receptor
antagonists (Wienen et al., 1993; Aiyar et al., 1995;
De Arriba et al., 1996; Timmermans, 1999; Unger,
1999) and D2 dopamine receptor antagonists. D2

receptor blockade is of particular interest in clinical
therapy as it contributes to attenuating the psy-
chotic phases in patients suffering from schizophre-
nia (Seeman et al., 1975; Creese et al., 1976). In this
respect, the first slow-dissociating antipsychotics
were prone to produce extrapyramidal side effects
due to the refractoriness of the occupied striatal D2

receptors to respond to fast fluctuations in the local
dopamine concentration. (Kapur and Seeman,
2001). In line with this view, this side effect seems to
be less prominent in case of the more recently devel-
oped fast-dissociating ‘atypical’ antipsychotics
(Schneider et al., 2006).

In drug screening studies, ligand–receptor inter-
actions are traditionally quantified in terms of affin-
ity and efficacy only. Owing to the increasing
awareness that the in vivo effectiveness of ligands
may also be dictated by the time they reside at their
receptor, there is a growing call for drug candidates
to be screened for this kinetic property as well
(Swinney, 2004; 2006; Copeland et al., 2006;
Tummino and Copeland, 2008). To this end, the
most direct procedure is to investigate the rate at
which radiolabelled ligands dissociate from their
receptor. While this produces the most complete
and precise information about the drug’s dissocia-
tion rate, it is unpractical for screening studies of
drug candidates, not only because of the cost
involved but also because many ligands might fail
to possess an appropriate affinity and selectivity for
the receptor in question. Fortunately, indirect infor-
mation about the dissociation properties of unla-
belled competitive ligands (further denoted as
competitors) can also be obtained by methods that
are based on their ability to modulate radioligand
binding by co-incubation as well as by ‘two-step’

procedures involving a pre-incubation phase with
the competitor only. Interpretation of the data
obtained by these indirect approaches is based on
the premises that the competitor and the radioli-
gand bind to a single site at the receptor according
to a bimolecular process (i.e. binding follows the law
of mass action) and that they are competitive with
one another (i.e. that their binding is mutually
exclusive such as in the case of overlapping binding
sites).

In 1984, Motulsky and Mahan described
methods to obtain information about the dissocia-
tion properties of unlabelled competitive ligands
based on co-incubation experiments with a well-
characterized radioligand. Depending on the differ-
ence in dissociation rate of both ligands,
competition binding curves may undergo a time-
dependent leftward or rightward shift. In kinetic
experiments, the competitor may delay the time-
dependent ascent of radioligand binding or even
produce a time-dependent decrease in radioligand
binding after an initial ‘overshoot’. These proce-
dures allow a highly accurate estimation of the com-
petitor’s dissociation rate (Dowling and Charlton,
2006; Heise et al., 2007) but a fairly large number of
competitor concentration/incubation/time combi-
nations need to be dealt with. As a shortcut, indica-
tions of a competitor’s dissociation rate can be
obtained based on the ratio of competitor IC50

values when measured at sufficiently separate times
(Heise et al., 2007). Combined with a scintillation
proximity assay with membrane preparations, this
approach allows high-throughput semi-quantitative
ranking of compounds according to their dissocia-
tion rate, at least on membrane preparations.

Alternatively, indirect information about the dis-
sociation properties of unlabelled competitive
ligands can also be obtained by two-step procedures
that are based on the ability of initially added com-
petitor to delay the association of subsequently
added radioligand (or agonist molecules, in the case
of initially added antagonist). As these approaches
require an intermediate wash step to remove free
competitor molecules from the solution, they are
especially suited for intact cell binding studies, as,
technically speaking, it only involves the superna-
tant medium to be refreshed. For such in vitro assays,
the traditional procedure was until recently to pre-
incubate the receptor-containing preparation with a
high concentration of competitor for a sufficient
amount of time to allow the occupancy of the vast
majority of receptor sites (ideally, all of them should
be occupied), briefly washing the preparation to
remove free competitor molecules, and finally sub-
jecting the preparation to a fixed concentration of
radioligand for increasing time periods after which
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the amount of specific/receptor binding is measured
(Hara et al., 1995; Vanderheyden et al., 2000; Packeu
et al., 2008). If the above-mentioned premises are
met (which is fortunately most often the case) the
radioligand will be unable to bind to the receptor as
long as it is occupied by the competitor and, more-
over, it will be unable to affect the competitor’s
dissociation (as it is a first-order process). Conse-
quently, the association of a radioligand will be
delayed by the initial binding of the competitor
and, as illustrated in Figure 1A and C, this delay will
be more pronounced as the dissociation half-life of

the competitor increases. Hence, comparing such
obtained radioligand association curves with those
obtained without pretreatment allows an estimation
of the competitor’s dissociation rate. To analyse
such curves in terms of the competitor’s dissociation
rate, Malany et al. (2009) recently introduced a con-
venient non-linear regression fitting procedure
based on the relevant kinetic rate equation (Equa-
tion 4). As this fitting procedure is also applicable in
case of fractional receptor occupancy, it is also
ideally suited for obtaining the dissociation rates
of in vivo administered competitors in ex vivo

Figure 1
Simulations. Pre-incubation of receptors with a fast- and slow-dissociating competitor followed by a wash-step: effect on subsequent radioligand
binding according to different representations. Competitor and radioligand parameters, radioligand concentration and incubation times are given
in Table 1. For the simulations, receptors are pre-incubated with different concentrations of a fast- (panels A and B, dissociation t1/2 = 6.9 min) and
slow-dissociating (panels C and D, dissociation t1/2 = 138 min) competitor till equilibrium is reached. Free competitor molecules are removed and
the receptors are further incubated with a fixed concentration (2 nM) of radioligand for 3 to 30 min. Panels A and C: radioligand binding as a
function of the incubation time (abscissa). Curves correspond to incubation of receptors pretreated with medium only or with the indicated
concentrations of competitor. Radioligand binding is expressed in percent of control, i.e. binding after 30 min to receptors pretreated with
medium only. Panels B and D: radioligand binding as a function of the competitor concentration (abscissa). Curves correspond to a transformation
and subsequent normalization of the data presented in panels A and C respectively [from encircled (in red) data points to curve (in red)]. Curves
correspond to incubation of competitor-pretreated receptors with radioligand for the indicated time periods. Radioligand binding is expressed in
percent of control, i.e. binding after the corresponding time to receptors pretreated with medium only (i.e. [LR]c=0).
Simulations are performed as described in ‘Materials and Methods’ and (Vauquelin et al., 2001; Vauquelin and Van Liefde, 2006).
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radioligand binding experiments. Interestingly, the
‘delayed association’ paradigm is closely related to
that of traditional ‘organ bath’ experiments. In
these functional experiments, the pre-incubation
with antagonist and wash steps are followed by
incubating the tissue in fresh medium and, at
certain time intervals, an excess of agonist is added
to monitor the time-dependent recovery of the
response generated by the tissue (Ojima et al., 1997;
Morsing et al., 1999).

The presently explored ‘two-step competition’
(TSC) binding approach is well suited for estimating
the dissociation rate of unlabelled competitive
ligands in in vitro studies with intact plated cells. It
consists of incubating the receptor-containing
preparation with a concentration range of competi-
tor, briefly washing and finally subjecting the
preparation for a single time period to a single con-
centration of radioligand. The dissociation rate of
the competitor can then be evaluated from the
upward shift of the resulting ‘competition curve’.
Here again, a numerical value can be generated with
the aid of a simplified version of the kinetic rate
equation of Malany et al. (2009).

In this study, simulations were first performed to
find out how to most conveniently estimate the
competitor’s dissociation rate based on the TSC
approach. The relevance of this approach was then
assessed by comparing the behaviour of unlabelled
D2 dopamine and CB1 cannabinoid receptor antago-
nists with the dissociation behaviour of the radiola-
belled equivalents in kinetic experiments. These
examples illustrated the strengths and limitations of
the TSC approach. An important characteristic of
this approach is that it also allows estimation of the
unlabelled ligand adsorbed by, and subsequently
released from, ‘non-effector sinks’ such as the cell
membrane, apart from any receptors.

Methods

Simulations
Radioligand (L) and competitor (C) receptor (R)
interactions are defined to be bimolecular in nature
and to be reversible:

L R
k

k
LR+ 1

2

� ⇀���↽ ����

C R
k

k
CR+ 3

4

� ⇀���↽ ����

Computer-ssisted simulations (shown in Figures 1–3
and 7) comprise receptor pre-incubation without or
with one or more concentrations of competing

ligand, followed by removal of the free competing
ligand molecules in solution (i.e. wash step) and
subsequent incubation with one or more concentra-
tions of radioligand for different times (t’). Integra-
tion of the differential equations (Equations 1–3) as
previously described (Vauquelin et al., 2001; Vau-
quelin and Van Liefde, 2006) allow the receptor
occupation by both ligands to be simulated as a
function of t’. The differential equations yield
changes in the percentage of free and occupied
receptors after a very small time interval (t, typically
10 000 times less than t’). The association (k1 and k3,
in M-1·min-1) and dissociation rate constants (k2 and
k4, in min-1) used in the simulations (Figures 1–3
and 7) are given in Table 1.

d R d k LR k CR k L R k C R4 1[ ] = ( )⋅ ⋅[ ] + ⋅[ ] − ⋅[ ]⋅[ ] − ⋅[ ]⋅[ ]( )t 2 3

(1)
d LR d k L R k LR2[ ] = ( )⋅ ⋅[ ]⋅[ ] − ⋅[ ]( )t 1 (2)

d CR d k C R k CR3[ ] = ( )⋅ ⋅[ ]⋅[ ] − ⋅[ ]( )t 4 (3)

For the same experimental paradigm, the amount of
radioligand–receptor complexes ([LR]) after different

Figure 2
Simulations. Effect of the competitor dissociation rate on the recov-
ery of radioligand binding after a fixed-time incubation. Competitor
and radioligand parameters, radioligand concentration and
incubation time are given in Table 1. For the simulations, the
receptor-containing preparation is pre-incubated with different con-
centrations (abscissa) of competitors with the indicated dissociation
t1/2 till equilibrium is reached. Free competitor molecules are
removed and the preparation is further incubated with a fixed con-
centration (2 nM = 2.KD) of radioligand for 30 min. Radioligand
binding is expressed in percent of control, i.e. binding to receptors
pretreated with medium only (i.e. [LR]c=0). Competitor dissociation
t1/2 values (=0.69/k4), calculated according to Equation 5 with
[LR]cmax (radioligand binding to receptors pretreated with the highest
concentration of each competitor) and the radioligand k1 and k2

values (Table 1) are close to the input values: i.e. 6.9, 13.7, 34.4 and
137.6 min respectively.
Insert: [LR]cmax as a function of the dissociation t1/2 (abscissa, natural
logarithmic scale) of distinct competitors (symbols are in red for the
competitors displayed in the main panel).
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Figure 3
Simulations. Effect of the competitor dissociation rate on the recovery of radioligand binding and the calculated competitor k4 values, after
increasing incubation times. (A) For the simulations, the receptor-containing preparation is pre-incubated with a receptor-saturating concentration
(0.33 mM) of competitors with the indicated dissociation t1/2 till equilibrium is reached. Free competitor molecules are removed and the
preparation is further incubated with a fast- (closed symbols and solid line, kobs = 0.3 M-1·min-1, t1/2 = 2.3 min) or slow-associating radioligand
(open symbols and dotted line, kobs = 0.04 M-1·min-1, t1/2 = 17 min) for increasing time periods (abscissa, expressed in units of dissociation half-life
of each individual competitor). Radioligand binding is expressed in percent of control, i.e. binding after the same time periods to receptors
pretreated with medium only (i.e. [LR]c=0). (B) k4 values calculated according to Equation 5 for the fast dissociating competitor/slow associating
radioligand combination (red curve in panel A) based on the simulated receptor binding values and for situations in where receptor binding should
be off by 5% either below or above.
Competitor and radioligand parameters, radioligand concentrations and incubation times are given in Table 1.

Table 1
Kinetic parameters of the competitors and radioligands, radioligand concentrations [L] and incubation times (t’) used for the simulations

Competitor pre-incubation Radioligand incubation

k3 (M-1·min-1) k4 (min-1)
Dissociation
t1/2 (min) k1 (M-1·min-1) k2 (min-1) [L]/KD t’ (min)

Figure

1A,B 1·108 0.1 6.9 1·108 0.1 2 3–30

1C,D 1·108 0.005 138 1·108 0.1 2 3–30

2 � 1·108 0.1 6.9 1·108 0.1 2 30

� 1·108 0.05 13.8 1·108 0.1 2 30

� 1·108 0.02 34.5 1·108 0.1 2 30

� 1·108 0.005 138 1·108 0.1 2 30

3 � 1·108 0.1 6.9 1·108 0.1 2 3–30

� 1·108 0.005 138 1·108 0.1 2 60–600

� 1·108 0.1 6.9 2·107 0.02 1 3–30

� 1·108 0.005 138 2·107 0.02 1 60–600

7A 1·108 0.077 9.0 1·108 0.1 2 30

7B 1·108 0.077 9.0 1·108 0.1 2 5–50

Radioligand pseudo first-order association rate constants (kobs, in min-1) can be calculated according to kobs = k2 + k1.[L] and KD values
according to KD = k2/k1. For mono-exponential association and dissociation, the first-order rate constants (k) relate to the half-lives (t1/2) as
k = 0.69/t1/2.
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incubation time periods (t’) can also be calculated/
simulated as a function of total receptor concentra-
tion ([Rtot]) by use of the kinetic rate equation
(Equation 4 below) developed by Malany et al.
(2009).

LR a R b CRtot[ ] = ⋅[ ] + ⋅[ ] =t 0 (4)

in where:

a k L 1 e k L kk L k1 2= ⋅[ ]⋅ −( ) ⋅[ ] +( )− ⋅[ ]+( )⋅ ′
1 1 2

t

b k L e e k L k kk L k k
1 2 4

1 2 4= ⋅[ ]⋅ −( ) ⋅[ ] + −( )− ⋅[ ]+( )⋅ ′ − ⋅ ′
1

t t

[CR]t=0 is the amount of competitor-bound receptors
at the onset on the incubation with radioligand.

[LR] values obtained by both simulation methods
differ by no more than 0.2%. To avoid redundancy,
only those obtained by first method are shown here.

Cell lines and culture conditions
Chinese hamster ovary cells (CHO-K1) stably trans-
fected with the cDNA for apo-aquorin of Aquoria
victoria and the GTP-binding protein Ga16 (CHO-
AEQ cells) were kindly donated by Dr M. Detheux
(Euroscreen s.a., Gosselies, Belgium) and further
transfected with the pcDNA3.1 expression vector
containing the entire coding region of the human
D2 dopamine receptor (transcript variant 1 and 2;
D2L and D2S) as described (Packeu et al., 2008). Trans-
fected cells stably expressing the human D2L- and
D2S-dopamine receptor (denoted as CHO-D2L and
CHO-D2S cells respectively) were cultured (in 5%
CO2 at 37°C) until confluence in polystyrene
Costar® Corning® Cellbind® Surface 24-well plates
(Elscolab, Kruibeke, Belgium) in supplemented Dul-
becco’s modified essential medium (DMEM), that is,
with 2 mM L-glutamine, 2% of a stock solution con-
taining 5000 I.U.·mL-1 penicillin and 5000 mg·mL-1

streptomycin (Life Technologies, Merelbeke,
Belgium), and 10% fetal bovine serum (Life Tech-
nologies, Merelbeke, Belgium).

Human embryonic kidney cells stably expressing
the chimeric G protein, Gqi5, together with human
cannabinoid receptor 1 (denoted as HEK293-CB1r
cells) (AstraZeneca, Mölndal, Sweden) were cultured
in DMEM with glutamax (Invitrogen, Paisley, UK)
supplemented with 10% fetal bovine serum
(Hyclone, South Logan, UT, USA), 600 mg·mL gene-
ticin and 300 mg·mL-1 hygromycin (Invitrogen,
Paisley, UK) in 5% CO2 at 37°C. One day before the
experiment, cells were plated (2.105 cells·well-1) in
24-well poly-D-lysine coated plates (in vitro, Stock-
holm, Sweden) in DMEM with glutamax + supple-
mented with 10% fetal bovine serum.

D2 dopamine receptor binding experiments
Prior to the experiment, cells were washed three
times at room temperature with 500 mL per well of

medium (HEPES/DMEM, pH 7.4 from Life Technolo-
gies, Merelbeke, Belgium). Incubations with radioli-
gand were carried out at 37°C in a final volume of
500 mL per well in medium either alone (for
[3H]-raclopride) or supplied with 0.2% (w/v) BSA (for
[3H]-spiperone). Non-specific binding was deter-
mined in the presence of 1 mM spiperone (for
[3H]-raclopride) or 0.3 mM (+)-butaclamol (for
[3H]-spiperone).

For the TSC binding assays CHO-D2S (Figure 4A
and B) and CHO-D2L cells (Figure 5) were pre-
incubated for 30 min at 37°C in 500 mL medium
with increasing concentrations of competitors,
washed twice with an excess (1 mL) medium or not
and further incubated for 30 min at 37°C with 2 nM
[3H]-raclopride. To assess the inhibitory activity in
the incubation medium (Figure 5), cells were pre-
incubated and washed as above and further incu-
bated for 10 min at 37°C with medium only. The
supernatants were collected, added along with 2 nM
[3H]-raclopride (final concentration) to naïve cells
and the mixture was further incubated for 30 min at
37°C. For the delayed association assays (Figure 4C
and D), CHO-D2S cells were pre-incubated with
medium, 0.1 mM raclopride or 3 nM spiperone,
washed twice and further incubated with 2 nM
[3H]-raclopride for the indicated times. For dissocia-
tion binding assays (Figure 4E and F) CHO-D2S cells
were incubated with 1 nM [3H]-spiperone or 2 nM
[3H]-raclopride (30 min, 37°C), washed twice and
further incubated with 2 nM raclopride for the indi-
cated times. At the end of all experiments, wells
were washed and remaining radioactivity was
counted in a liquid scintillation counter as described
(Packeu et al., 2008).

CB1 cannabinoid receptor binding
experiments
Prior to the experiment, cells were washed three
times at room temperature with 500 mL per well of
medium (Leibowitz with glutamax, pH 7.4 from
Invitrogen, Paisley, UK). Incubations with radioli-
gand were carried out at 37°C in a final volume of
500 mL per well in medium supplied with 1% (w/v)
fatty acid-free BSA. Non-specific binding was deter-
mined in the presence of 0.1 mM AM 251.

For the TSC binding assays (Figure 6A and B)
HEK293-CB1r cells were pre-incubated for 30 min at
37°C in 500 ml medium with increasing concentra-
tions of competitors, rapidly washed three times
with 750 mL per well Dulbecco’s phosphate buffered
saline (Invitrogen, Paisley, UK) with 1% fatty acid-
free BSA (Sigma-Aldrich, St. Louis, MO, USA) or not
and further incubated for 60 min at 37°C with 5 nM
[3H]-rimonabant. To assess the inhibitory activity in
the incubation medium (Figure 6), cells were pre-
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incubated and washed as above and further incu-
bated for 60 min at 37°C with medium only. The
supernatants were collected, added along with 5 nM
[3H]-rimonabant (final concentration) to naïve cells
and the mixture was further incubated for 60 min at
37°C. For the radioligand dissociation experiments
(Figure 6C and D) cells were pre-incubated
for 60 min 2 nM [3H]-taranabant or 5 nM
[3H]-rimonabant, washed three times and further
incubated with medium containing 5 nM rimona-
bant for the indicated time periods. At the end of all
experiments, cells were scraped off the wells in
250 mL PBS (Invitrogen, Paisley, UK) and transferred
to scintilation vials. The radioactivity was counted
for 3 min in presence of 3 mL scintillation liquid
(Optiphase Hisafe from PerkinElmer; Boston, MA,
USA) in a liquid scintillation counter.

Data analysis
The half maximal inhibitory concentration values
(IC50) from competition binding experiments and

kinetic constants from time curves were calculated
by non-linear regression analysis by GraphPad
PrismTM (San Diego, CA, USA) based on a one-site
bimolecular reaction obeying the Law of Mass
Action. For curve fitting of the competition binding
experiments, a one-site model with free-floating
parameters was used for the experimental data and a
two-site model for the simulated TSC binding data
in Figure 7A.

Equation 4 is very useful for calculating competi-
tor dissociation rates (k4) with TSC experiments
as concurrent control experiments (either
co-incubation experiments or TSC experiments
without intermediate wash step) allow competitor
concentrations to be chosen at which near-maximal
saturaturation of the receptor takes place. The cor-
responding ‘recovered’ amount of radioligand
binding ([LR]cmax) is then equal to (a + b).[Rtot]. Note
that radioligand binding after pretreatment of
medium only (i.e. [LR]c=0, the control binding
habitually used in competition binding experi-
ments) equals a.[Rtot]. Hence:

Figure 4
Experimens. Raclopride and spiperone dissociation from D2S dopamine receptors: different approaches. (A, B): TSC experiments. CHO-D2S cells
were pre-incubated for 30 min at 37°C with increasing concentrations of raclopride (A) or spiperone (B) followed by a brief wash or not.
[3H]-Raclopride (2 nM, final concentration) was then added and the incubation was continued for 30 min. Data refer to specific binding expressed
as percentage of control binding (i.e. specific binding to cells pre-incubated with medium only) and are presented as means � SEM of three
individual experiments with three determinations each. (C, D): Delayed association experiments. Cells were pre-incubated for 30 min at 37°C with
medium only or with 0.1 mM raclopride (C) or 3 nM spiperone (D), washed and further incubated for the indicated time periods at 37°C with 2 nM
[3H]-raclopride. Data refer to specific binding expressed as percentage of control binding (i.e. specific binding after 30 min to cells pre-incubated
with medium only) and presented as above. (E, F): Radioligand dissociation experiments. Cells were pre-incubated for 30 min at 37°C with 2 nM
[3H]-raclopride (C) or 1 nM [3H]-spiperone (D), washed and further incubated for the indicated time periods at 37°C with 2 nM raclopride. Data
refer to specific binding expressed as percentage of control binding (i.e. specific binding at the very onset of the washout) and are presented as
above. The curve in (E) is monoexponential without constraint to zero at long times. TSC, two-step competition.
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LR LR a b ac c[ ] [ ] = +( )=max 0 (5)

With earlier knowledge of k1 and k2 (obtained from
radioligand association and dissociation binding
experiments), [L], t’ and the experimentally
obtained values of [LR]c=0 and [LR]cmax, k4 is easily
calculated by subjecting Equation 5 to, for example,
the Microsoft® Excel Solver function.

Materials
The tritium labelled D2 dopamine receptor antago-
nists [3H]-raclopride (60–63 Ci·mmol-1) and
[3H]-spiperone (79–113 Ci·mmol-1) and the CB1 can-
nabinoid receptor antagonist [3H]-rimonabant
(44 Ci·mmol-1) were purchased from PerkinElmer
(Boston, MA, USA). The unlabelled D2 receptor
antagonists sulpiride, clozapine, haloperidol, raclo-
pride and spiperone were purchased from Tocris
(Avonmouth, UK) and (+)-butaclamol was from
Sigma-Aldrich (St. Louis, MO, USA). The unlabelled
CB1 receptor antagonists rimonabant and tarana-
bant were from AstraZeneca (Mölndal, Sweden) and

AM 251 was from Tocris (Avonmouth, UK). Drug/
molecular target nomenclature follows Alexander
et al. (2009).

Results

Simulations
The dissociation rate of unlabelled ligand/
competitor–receptor complexes can be estimated
indirectly by measuring their ability to slow the
association of a subsequently added radiologand
molecule in a sequential competitor pre-
incubation–wash–radioligand incubation paradigm
(Hara et al., 1995; Vanderheyden et al., 2000; Packeu
et al., 2008; Malany et al., 2009). Panels A and C in
Figure 1 simulate typical outcomes of such experi-
ments for a fast (k4 = 0.1 min-1, t1/2 = 6.9 min) and
slow (k4 = 0.005 min-1, t1/2 = 138 min) dissociating
competitors respectively. The curves refer to radio-
ligand binding for increasing times to receptor
preparations that have been pretreated with
medium only (top curve) or with different concen-

Figure 5
Experimens. Antagonist dissociation from D2L dopamine receptors: TSC approach. CHO-D2L cells were pre-incubated for 30 min at 37°C with
increasing concentrations of raclopride (A) sulpiride (B), spiperone (C) (+)-butaclamol (D), haloperidol (E) or clozapine (F) followed by a brief wash
or not. For the reference and TSC curves, 2 nM [3H]-Raclopride (final concentration) was then added and the incubation was continued for 30 min.
Alternatively, to check for cellular uptake and subsequent release of unlabelled antagonist molecules in the medium, washed cells were incubated
with fresh medium for 10 min, the supernatants were collected and added along with 2 nM [3H]-raclopride (final concentration) to naïve cells.
The mixture was further incubated for 30 min at 37°C. For comparison with the TSC curves, the inhibitory activity in these supernatants is
expressed as a function of the initial antagonist concentration in the pre-incubation step. Data refer to specific binding expressed as percentage
of control binding [i.e. specific binding to naïve cells (when testing activity in medium) or cells pre-incubated with medium only (for reference
and TSC curves)] and are presented as means � SEM of three individual experiments with three determinations each. TSC, two-step competition.
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trations of competitor and then briefly washed to
remove free competitor molecules. The wash is
assumed to remove all free competitor molecules
without affecting its receptor occupancy. Gradually
increasing the competitor concentration will
produce corresponding delays in radioligand asso-
ciation till a limit is attained; that is, when the
competitor occupies all the receptor sites at the
onset of the incubation with radioligand. Compar-
ing these latter curves in Figure 1A and C clearly
reveals the capability of the slow dissociating com-
petitor to delay the radioligand association more
severely than the fast-dissociating one (in all cases
radioligand binding will reach the control value cor-
responding to the maximal binding to medium-
pretreated preparations, provided that the
incubation lasts long enough). Radioligand associa-
tion curves may acquire complex shapes when the
receptors were pretreated with competitor (includ-
ing a delayed onset in binding such as in panel A
and biphasic curves such as in panel C). Despite

their complexity, such binding data can now
adequately be analysed by the fitting procedure
developed by Malany et al. (2009) to yield the com-
petitor’s dissociation rate (k4) and the amount of
competitor-bound receptors at the onset of the
radioligand incubation step, provided that the
radioligand’s k1 and k2 values are known.

An interesting situation arises when the same
binding data are plotted as a function of the initial
free competitor concentration instead of the incu-
bation time (Figure 1B and D). In conventional
competition binding experiments, involving the
concomitant presence of free radioligand and com-
petitor molecules, the latter will produce a
concentration-dependent decline in radioligand
binding till it is completely abolished. Here,
however, the competitor will continue to produce a
concentration-dependent decline in radioligand
binding even when free competitor molecules have
been washed away, but with this peculiarity that the
maximal decline gradually fades as the incubation

Figure 6
Experiments. Taranabant and rimonabant dissociation from CB1 cannabinoid receptors: different approaches. (A, B): TSC approach. HEK293-CB1r
cells were pre-incubated for 30 min at 37°C with increasing concentrations of taranabant (A) or rimonabant (B) followed by a brief wash or not.
For the reference and TSC curves, [3H]-Rimonabant (5 nM, final concentration) was then added and the incubation was continued for 60 min.
Alternatively, to check for cellular uptake and subsequent release of rimonabant in the medium, washed cells were incubated with fresh medium
for 30 min, the supernatants were collected and added along with 5 nM [3H]-rimonabant (final concentration) to naïve cells. The mixture was
further incubated for 60 min at 37°C. For comparison with the TSC curves, the inhibitory activity in these supernatants is expressed as a function
of the initial antagonist concentration in the pre-incubation step. Data refer to specific binding expressed as percentage of control binding (i.e.
specific binding to cells pre-incubated with medium only) and are presented as means � SEM of at least three individual experiments with three
determinations each. (C, D): Radioligand dissociation experiments. Cells were pre-incubated for 60 min at 37°C with 2 nM [3H]-taranabant (C)
or 5 nM [3H]-rimonabant (D), washed and further incubated for the indicated time periods at 37°C with 5 nM unlabelled rimonabant (washout
phase). Data refer to specific binding expressed as percentage of control binding (i.e. specific binding at the very onset of the washout) and are
presented as means � SD of two individual experiments with three determinations each. Curves are monoexponential and constrained to zero
at long times (C) or not (D). TSC, two-step competition.
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time increases. This fading process is much swifter
for the fast dissociating competitor (Figure 1B) than
for the slow dissociating one (Figure 1D). Note that,
while the incubation time has a profound impact on
the difference in the maximal effect of both types of
competitors, it does not substantially affect their
IC50 value.

Information about the competitor’s dissociation
rate can thus be acquired by pre-incubating the
receptor-containing preparation with increasing
concentrations of competitor, washing out free
competitor molecules and further incubating the
preparation with a constant concentration of radio-
ligand for a constant time period. This is clearly
illustrated in Figure 2, which compares the
so-obtained ‘two-step’ competition (TSC) curves for
competitors with dissociation rates (k4) ranging
between 0.005 and 0.1 min-1 (t1/2 between 138 and
6.9 min). The ‘recovered’ radioligand binding after
near-saturation of the receptors by the competitors
during the pre-incubation step (i.e. [LR]cmax) consti-
tutes the most contrasting parameter for ordering

them according to their dissociation rate (Figure 2,
insert). [LR]cmax is also important for the calculation
of k4. To find out the relevant (i.e. receptor-
saturating) competitor concentrations, a concur-
rent, control competition binding experiment
(either a co-incubation experiment or a TSC experi-
ment without intermediate wash step) is recom-
mended. Alternatively, [LR]cmax can also be obtained
by non-regression analysis of the TSC curve accord-
ing to a one-site (or even a two-site, see Figure 7)
competition model without constraint of the lower
limit. Based on the obtained values of [LR]cmax and
[LR]c=0 (i.e. radioligand binding after pretreatment of
the receptors with medium only) and knowledge of
the radioligand’s association and dissociation rates
(k1 and k2 respectively), k4 is easily calculated by
using Equation 5 (see Methods). Indeed, this equa-
tion constitutes a special case of the kinetic rate
equation (Equation 4) wherein k4 is the only
unknown parameter. Accordingly, additional simu-
lations also showed that the [LR]cmax values were
independent of the competitor’s input k3 values

Figure 7
Simulations. Pre-incubation of receptors with a fast-dissociating competitor followed by a wash-step: effect of the release of adsorbed competitor
in solution on subsequent radioligand binding. Competitor and radioligand parameters, radioligand concentration and incubation times are given
in Table 1. Calculations of k4 (given below as the corresponding t1/2) were based on Equation 5 (A) and 4 (B). (A) For simulating the TSC data,
receptors are pre-incubated for 30 min with different concentrations of competitor, washed and further incubated for 30 min with a fixed
concentration (2 nM) of radioligand either in the absence (0%) or presence of still remaining competitor at the indicated fractions of its initial
concentration. Radioligand binding is expressed in percent of control, i.e. binding to receptors pretreated with medium only (i.e. [LR]c=0).
[LR]cmax/[LR]c=0 ratios obtained by non-linear regression analysis varied little: that is, 0.866 (red curve, for 1-site competition), 0.867 (blue curve,
for 2-site competition) and 0.863 (green curve, for 2-site competition). The calculated competitor dissociation t1/2 values (8.9–9.1 min) according
to Equation 5 were close to the input value (9.0 min). The lower potency component of the green and blue TSC curves were shifted 17- and
360-fold to the right of the reference (black) curve. (B) For simulating the ‘delayed association’ data, receptors are pre-incubated for 30 min in
medium only or with a fixed concentration (3.10-8 M) of competitor (open symbols) and further incubated for increasing time periods with a fixed
concentration (2 nM) of radioligand either in the absence or presence of competitor released at 0.5 or 10% of its initial concentration. Radioligand
binding is expressed in percent of control, i.e. binding after 30 min to receptors pretreated with medium only. The calculated competitor
dissociation t1/2 and initial receptor occupancy ([CR]t=0) values according to Equation 4 were identical to the input values (9.0 min and 97.5% of
[Rtot]) in case of no competitor release (red curve) but diverged more and more with increasing competitor release (blue curve for 0.5% release:
11.3 min and 90.3%; green solid curve for 10% release: 82 min and 78.2%). In case of 10% competitor release, the data fitted better with a
mono-exponential association paradigm (dotted green curve) in where only 44.5% of the control radioligand binding was recoverable. TSC,
two-step competition.
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(data not shown). Also, for the simulated data pre-
sented in Figure 2, the calculated k4 values based on
[LR]cmax after pre-incubation with a receptor-
saturating concentration of each competitor are
only marginally different from the input values (see
figure legend).

Simulations were also performed to evaluate the
possibility of acquiring the competitor’s k4 values
based on the incubation time (t’) and the upward
shift of the competition curve (i.e. [LR]cmax/[LR]c=0

ratio) only. To this end, simulated ratios were
plotted as a function of t’, expressed in units of
dissociation t1/2 of each competitor to facilitate their
comparison. Figure 3A compares the situation of the
fastest- and slowest-dissociating competitors from
Figure 2. Although both curves do not fully coincide
when binding is performed with the fast-associating
radioligand (kobs = 0.3 M-1·min-1, t1/2 = 2.3 min), the
difference remains certainly acceptable for the semi-
quantitative approximation of a wide range of com-
petitor k4 values based on their [LR]cmax/[LR]c=0 ratio
(the competitor’s dissociation t1/2 values are
obtained by dividing t’ by the extrapolated X
values). However, the curves diverge more signifi-
cantly when binding is performed with a slow-
associating radioligand (kobs = 0.04 M-1·min-1, t1/2 =
17 min). Additional simulations (data not shown)
confirmed that any move to increase the radioli-
gand kobs (such as by increasing its concentration)
yields a better convergence of the curves and, hence,
a better approximation of the competitor k4.

Nevertheless, calculations by using Equation 5
provide much more accurate estimates of k4 (i.e.
varying less than 0.5% of the input values for all the
conditions shown in Figure 3A). Figure 3B illustrates
one example (i.e. the least accurate situation in
Figure 3A) of the lack of variance of the calculated k4

values with the incubation time along with the
potential outcomes if the [LR]cmax/[LR]c=0 ratios
diverge from the correct value by 5%. In this respect,
while experimental binding values in the steep part
of the competition curves show the greatest variabil-
ity (due to the important contribution of the IC50),
SEMs of plateau binding values rarely exceed 5%. As
clearly illustrated in Figure 3B, this error margin
brings about the highest variations in estimates of k4

at the extreme (high as well as low) [LR]cmax/[LR]c=0

ratios. Based on this potential error margin, we will
also provide a range of k4 (and t1/2) values when
analysing the experimental TSC curves presented
below.

Raclopride and spiperone dissociation from
D2S receptors
The dissociation rate of the antagonists raclopride
and spiperone from the D2S dopamine receptors was

indirectly estimated by the TSC approach described
above, the ‘delayed radioligand association’
approach as well as by direct dissociation experi-
ments using the radiolabelled antagonists.

For the TSC approach, plated CHO-D2S cells were
pre-incubated for 30 min at 37°C with increasing
concentrations of raclopride or spiperone, rapidly
washed or not (as reference) and further incubated
with 2 nM [3H]-raclopride for 30 min after which
the amount of D2S receptor-associated (i.e. specifi-
cally bound) radioligand was determined. Figure 4A
and B compares the binding under both conditions
as a function of the initial competitor concentra-
tion. Compared with the reference curve, the TSC
curve of raclopride underwent a marked upward
shift when cells were washed before the radioligand
binding step (Figure 4A). For cells that were pre-
incubated with a receptor-saturating concentration
of raclopride (0.1 mM, obtained from the reference
curve) and washed, [3H]-raclopride binding
amounted 79% [74–84% with 5% error margin] of
control binding. The corresponding k4 value for
raclopride was 0.067 [0.057–0.079] min-1 (t1/2 = 10.3
[8.7–12.1] min) when calculated according to Equa-
tion 5 (and based on the kinetic parameters of
[3H]-raclopride obtained by the association and dis-
sociation experiments, i.e. k1 = 4.9 107 M-1·min-1

and k2 = 0.078 min-1). In contrast to raclopride, the
TSC curve of spiperone did not undergo a percep-
tible shift in washed cells (Figure 4B). This should
point at extremely slow spiperone dissociation with
a t1/2 well above the incubation time of 30 min. As
summarized in Table 2, these results fit well with
those obtained by the two alternative approaches
described below.

The dissociation rate of unlabelled raclopride
and spiperone were also estimated indirectly by the
delayed radioligand association approach. In these
experiments, cells were pre-incubated with medium
only (for control curves) or a high, receptor-
saturating concentration of competitor, washed and
finally incubated with 2 nM [3H]-raclopride for
increasing time periods. Pre-incubation with 0.1 mM
raclopride did not affect the maximal extent of the
subsequent [3H]-raclopride binding but it effectively
delayed its association (Figure 4C). Making use of
the non-linear regression fitting procedure (Malany
et al., 2009), the k4 value for raclopride was
0.051 min-1 (t1/2 = 13.5 min). In contrast, following
pre-incubation with a receptor near-saturating con-
centration of spiperone (3 nM) and washing, almost
no recovery of [3H]-raclopride binding was found to
take place (Figure 4D). This points again at very slow
spiperone dissociation.

For direct [3H]-raclopride dissociation experi-
ments, cells were pre-incubated for 30 min with
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2 nM [3H]-raclopride, rapidly washed and further
incubated for different periods of time with 2 nM
unlabelled raclopride (for conditions to match those
of the two previous approaches). As depicted in
Figure 4E, [3H]-raclopride binding decreased expo-
nentially and the vast majority of specific binding
sites were freed at the end of the experiment, i.e.
after 60 min. The corresponding dissociation t1/2 was
8.9 min. In equivalent experiments, in where cells
were pre-incubated for 30 min with 1 nM
[3H]-spiperone, almost no disociation of this specifi-
cally bound radioligand could be perceived
(Figure 4F).

Antagonist dissociation from D2L receptors
Identical TSC binding experiments with raclopride,
spiperone and the additional antagonists (+)-
butaclamol, haloperidol, clozapine and sulpiride
were also performed with CHO-D2L cells to yield
their k4 values for the long D2 dopamine receptor
isoform (Figure 5). When appropriate k4 values were
calculated according to Equation 5 based on the
kinetic parameters of [3H]-raclopride for this recep-
tor isoform (i.e. k1 = 1.25 108 M-1·min-1 and k2 =
0.12 min-1; calculated from Figures 4 and 5 in
Packeu et al., 2008). Compared with the reference
curve for experiments without wash-step, the raclo-
pride and sulpiride TSC curves were markedly
shifted upward (Figure 5A and B), indicating that
both antagonists dissociate rapidly from the D2L

receptor. At a saturating concentration (0.1 mM) of
raclopride, radioligand binding amounted 84% of

control binding. The corresponding k4 value for
raclopride [0.068 (0.058–0.082) min-1, t1/2 = 10.2
(8.4–12.0) min] is in good agreement with data pre-
viously obtained by the direct [3H]-raclopride disso-
ciation and indirect delayed [3H]-raclopride
association approaches (Table 2) (Packeu et al.,
2008). It is more difficult to attribute a [LR]cmax/
[LR]c=0 ratio to sulpiride as the binding of
[3H]-raclopride already drops when this antagonist
attains a receptor-saturation concentration (1 mM).
Yet, based on the 92% radioligand binding at 0.1 mM
sulpiride, its k4 value can be approximated to range
between 0.075 and 0.13 min-1 (t1/2 = 5.3–9.1 min). In
contrast, the TSC curve curve of spiperone (+)-
butaclamol and haloperidol did not undergo a per-
ceptible upward shift in washed cells (Figure 5C–E).
This could point to extremely slow dissociation of
these antagonists from the D2L receptor with a t1/2

well above the incubation time of 30 min.
Interestingly, the TSC curve of clozapine experi-

enced a fourfold rightward shift when compared
with the reference curve (Figure 5F). As further out-
lined in the Discussion section, this could point to
the release of (initially adsorbed) clozapine mol-
ecules from the cells during the radioligand binding
step. To check for this possibility, cells were pre-
treated with the same concentrations of clozapine as
in the TSC curve experiment, washed and finally
incubated for 10 min with fresh medium. The pres-
ence of released clozapine in the resulting washout
medium was then evaluated by monitoring its
ability to decrease [3H]-raclopride binding to fresh

Table 2
Antagonist dissociation half-lives calculated by different approaches

Antagonist
Dissociation t1/2 (in min)
‘Two-step competition’ Delayed association Radioligand dissociation

D2S receptors (Figure 4)

Raclopride 10.3 (8.7–12.1) 13.5 8.9

Spiperone >>30 >>45 >>120

D2L receptors (Figure 5)

Raclopride 10.2 (8.4–12) 9.2–9.5* 5.8*

Spiperone >>30 >>45* >>120*

CB1 receptors (Figure 6)

Taranabant 90 (75–109) 122

Rimonabant <<60 6.4

Experiments are shown in Figures 4 and 5 or published (*Packeu et al., 2008) for the D2 receptor antagonists raclopride and spiperone and
in Figure 6 for the CB1 receptor antagonists taranabant and rimonabant. Data from the TSC approach were calculated according to
Equation 5 based on the obtained values of [LR]cmax and [LR]c=0 and knowledge of [L], t’, k1 and k2 (see Methods). Values in brackets account
for a 5% error margin of the [LR]cmax/[LR]c=0 ratio. Data from the delayed radioligand association approach were calculated according to
Equation 4 by the non-linear regression fitting procedure developed by Malany et al. (2009). Data from radioligand dissociation curves were
calculated by non-regression analysis of the curve based on a mono-exponential decline.
TSC, two-step competition.
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CHO-D2L cells in a co-incubation experiment. Such
inhibitory effects were clearly present and, when
expressed as a function of the initial clozapine con-
centration in the pre-incubation step, it exhibited
almost the same potency as the shifted curve in
the TSC experiment (Figure 5F). Similar control
washout experiments were also carried out for spip-
erone (+)-butaclamol and haloperidol (Figure 5C–E).
The washout media were all found to contain D2L

receptor binding activity but, contrary to the picture
seen with clozapine, the corresponding IC50 values
were >10-fold higher when compared with the
(unshifted) TSC curve of each of these antagonists.
This implies that, although the cells seem act as a
sink for these antagonists, their subsequent release
into the medium is not sufficient to account for
their competition behaviour in the TSC experiment.

Taranabant and rimonabant dissociation
from CB1 receptors
The dissociation rate of the antagonists taranabant
and rimonabant from the CB1 cannabinoid recep-
tors was also indirectly estimated by the TSC
approach. To this end, plated HEK293-CB1r cells
were pre-incubated for 30 min at 37°C with increas-
ing concentrations of rimonabant or taranabant,
rapidly washed or not and further incubated with
5 nM [3H]-rimonabant for 60 min after which the
amount of CB1 receptor-associated (i.e. specifically
bound) radioligand was determined. Figure 6A and
B compares the binding under both conditions as a
function of the initial competitor concentration.
Compared with the control curve in unwashed cells,
the taranabant TSC curve underwent a 33% upward
shift in the washed cells (Figure 6A). Based on the
kinetic parameters of [3H]-rimonabant for this recep-
tor isoform (i.e. k1 = 1 107 M-1·min-1 and k2 =
0.11 min-1, Wennerberg et al., 2010) and Equa-
tion 5, the calculated k4 of taranabant amounted
0.0077 (0.0063–0.0092) min-1 [t1/2 = 90 (75–109)
min]. In contrast to taranabant, the TSC curve of
rimonabant was only shifted 25-fold to the right of
the reference curve (Figure 6B). As for clozapine
(Figure 5B) this behaviour could be ascribed to the
release of a fast-dissociating competitor during the
radioligand incubation-step. Indeed, the corre-
sponding medium decreased [3H]-rimonabant
binding to fresh HEK293-CB1r cells with almost the
same potency (expressed as a function of the initial
rimonabant concentration in the pre-incubation
step) as the shifted curve in the TSC experiment
(Figure 6B).

For direct [3H]-rimonabant and [3H]-taranabant
dissociation measurements, plated HEK293-CB1r
cells were incubated with 2 nM [3H]-taranabant or
5 nM [3H]-rimonabant for 60 min, rapidly washed

and further incubated for different periods of time
with 5 nM unlabelled rimonabant (for conditions to
match the TSC approach). As depicted in Figure 6C
and D, binding of both radioligands decreased expo-
nentially. [3H]-taranabant dissociated with a t1/2 of
122 min. [3H]-Rimonabant dissociated with a t1/2 of
6.4 min and the vast majority of specific binding
sites were free at the end of the experiment, i.e. after
60 min.

Discussion

Several radioligand binding strategies can be
adopted to quantitate the dissociation rate (k4) of a
receptor-bound ligand. Besides direct radioligand
dissociation experiments, competitor k4 values can
also be estimated indirectly in co-incubation experi-
ments (Motulsky and Mahan, 1984; Dowling and
Charlton, 2006). Fewer data need to be generated by
alternative approaches that include a rapid interme-
diate wash-step. Among them, the ‘delayed associa-
tion’ approach is based on the ability of bound
competitors to delay the association of a subse-
quently added radioligand molecules (Hara et al.,
1995; Packeu et al., 2008). The presently explored
TSC approach is based on the same principle but
consists of pre-incubating the receptors with a range
of ligand concentrations (instead of a single one),
washing off ligand molecules in solution and moni-
toring the binding of fixed concentration of radio-
ligand after a fixed time. In principle, and with prior
knowledge of the radioligand’s kinetic parameters,
analysis of the TSC binding data should be straight-
forward as, at a receptor near-saturating concentra-
tion of competitor (as determined from concurrent
reference competition binding curves without an
intermediate wash step), the appropriate kinetic rate
equation (Malany et al., 2009) is simplified so that k4

can be calculated from the upward shift of the TSC
curve (Equation 5). As a first approach, visual
inspection of the upward shift will already provide
an approximate k4, at least if the radioligand associ-
ates swiftly (Figure 3).

In practice, a number of issues need special atten-
tion. First, the TSC approach avoids the measure-
ment of radioligand binding at different time
intervals and incubations can be kept relatively
short. While this issue is, of course, a matter of
personal appreciation, shortening the pre-
incubation and incubation steps in intact cell
experiments would help to limit cell death and
other potential interfering phenomena, linked to
alteration of the medium and the secretion of
metabolites. Another particular feature of the TSC
approach is that it provides at the same time, at least
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preliminary indications about the competitor’s
affinity (from the reference competition binding
curves), its dissociation rate and its ability to parti-
tion between the medium and ‘non-effector sinks’,
such as cell membranes. More refined estimations
can then be envisioned by performing measure-
ments after longer pre-incubation periods, after dif-
ferent incubation periods, with different radioligand
concentrations and by testing the washout media
for the presence of free competitor molecules. In
this respect, small k4 values could point to the need
for longer pre-incubation periods to achieve equilib-
rium binding of the competitor. While this issue
matters for estimating the competitor’s affinity, it is
not supposed to affect its k4 estimate as reference
competition curves are only required to find out a
suitable receptor-saturating concentration of com-
petitor and to estimate the ‘rightward shift’ of the
TSC curves. Also, as illustrated in Figure 3B, k4 esti-
mates could become more inaccurate in case of very
small or large upward shifts of the TSC curve and, in
this situation, more reliable estimates could be
obtained by increasing and decreasing the incuba-
tion time with radioligand respectively. It is also
preferable for the radioligand to be present at a
sufficiently high concentration. While this does not
matter for the calculation of k4 according to Equa-
tion 5 (Figure 3B), the resulting decrease in the
radioligand kobs should yield more reliable estima-
tions of k4 by visual inspection of the TSC curve, as
in case of pronounced partitioning of the competi-
tor (see below). At a high concentration, the radio-
ligand should also be more effective at preventing
rebinding of freshly dissociated competitor mol-
ecules to the same or adjacent receptor molecules
(Fierens et al., 1999; Vauquelin and Szczuka, 2007)
and this obviously also applies to delayed
association-based experiments. If allowed to take
place, such as in traditional ‘organ bath’-based
kinetic experiments in where the washout step takes
place in medium only, this rebinding phenomenon
could be responsible for an apparent delay in the
competitor’s dissociation. Finally, particular to
the ‘delayed association’ and TSC methods is that
the intermediate wash-step should be fast enough to
prevent significant dissociation of the competitor-
receptor complexes and yet effective enough to
remove the great majority of competitor molecules
in solution. To meet this requirement, it is conve-
nient to perform binding studies on intact cells
firmly attached to microwell plates, so that washing
merely requires a change of medium. Incomplete
removal of competitor in solution should result in a
rightward shift (on top of a potential upward shift,
see simulations in Figure 7A) of the TSC curve when
compared with the reference curve.

Intact cell binding studies were performed to
evaluate the merits and limits of the TSC approach.
The k4 values, estimated here, of the fast-
dissociating D2 dopamine receptor antagonists
supiride and raclopride (Figures 4A, 5 and 6) and the
slow dissociating CB1 cannabinoid receptor antago-
nist taranabant were in good agreement with those
obtained by the alternative indirect ‘delayed asso-
ciation’ and direct radiolabelled antagonist dissocia-
tion approaches (Table 2). The pronounced (>>100-
fold) rightward shift of their TSC curves (if even
perceptible at the competitor concentrations used)
indicates that a succession of rapid washes is highly
effective in removing competitor molecules from
the solution. In agreement, non-specific binding of
[3H]-raclopride and [3H]-taranabant (which in the
intact cell binding paradigm also accounts for
incomplete removal of radioligand from the solu-
tion) was also very small after an equivalent rapid
wash procedure (at 2 nM: <10% of specific/receptor
binding for both radioligands).

The TSC curves of the D2 receptor antagonist
clozapine and of the CB1 receptor antagonist
rimonabant only experienced limited rightward
shifts of 4- and 25-fold respectively (Figures 5F and
6B). To find out whether this was related to the
presence of competitor molecules in solution during
the radioligand binding step, an equivalent washout
medium was checked for its ability to decrease
radioligand binding to fresh cells. Such effect was
clearly present for both competitors and, when
expressed as a function of their initial concentration
in the pre-incubation step, the curves exhibited IC50

values similar to those from the TSC curves
(Figures 5F and 6B). Hence, the TSC curves of these
competitors account for two independent phenom-
ena. The almost complete recovery of the radioli-
gand binding at low initial rimonabant and
clozapine concentrations should point to their rela-
tively fast dissociation from their receptors. For
rimonabant, this was confirmed by the direct disso-
ciation experiments with its tritiated equivalent
(Figure 6D). For clozapine, this is in tune with its
classification as an atypical antipsychotic (Kapur
and Seeman, 2000; 2001). At higher initial concen-
trations, enough free rimonabant and clozapine
molecules are present in solution to produce, mass-
action equilibrium-based inhibition of the radioli-
gand binding. As the resulting shifts of the TSC
curves are less pronounced as in case of supiride,
raclopride and taranabant, the free rimonabant and
clozapine molecules are likely to originate from
their release from cellular stores.

Finally, the TSC curves of the D2 receptor antago-
nists spiperone, haloperidol and (+)-butaclamol
overlapped with the reference curves (Figure 5C–E).
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Although the equivalent washout media were able
to decline radioligand binding to fresh cells, the
inhibitory activity therein was too weak to explain
the overlap. As no upward shift was perceived either,
the simplest explanation is that these antagonists
dissociate very slowly from their receptors. For spip-
erone, this explanation is corroborated by the
results obtained from the ‘delayed association’ and
direct [3H]-spiperone dissociation experiments
(Table 2).

Very similar modes of behaviour were recently
also reported to take place for b2 adrenoceptor ago-
nists in related functional experiments on intact
cells (Summerhill et al., 2008). In that study, b2

adrenoceptor-expressing CHO cells were also pre-
incubated with increasing concentrations of
agonist, briefly washed and (instead of challenging
with radioligand such as in the present studies)
further incubated with fresh medium to monitor
post-wash cyclic AMP production. Compared with
the reference concentration–response curves in
unwashed conditions, the curves for the washed
cells experienced a pronounced rightward shift for
the hydrophilic agonist salbutamol, a moderate
shift for formoterol and no shift along with a nearly
unchanged maximal response for salmeterol.

Formoterol possesses adequate lipophilic proper-
ties to permit its reversible partitioning between the
cell plasma membrane and the surrounding
aqueous phase (Rhodes et al., 1992; Bergendal et al.,
1996). Hence, when formoterol-pretreated cells or
tissues are briefly washed, membrane-associated for-
moterol will progressively leak into the aqueous
medium from where it can reach and stimulate its
receptor (Johnson and Coleman, 1995; Johnson,
2001). According to the dedicated ‘diffusion micro-
kinetic’ model, the membrane thus acts as a reser-
voir whose size depends on the concentration of
formoterol initially added (Anderson, 1993; Ander-
son et al., 1994). Additionally, formoterol-mediated
responses are rapidly reversed upon addition of
antagonist molecules (Anderson, 1993). This points
at rapid dissociation of the formoterol–receptor
complexes. In view of the marked lipophilicity of
rimonabant and clozapine (Norman et al., 1979;
Härtter et al., 2003; Fan et al., 2006), the limited
shift of their TSC curves could also be attributed to
their reversible partitioning between the cell plasma
membrane and the surrounding aqueous phase. In
this respect, TSC binding experiments similar to the
ones examined here have recently been performed
for xanomeline-related M1 muscarinic receptor ago-
nists both on intact CHO cells and membrane
preparations thereof (Jakubik et al., 2003; Kane
et al., 2007). Attention was focused on the rightward
shift of the curves and the important influence of

the cell membrane, including ionic interactions
with the polar phospholipid headgroups, was clearly
demonstrated.

Release of membrane-associated competitor mol-
ecules into the medium will result in a new mass-
action equilibrium binding between these
molecules and the receptor. This phenomenon is
hinted at when the TSC curves are only moderately
shifted to the right of the reference curve. In the
‘delayed association’ experiments, this new equilib-
rium may cause a pronounced, long-lasting blunt-
ing of the radioligand binding (see simulations in
Figure 7B). The resulting radioligand association
curves are no longer adequately analysed by the
non-linear regression fitting procedure developed
by Malany et al. (2009) and, as illustrated by recent
‘delayed association’ studies with clozapine (Packeu
et al., 2010a) and AT1 angiotensin II receptor antago-
nists (Kakuta et al., 2005), this could even lead to the
erroneous conclusion that the competitor under-
goes long-lasting binding to the receptor.

The unshifted TSC curves for spiperone, halo-
peridol and (+)-butaclamol in the present study are
comparable with the behaviour of salmeterol (Sum-
merhill et al., 2008). This b2 adrenoceptor agonist is
highly lipophilic and, as its activity is rapidly
reversed in presence of an excess of hydrophilic
antagonists, its post-wash long-lasting activity in
organ bath experiments and its ability to re-activate
the receptors after antagonist removal has been
attributed to its long-lasting presence in the cell
membrane along with its ability to reach the recep-
tor’s active site through lateral diffusion across its
transmembrane-spanning a-helices. Whether this
long-lasting effect is only governed by the ‘diffusion
microkinetic’ model (Austin et al., 2003) or also
requires additional mechanisms like exosite binding
(Coleman et al., 1996) or rebinding (Vauquelin and
Szczuka, 2007; Szczuka et al., 2009) is still matter of
debate. In contrast, [3H]-spiperone-D2 receptor
binding is long-lasting in intact cells, even in the
presence of a receptor-saturating concentration of
raclopride (Packeu et al., 2010b) and this provides
the simplest explanation for its unshifted TSC curve.
Similar kinetic properties can provisionally also be
attributed to haloperidol and (+)-butaclamol.

In conclusion, the presently explored TSC
approach constitutes a practical alternative to the
‘delayed association’ approach for estimating the
dissociation rate of unlabelled competitive ligands
in radioligand binding experiments on plated cells.
It provides concurrently, at least preliminary indica-
tions about the competitor’s affinity, its dissociation
rate and, above all, its ability to partition between
the medium and ‘sinks’ like cell membranes. Com-
petitor k4 values are conveniently calculated from
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the upward shift of the TSC curve, in case of minor
partitioning or, otherwise, already approximated by
visual inspection of the TSC curve.
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