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Abstract  
Introduction  
Target binding kinetics can influence the time course of the drug effect (pharmacodynamics) both I) directly, 
by affecting the time course of target occupancy, driven by the pharmacokinetics of the drug, competition 
with endogenous ligands and target turnover, and II) indirectly, by affecting signal transduction and 
homeostatic feedback at the cellular and systems level. For dopamine D2 antagonists, it has been 
hypothesized that fast receptor binding kinetics cause fewer side effects, because part of the dynamics of 
the dopaminergic system is preserved by displacement of these antagonists.  

Methods 
Target binding kinetics of D2 antagonists and agonists and signal transduction after dopamine and D2 
antagonist exposure were measured in vitro. These data were integrated by mechanistic modeling, taking 
into account competitive binding of endogenous dopamine and the antagonist, the turnover of the second 
messenger cyclic adenosine monophosphate (cAMP), and negative feedback by phosphodiesterase 
turnover. 

Results 
The proposed signal transduction model successfully described the cellular cAMP response for 17 D2 
antagonists with widely different binding kinetics. Simulation of the response to fluctuating dopamine 
concentrations revealed that a significant effect of the target binding kinetics on the dynamics of the 
signaling only occurs at endogenous dopamine concentration fluctuations with frequencies below 1/min.  

Conclusion 
Signal transduction and feedback are important determinants of the time course of drug effects. The 
influence of the D2 antagonist dissociation rate constant (koff) is limited to the maximal rate of fluctuations in 
dopamine signaling as determined by the dopamine koff and the cAMP turnover. 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: cAMP: cyclic adenosine monophosphate, DMR: Dynamic Mass Redistribution, 
PDE: Phosphodiesterase, PPHT: poly-3-phenylhydrazone thiophene, RT: room temperature 
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Introduction  

The potential influence of drug-target association and dissociation kinetics on the time course of drug 
effects (pharmacodynamics) has led to an increasing interest in the use of binding kinetic parameters as a 
criterion in the selection of drug candidates.[1–6] Although the influence of binding kinetics on the time 
course of target occupancy has been studied, its exact role in the complex relation between drug dosing and 
drug effect is potentially complex and not completely understood.[7,8]  

Under distinct circumstances, target binding kinetics can influence the pharmacodynamics directly by 
affecting the time course of the target occupancy.  To what extent this occurs depends on values of the rate 
constants of target association(kon) and dissociation(koff), relative to the pharmacokinetic rate constants 
characterizing the rates of tissue distribution and elimination. In this regard, additional factors to be taken 
into consideration are the rate constants characterizing the turnover of the target and the competition with 
endogenous target ligands. In addition to these direct effects of target binding on the pharmacodynamics, 
variation in kon and koff can also indirectly influence the pharmacodynamics via signal transduction and 
homeostatic feedback mechanisms, both at the cellular and the systems level.[7–11]  The possible influence 
of the drug-target dissociation rate constant (koff) on signal transduction has been suggested previously, 
based on observed in vitro efficacy measurements that correlated with koff, but not with the equilibrium 
dissociation constant KD.[12,13]  

One target for which the influence of drug-target binding kinetics on in vivo drug effects is thought to be 
relevant is the dopamine D2 receptor. Almost two decades ago, the influence of drug-target binding kinetics 
on the safety of dopamine D2 antagonists has been suggested, based on the correlation between low values 
of koff and the lack of typical side effects, such as extrapyramidal symptoms (i.e. atypicality).[14] This 
observation led to the hypothesis that quickly dissociating antagonists induce less side effects by allowing 
displacement from the receptor by  fluctuating dopamine concentrations and thus preserving part of the 
dopamine dynamics, which we will refer to as the “fast-off hypothesis” in this study.[15–18] To understand 
the influence of dopamine D2 antagonist binding kinetics on their efficacy and safety, it should be noted that 
the fluctuations in dopamine concentrations occur at various time scales, ranging from hours to 
microseconds.[16,19,20] The influence of these target binding kinetics needs to be studied in comparison to 
dopamine fluctuations at all these time scales. 

The dopamine D2 receptor belongs to the class of inhibitory G-protein coupled receptors (GPCRs). Thus, 
receptor activation is known to inhibit cAMP production and cAMP in turn is known to stimulate active PDE 
production, while active PDE stimulates degradation of cAMP. Moreover, GPCR receptor activation can lead 
to receptor phosphorylation and desensitization as described quantitatively for the β2-Adrenergic 
receptor.[21] The production of cAMP is thus regulated by a negative feedback loop, which is a common 
feature in signal transduction pathways[22]. 

In this respect, it should be noted that the distinction between agonists and antagonist is often based on 
historical data and does not always take into account the classification of partial agonists and inverse 
agonists. One example of this is the study in which Remoxipride was introduced as D2 antagonist based on 
its in vivo antidopaminergic action and the lack of in vitro adenylyl cyclase inhibition in rat striatum 
homogenate. [23] This study does not report the possibility of adenylyl cyclase stimulation, and inverse 
agonism is thus not excluded. Moreover, the occurrence of inverse agonism and partial agonism can be 
influenced by the experimental system and cannot directly be translated across systems. Many D2 binding 
drugs that have initially been classified as antagonist have been reported to function as inverse 
agonists.[24,25] For convenience, we only apply the terms agonist and antagonist in this study, but we 
assume that the antagonists can have inverse agonistic activities. 

In this study, in vitro and in silico methods were combined to elucidate the influence of D2 antagonist target 
binding kinetics on the cellular response to fluctuating dopamine concentrations and to investigate the fast-
off hypothesis. Firstly, experimental methods were developed to quantify the binding kinetics of D2 agonists 
and antagonists to investigate if the binding kinetics were different for these two types of D2 ligands. 
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Secondly, to investigate the fast-off hypothesis with respect to the competition between antagonists and 
dopamine, the cellular response kinetics after subsequent exposure to dopamine and D2 receptor 
antagonists with varying binding kinetics at different levels of the signaling pathway were measured. A 
minimal mechanistic model combining D2 receptor binding kinetics, D2 receptor turnover, cAMP and active 
PDE turnover was established to describe cAMP concentration versus time curves in response to D2 
antagonist exposure. Thirdly, the model was used to identify the role of binding kinetics on drug effect for 
fluctuating dopamine concentrations. The physiological range of dopamine fluctuation time scales was 
taken into account by using a frequency response analysis [22,26]. For a more general insight in the 
influence of binding kinetics on signal transduction, this analysis was expanded to a range of hypothetical 
turnover rates of cAMP and active PDE. 

Methods 
This study consists of three parts:  

I) In vitro measurements of target binding and signal transduction kinetics: drug-target binding parameters 
of 17 dopamine D2 antagonists and 12 agonists were measured at room temperature (RT) and at 37°C. Only 
for the antagonists, the in vitro response after dopamine pre-incubation was measured for two different 
biomarkers: cAMP concentrations over time as second messenger and Dynamic Mass Redistribution (DMR) 
as a composite signaling marker.  

II) Model-based analysis of the in vitro cAMP antagonist response curves: A minimal mechanistic model 
was developed to describe the cAMP responses of the antagonists, based on the target binding kinetics as 
determined in part I).  

III) Frequency Response Analysis: Simulations of the predicted in vivo response to fluctuating dopamine 
concentrations: The mechanistic model was used to simulate the cAMP response to dopamine 
concentrations that fluctuate according to a sine-wave pattern with a range of physiologically relevant 
frequencies between 2 * 10-6 min-1 and 7 min-1. The fluctuation amplitude of cAMP, compared to dopamine, 
was used to summarize the cAMP response. 

I) In vitro measurements of target binding and signal transduction kinetics 

Equilibrium and Kinetic Probe Competition Assay (ePCA and kPCA) 

Affinity and kinetic binding parameters for the 17 studied antagonists and the additional 12 agonists (see 
Table 1) were measured with a homogeneous time-resolved fluorescence energy transfer (TR-FRET) method 
as previously described for the Histamine H1 and the GnRH receptors [27,28]. In this study, Tag-lite® 
Dopamine D2 labeled cells and a poly-3-phenylhydrazone thiophene (PPHT)-based Dopamine D2 receptor 
red antagonist Fluorescent Ligand (both from Cisbio, Codolet, France) were used as receptor-tracer pair to 
be competed with unlabeled test compounds (Tocris bioscience, TRC, Sigma-Aldrich, Biotrend Chemicals AG 
or provided by Janssen). Briefly, frozen cells containing the terbium (Tb2+) labeled D2 receptor, were thawed, 
spun down and re-suspended in Tag-lite® buffer (Cisbio, Codolet, France) to the concentration indicated by 
the manufacturer and dispensed into Greiner black small volume 384-well microtiter plates already 
containing the fluorescent tracer (10 nM end concentration) and the test compounds 
(antagonists/agonists). These compounds were diluted and transferred to the test plates following the 
procedures described previously [27].  

Starting concentrations of the D2 antagonist/agonist dilution series were adapted according to their 
expected affinity, in order to cover a meaningful dose range (see Figure S 1). The ePCA and kPCA 
experiments as described above were performed at RT and 37°C, for which steady state assay plates were 
kept in standard tissue culture incubators, whereas for kinetic assays the temperature control function of 
the PHERAstar FSTM microtiter plate reader was used. For ePCA, tracer and D2 labeled cells were dispensed 
to the ready-to-use compound plates to a final volume of 5 µL, and the mixture was incubated for 1-2 h 
prior to acquisition of the steady state TR-FRET ratiometric signals (665/620 nm) upon excitation at 337 nm. 
Normalized values were fitted to a logistic 4-parameter model using the Genedata ScreenerTM software, and 
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Ki values calculated using the Cheng-Prusoff relationship [29]. For kPCA, the tracer was dispensed to the 
ready-to-use compound plates prior to introducing them into the PHERAstar FSTM microtiter plate reader. 
Then the D2 labeled cells were added to wells to a final volume of 10 µL using the injector system of the 
instrument, and kinetic TR-FRET readings were made at time zero and every 21-sec or 100-seconds 
(depending on whether faster or slower compounds were being measured) for the times indicated in Figure 
S 1. Baseline-normalized kinetic traces were analyzed with a competitive binding kinetics model [30] 
adapted to deal with normalized- instead of blank-subtracted curves using the Genedata ScreenerTM 
software. Prior to D2 agonist/antagonist testing, binding saturation and kinetic association and dissociation 
curves for the Dopamine D2 receptor red antagonist Fluorescent Ligand were recorded as described 
previously [27,28]. Subsequently, these curves were fitted to the corresponding models using Graph Pad 
PrismTM in order to obtain the affinity and kinetic constants used as parameters in the Cheng-Prusoff and 
Motulsky and Mahan models.[29] 

cAMP assay 

CHO/hD2L and wt-CHO cells were grown in DMEM/F12 with Glutamine (without phenol red, Gibco), 1 % 
heat inactivated FCS, 1 x Penicillin/ Streptomycin, 400 µg/mL G418. Cells were cultured in humidified 
atmosphere at 37°C and 5 % CO2 in air.  
To gain insight in the activity of known antagonists after binding to the D2-receptor, changes in the cellular 
cAMP level were analyzed. To allow real time kinetic measurement, a cAMP-biosensor variant pGloSensor™-
22F (Promega Corporation) was used, which consists of a cAMP binding domain (cAMP binding domain B 
from human PKA regulatory subunit type II β) fused to mutant luciferase. Binding of cAMP results in a 
conformational change and an increase in luminescence signal. The use of the biosensor system provides a 
method for a real-time measurement of changes in the cAMP level in a non-lytic assay format. Cells from a 
Chinese Hamster Ovary (CHO) cell line stably transfected with the long isoform of the human Dopamine 2 
receptor, CHO/hD2L cells, were kindly provided by Janssen Pharmaceutica. 

CHO/hD2L cells (15,000/50 µL) were transiently transfected with the pGloSensor™-22F plasmid (2ng/µL i.a.) 
using FuGeneHD transfection reagent (3 µL FuGeneHD: 1 µg DNA plasmid, Promega, Madison, USA). By 
reaching 70-80% confluency, cells were harvested using Trypsin/EDTA and resuspended in DMEM/F-12/ 
HEPES medium supplemented with 1% fetal calf serum (FCS), Pen/Strep and 1 mg/ml G418. Prior to addition 
of the pGloSensor™-22F plasmid to cells, it was incubated for 20 min with the FuGeneHD transfection 
reagent at room temperature. By the end of incubation time, the cells and transfection solution were 
combined, mixed and plated in white, solid bottom 384 well assay plates (Greiner CELLSTAR® 384 well 
plates). After 24 h of incubation the transfection mixture was replaced by 20 µL/well DMEM/F-12/HEPES 
medium with 9% Glo-substrate followed by 2 h incubation at room temperature. To achieve a good signal 
window, CHO/hD2L cells were treated with 3 µM forskolin for 30 min. Forskolin was used as an activator of 
the adenylate cyclase and therefore for a receptor-independent increase of the cellular cAMP level. In order 
to monitor antagonist activity against the natural receptor ligand, cells were incubated with 15 nM 
dopamine for 20 min prior to addition of antagonists. D2 receptor antagonists were tested in a 10-point 
dose response (top concentration 10 µM, 1:4 dilutions). Signal kinetics was detected for a total period of 1h 
every 2min. All compounds were dissolved in dimethyl sulfoxide (Carl Roth GmbH + Co. K, Karlsruhe, 
Germany). 

Dynamic mass redistribution (DMR) Assay 

For DMR measurements[31], 10 µl/ well cell culture media(DMEM/ F12 without phenol red, Gibco) were 
transferred into an EnSpire-LFC 384– fibronectin coated plate (PerkinElmer, Waltham, USA) and incubated 
for 30 min. A suspension of CHO/hD2L cells in cell culture media  was prepared and cells were seeded into 
the label-free cellular (LFC) plate (1.5 x 104 cells/well), resulting in a final volume of 30 µl/ well. The LFC plate 
was incubated overnight in a humidified atmosphere at 37°C and 5 % CO2 in air. 
On the next day, label-free assay buffer (HBSS (Sigma Aldrich), 20 mM HEPES (Sigma Aldrich), 0.5 % (v/v) 
DMSO, 0.05 % v/v Pluronic (AnaSpec)) was prepared. Dopamine was diluted in label-free assay buffer (5 uM, 
final assay concentration) and dispensed into an intermediate plate (Polypropylen 384 well microplate 
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(Greiner Bio-One GmbH, Frickenhausen, Germany)). Of each antagonist, a dilution series in dimethyl 
sulfoxide was prepared and transferred into an intermediate plate. Label free assay buffer was added to the 
intermediate plate to dilute the antagonists further. 
The media was removed from the LFC plate by washing the wells four times with label-free assay buffer (25 
µl/ well). The total assay volume after the washing step was 30 µl/ well. The LFC plate was placed in an 
EnSpire multimode reader equipped with Corning® Epic® Label-free technology (PerkinElmer). After 2 h, a 
baseline was recorded (10 minutes) followed by the addition of Dopamine or vehicle control (10 µl/well) 
from the intermediate plate. Antagonist dispensing and mixing was automated using a Janus Workstation 
(PerkinElmer). A 20-min kinetic DMR measurement was recorded on the EnSpire multimode reader. Directly 
afterwards, the D2R antagonists were transferred from the intermediate plate to the LFC plate (10 µl/well) 
and a 90-min kinetic DMR measurement was initiated on the EnSpire multimode reader.  

II) Model-based analysis of the in vitro cAMP antagonist response curves 

Modeling procedure 

To obtain a detectable cAMP signal, adenylyl cyclase was activated first by forskolin. The dynamics of this 
activation was recorded in a separate experiment. Since the cAMP response to forskolin addition was 
measured separately from the cAMP response to the D2 receptor antagonists, the D2 antagonist response 
measurements were normalized to the average cAMP response before antagonist addition (baseline). A 
mechanistic model, based on previous models and mechanistic information from literature [21,24,25,32–
34], combining dopamine-receptor binding kinetics, antagonist-receptor binding kinetics, and cAMP as well 
as active PDE turnover to describe the generation of the cAMP response was used to simultaneously fit the 
cAMP data of all compounds. A diversity of models, with differences in mechanistic detail (Table 2), was 
tested for their utility to describe the cAMP responses. Model fitting was performed in NONMEM v7.3 using 
ADVAN9. All values of koff, including the koff of dopamine, were fixed to the values that were measured 
according to the methods described above, while the KD values were estimated. Models were selected 
based on the objective function value (OFV) and visual inspection of the individual fits of the experiments. A 
schematic overview of the final model structure that was fitted to the cAMP response data (model 1) is 
given in Figure 1. 

 

Figure 1. Schematic overview of the structure of the final model (Model 1). DA denotes dopamine, L denotes the 
antagonist, R denotes the D2 receptor RD the D2 receptor-dopamine complex, RL the receptor antagonist complex. RR 
indicates receptor recycling; the internalization (or degradation) of the dopamine-receptor complex and the resurfacing 
(or synthesis) of the unbound receptor and dopamine. Black arrows denote mass transfer, green arrows an activating 
interaction, red arrows an inhibiting interaction. The equations of Model 1 are given in Supplement S 3.   
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III) Frequency Response Analysis: Simulations of the predicted in vivo response to fluctuating dopamine 
concentrations 

Dopamine concentrations were varied over time according to a sine wave with various frequencies and an 
amplitude of 10 nM. This dopamine fluctuation induces fluctuations in the cAMP concentrations, but the 
amplitude of these fluctuations is dependent on the frequency of the dopamine fluctuations. To get a 
complete analysis of the cAMP response to fluctuating dopamine concentrations in the presence of an 
antagonist and to cover all physiologically relevant frequencies [16,19,20], a wide frequency range was 
tested between 2 * 10-6 min-1 and 7 min-1. After the cAMP concentration had reached constant fluctuation 
around the average steady state (i.e. the mean of the minimal and maximal concentration), the amplitudes 
of both the dopamine and the cAMP concentrations were converted amplitudes relative to their average 
steady state values and their ratio was defined as the “cAMP gain”, according to equation 1. This gain is a 
measure for the degree in which dopamine fluctuations results in cAMP fluctuations. All simulations were 
performed in Rstudio using the deSolve package and the lsoda differential equation solving method.[35,36]  

𝐺𝑎𝑖𝑛 𝑐𝐴𝑀𝑃 =  

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑐𝐴𝑀𝑃 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 𝑐𝐴𝑀𝑃
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑑𝑜𝑝𝑎𝑚𝑖𝑛𝑒 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 𝑑𝑜𝑝𝑎𝑚𝑖𝑛𝑒

       Eq. 1 

Results  
I) In vitro measurements of target binding and signal transduction kinetics  

We have used a novel TR-FRET based assay technology to measure the KD, kon and koff values of 17 dopamine 
D2 antagonists and 12 agonists at both room temperature and 37°C. The results (shown in Figure 2, Table 1, 
Table S 1 and Table S 2) are in good agreement with previous literature reports that used radioligand 
binding [17,18,37–46]. Figure 2 shows that both the D2 antagonists and agonists in this study had diverse 
combinations of kon and koff values, and that none of them had a combined low kon and low koff value. Figure 
2 also shows that the investigated agonists tend to have higher koff values and lower kon values compared to 
the investigated antagonists. For compounds with higher dissociation rates than the competing fluorescent 
ligand (koff ≥ 0.01 s-1) the precision of their koff estimates is limited, or only the lower limit could be 
identified. However, for the experiments and model fits in this study, the exact value of the koff has less 
influence on the cAMP concentration for fast compared to slow dissociating compounds and a low precision 
for high koff values is thus acceptable for the scope of this study.  
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Figure 2. In vitro measurements of kon and koff for each of the measured D2 antagonists from the kPCA assay at room 
temperature. Red symbols/lines represent agonists, black symbols/lines antagonists. Upper panel: The numbers refer to 
the compound numbers in Table 1. Lower panel: distribution of kon and koff for agonists compared to antagonists, plotted 
as the estimated probability density function. 
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Table 1. In vitro measurement of kon, koff, their standard deviation (SD) and the calculated KD for each of the 
measured D2 antagonists from the kPCA assay at room temperature. NA: not available, NPA: N-n-Propyl 
Apomorphine  

Compound ID # KD [M] SD kon [1/(M*s)] SD koff [1/s] SD 

(-)-Nemonapride 1 9.58E-11 3.26E-12 5.66E+06 2.73E+05 5.43E-04 4.46E-05 
(-)-Quinpirole  2 7.80E-07 6.28E-07 1.07E+05 4.77E+04 9.82E-02 1.04E-01 
Aripiprazole 3 2.39E-10 4.40E-13 7.24E+05 3.17E+05 1.73E-04 7.52E-05 
Bromocriptine  45 2.19E-10 1.96E-10 8.09E+04 2.54E+04 2.02E-05 1.80E-05 
Bromperidol 5 1.89E-09 7.49E-10 2.26E+06 9.57E+05 3.91E-03 1.21E-04 
Cabergoline 6 4.26E-10 2.13E-10 8.80E+05 5.13E+05 3.21E-04 3.15E-05 
Clozapine 7 5.05E-08 1.28E-08 1.20E+06 1.44E+06 5.13E-02 5.74E-02 
Domperidone 8 3.04E-09 5.08E-10 1.81E+05 5.26E+04 5.37E-04 6.75E-05 
Dopamine 9 1.27E-06 5.56E-07 1.88E+04 2.16E+04 2.82E-02 3.01E-02 
JNJ-37822681 10 9.32E-09 2.71E-09 7.33E+05  NA  9.54E-03   NA 
JNJ-39269646 11 4.87E-08 8.35E-09 4.53E+06 4.51E+06 1.79E-01 1.64E-01 
Haloperidol 12 3.82E-10 4.98E-11 1.21E+07 5.18E+06 4.48E-03 1.37E-03 
Memantine  13 2.61E-05 9.91E-06 2.98E+02  NA  1.07E-02  NA  
NPA   14  NA  NA   NA  NA   NA  NA  
Olanzapine 15 8.58E-09 3.38E-09 > 7.30E+05   NA > 1.00E-02   NA 
Paliperidone 16 5.45E-09 2.07E-09 6.81E+05 1.83E+05 3.52E-03 4.14E-04 
Pergolide  17 2.44E-08 1.24E-08 9.81E+05   NA 2.59E-02  NA  
Pimozide 18 2.55E-10 6.74E-11 3.10E+05 2.45E+05 7.08E-05 4.17E-05 
Piribedil  19 2.23E-07 5.90E-08 4.43E+04 9.30E+03 1.21E-02 4.18E-03 
Quetiapine  20 1.50E-07 6.94E-08 1.03E+05 2.04E+04 1.69E-02 6.07E-03 
R-(-)-Apomorphine  21 1.70E-07 7.68E-08 > 8.85E+04   NA > 1.00E-02   NA 
Remoxipride  22 8.31E-08 3.47E-08 3.28E+05  NA  3.14E-02   NA 
Risperidone 23 7.56E-10 7.62E-11 4.43E+06 8.54E+05 3.31E-03 3.09E-04 
Rotigotine  24 7.82E-09 2.86E-09 3.84E+06 3.78E+06 2.65E-02 2.75E-02 
S-(+)-Apomorphine  25 3.33E-07 1.15E-07 2.94E+04   NA 1.36E-02   NA 
Sertindole 26 4.07E-09 2.23E-09 7.70E+05 7.00E+05 2.35E-03 1.13E-03 
Spiperone 27 1.79E-10 4.11E-12 5.44E+06 1.11E+06 9.70E-04 1.76E-04 
S-(+)-Raclopride  28 6.34E-10 1.15E-10 9.57E+05 1.81E+05 5.96E-04 4.62E-06 
Ziprasidone 29 1.31E-09 8.40E-11 1.29E+06 2.01E+05 1.67E-03 1.55E-04 

 

Our cAMP and DMR measurement provide a new and extensive set of signal transduction data for 17 D2 antagonists. 
Figure 3 shows the measured cAMP concentrations during the complete time course of a typical experiment with and a 
control experiment without dopamine D2 receptor transfection. For comparison, the DMR responses are given in 
Supplement S 2, Figure S 3. In Figure 4, the complete set of measured cAMP time courses for all 17 D2 antagonists at 10 
different concentrations is given, together with their model fits. The data in Figure 4 show that the antagonists with lower 
koff values (pimozide, domperidone, raclopride) induce cAMP concentration-time curves for the lower antagonist 
concentrations, with later and lower peak concentrations, compared to faster dissociating compounds (JNJ-39269646, 
Clozapine, Olanzapine). However, this trend was not observed in the DMR data (see Supplement S 2). 

II) Model-based analysis of the in vitro cAMP antagonist response curves 

Model selection 

A series of related model structures, which differed in mechanistic detail, was evaluated for their utility to 
describe the cAMP responses (Table 2). From these models, Model 1 was selected as the final model for 
further analyses. This model selection was based on the lowest Objective Function Value (OFV) and on the 
goodness of fit, as described in the methods. In Model 1, all antagonists also functioned as inverse agonists 
by stimulating cAMP production (see Figure 1), and the inverse agonism efficacy was estimated by the 
model for each antagonist. Model 1 was compared with alternative models to ensure that Model 1 was the 
optimal model:  
Model 2 incorporated more mechanistic detail compared to Model 1 by including the role of PKA in linking 
the cAMP concentrations to active PDE concentrations. The performance of Model 2 was identical to the 
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performance of the simpler Model 1. In addition, the estimated value of PKA turnover was high compared to 
cAMP and active PDE turnover, which means that the PKA addition to the model did not introduce any 
further delay in the response kinetics.  
Models 3 and 4 were simplified models compared to Model 1 that excluded inverse agonism and receptor 
recycling, respectively. Model 3 and 4 clearly performed worse than Model 1, as indicated by the much 
higher OFVs.  
Model 5 included dopamine elimination/degradation, but this did not improve the model fit.  
Model 6 used a fixed value for k5 which was set to 0. This model performed slightly better than Model 1. The 
value of k5 (0.0005 min-1) in the final model (Model 1) was chosen for a combination of physiological and 
numerical reasons: setting k5 to zero as in Model 6 would mean that active PDE is only synthesized and not 
degraded, which would result in a physiologically implausible infinite increase in active PDE concentrations. 
Moreover, all other parameter values than k5 differed maximally 5% between Model 6 and Model 1.  
Finally, Model 7 demonstrates the contribution of slow binding kinetics to the model fit of the final model, 
as the exclusion of slow binding kinetics (koff was set to 10 min-1 for all antagonists in Model 7) resulted in a 
large increase of the OFV, compared to Model 1. 

Table 2. Overview of the Objective Function Values (OFVs) of the final model and the tested alternative 
models. The changes compared to Model 1 are indicated by the mechanistic detail that was added (+) or 
removed (-) from Model 1. 

# Model OFV model fit 
1 Final model 62404 successful 
2  + PKA 62411 successful 
3  - inverse agonism (k0) 102215 terminated 
4  - receptor recycling (RR) 81594 terminated 
5  + degradation of dopamine 62404 successful 
6  - active PDE degradation (k5) 62307 successful 
7  + assumption of fast binding kinetics 67468 successful 

 

Model fitting 

The model fits of Model 1 in Figure 4 demonstrate that the general shape of the cAMP concentration-time 
curve and the concentration-dependency of the antagonist effect on the cAMP concentration are well 
captured by the model for all compounds. The equations of Model 1 are given in  Supplement S 3. For a few 
compounds (i.e. Clozapine, Bromperidol) the peak cAMP concentration or the cAMP concentrations in the 
terminal phase for the highest antagonist concentrations are underpredicted. The parameter estimates that 
were the same for all antagonists are given in Table 3 and all parameter estimates are given in Supplement S 
3, Table S 3. The uncertainty in the parameter estimates is low, as indicated by the small residual standard 
errors.  
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Table 3. Estimates for the system-specific parameters and their uncertainties from fitting Model 1 to the 
cAMP response data. Naming of the parameters corresponds to Figure 1. DAFR50 denotes the ratio of the 
total receptor concentration divided by the dopamine-bound receptor concentration that inhibits the 
maximal cAMP synthesis to 50%, Rtot denotes the total receptor concentration, k0max denotes the maximal 
value of k0. h denotes the hill factor of the non-linear relationship between D2 receptor occupancy and 
cAMP synthesis (k0). The dopamine koff was based on the in vitro measurements and the chosen values for 
k4 and k5 are described in the text. RSE: Relative Standard Error. 

Parameter Value (unit) RSE (%) 

KD dopamine 10.3 (nM) 4.0 
koff dopamine 1.69 (min-1) Input parameter 
DAFR50 2.25  2.4 
Rtot 1.74 (nM) 1.3 
RR 0.238 (min-1) 2.2 
k0max 20.5 (AU·min-1) 0.50 
k1 4.12 (AU·min-1) 0.80 
k2 (active PDE-independent) 0.0334 (min-1) 11 
k3 (active PDE-dependent) 0.00882 (nM-1·min-1) 0.20 
k4 0.00882 (min-1) defined as identical to k3 
k5 0.0005 (min-1) input parameter 
h 1.77 0.40 

 

 

 

Figure 3. Measured cAMP response during a typical experiment of the cAMP assay (see Methods). The arrows indicate 
addition of Glo-substrate, Forskolin, Dopamine and the tested ligand. The light grey data points were measured in wild 
type CHO cells, while the dark grey data points were measured in CHO cells transfected with the dopamine D2 receptor. 
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Figure 4. Model fits for all in vitro cAMP data as measured in transfected CHO cells. Both the observed (dots) and model-
predicted (lines) cAMP signals are included. The order of the lines and symbols correspond to the order of the 
concentrations in the legend. The top-left panel shows the cAMP measurements and model predictions for the first 60 
minutes in between forskolin addition and antagonist addition. The lower panels only show the time points after 
antagonist addition.  

III) Frequency Response Analysis: Simulations of the predicted in vivo response to fluctuating dopamine 
concentrations 

The simulations of the response to fluctuating dopamine concentrations resulted in a fluctuation pattern of 
cAMP over time for each dopamine fluctuation frequency that was tested. The cAMP fluctuation amplitude 
was dependent on the frequency, as illustrated in Figure 5. 
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Figure 5. Example simulations of fluctuations in dopamine concentration for a low frequency (left-hand plots) and a high 
frequency (right-hand plots). The dashed lines indicate the average steady state values of the fluctuations, which is 
calculated as the mean of the maximal and the minimal concentration. Note the different time scales on the left compared 
to the right plots. The antagonist koff was 2.5 min-1 for these simulations. 

From these dopamine and cAMP fluctuations, the relative amplitudes and the ratio of these relative 
amplitudes could be calculated to obtain the cAMP gain (Equation 1, see Methods) as illustrated in Figure 6. 
The two simulations in Figure 5 and Figure 6 thus provide two points on the line for an antagonist koff of 2.5 
min-1 in the graph of Figure 7; at a frequency of 2 x 10-5 min-1 and 2 min-1, the cAMP gain is 0.36 and 0.0080, 
respectively. 

 

Figure 6. Converted dopamine and cAMP concentrations into relative fluctuations compared to average steady state. The 
delta sign refers to the difference between the concentration and the average steady state concentration. From this data, 
the gain can be identified according to equation 1, which is approximately 0.36 for the left-hand plots and 0.0080 for the 
right-hand plots. The antagonist koff was 2.5 min-1 for these simulations. 
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From the Frequency Response Analysis as shown in Figure 7, the following was observed:  

If dopamine fluctuations occur slowly, the cAMP response has a steady gain (i.e. the cAMP fluctuations have 
a constant amplitude) for frequencies lower than 1*10-5 min-1 in Figure 7. This gain is increased for 
intermediate frequencies (between 1*10-4 and 0.1/min) and decreases steeply for higher frequencies. The 
influence of drug-target binding kinetics on the transduction of dopamine fluctuations into cAMP 
fluctuations is limited to intermediate frequencies between 1*10-4 and 0.1/min of dopamine fluctuations. 

 

 

Figure 7. Frequency response analysis of the relative amplitude of cAMP fluctuations normalized to the relative amplitude 
of dopamine fluctuations (gain). The frequency on the x-axes denotes the frequency of the dopamine concentration sine 
wave that has been used as input for the simulations. The different colors represent different dissociation rate constants 
(koff) for the antagonist. The applied antagonist concentration was 14 nM while the antagonist KD was 6.9 nM for all 
simulations in both plots. The applied dopamine concentrations had a median value of 20 nM and an amplitude of 10 nM. 
The value of kon changed simultaneously with koff such that the KD was constant. The dashed lines indicate characteristic 
frequencies for the line where koff = 0.004 min-1 at which the gain increases (cf1) and decreases (cf2) to new plateau values 
and decreases linearly with increasing frequencies (cf3). The order of the lines follows the order of the legend. 

The model-based frequency response analysis allowed characterization of the cAMP response to a wide 
range of dopamine fluctuation frequencies (as shown in Figure 7). This analysis identified the influence of 
each model parameter on the cAMP response. The cAMP gain versus dopamine fluctuation frequency 
graphs as shown in Figure 7 are dependent on the antagonist koff and can have up to three characteristic 
frequencies around which the gain changes. The positions of the characteristic frequencies are dependent 
on the parameter values, as discussed below, and have been derived empirically from the gain versus 
frequency plot as the frequencies at which the cAMP gain starts to change. These frequencies were 
numbered cf1, cf2, and cf3, as indicated in Figure 7. From the lowest dopamine fluctuation frequencies to cf1, 
the cAMP gain is independent of the antagonist koff and does not change with increasing frequency, until cf1 
is reached where the gain increases towards a new plateau value. The frequency at which the cAMP gain 
declines to a new plateau value, cf2, is dependent on the antagonist koff and cannot be observed for high-koff 
antagonists, which is the case for koff values between 0.5 and 2.5 min-1 (Figure 7). The third characteristic 
frequency, cf3, is independent of the antagonist koff and introduces a decline in the cAMP gain that is linear 
with the increasing frequency.  

The influence of the model parameters on the characteristic frequencies was identified by repeating the FRA 
for different values of each model parameter, as shown in Supplement S 5. As illustrated by Figure S 5, the 
value of cf1 depends on the value of the active PDE turnover rate constant k5. This can be understood by 



173 

considering that the increase in cAMP gain is caused by a reduced negative feedback if the turnover of 
active PDE is to slow, relative to the fast fluctuations of cAMP. The second characteristic frequency, cf2, is 
influenced by the antagonist koff and by the antagonist concentration, as illustrated in Figure S 8. The role of 
the antagonist koff can be explained by the slow displacement of antagonists with a low koff value and the 
consequently reduced fluctuation of dopamine receptor occupancy. The role of the antagonist 
concentration can be explained by the higher antagonist receptor occupancy and the relatively lower 
influence of fluctuating dopamine concentrations on the antagonist receptor occupancy for higher 
antagonist concentrations. The third characteristic frequency, cf3, is determined by both the cAMP turnover 
and the dopamine koff, as shown in Figure S 6 and Figure S 7, respectively. These parameters determine the 
turnover of cAMP and dopamine receptor occupancy, respectively, and the slowest turnover is thus rate-
limiting for the eventual turnover of cAMP and the maximal frequency of dopamine fluctuations that can be 
translated into cAMP fluctuations without a declining fluctuation amplitude. In summary, if k5 (active PDE 
turnover) increases, cf1 increases, if the antagonist concentration or koff increases, cf2 increases and if k3 
(cAMP turnover) increases, cf3 increases  

Overall, the translation of fluctuating dopamine concentrations into fluctuation of cAMP concentrations is 
inhibited to a larger extent by antagonists with a low koff value compared to antagonists with a high koff 
value. However, this role of the antagonist koff is only present if the dopamine fluctuation frequency is not 
too high (i.e. higher than cf3) to be translated and not too slow (i.e. lower than cf2) to be able to displace 
even a slow dissociating antagonist. 

Discussion  
In this study, we developed a minimal mechanistic model that describes the cellular effects of dopamine D2 
antagonism on cAMP turnover, including both dopamine and antagonist receptor binding kinetics as well as 
active PDE turnover. The model was able to describe successfully in vitro binding and cAMP concentration-
time profiles data obtained for 17 D2 antagonists. Compared to fast dissociating antagonists, slowly 
dissociating D2 antagonists lead to a reduced response to fluctuating dopamine concentrations as previously 
suggested in the fast-off hypothesis (see below) for dopamine antagonists. However, this influence of 
antagonist binding kinetics is only observed when the dopamine fluctuations have a frequency in the range 
of 1/min to 1/hour. This range is determined by the cAMP turnover, the dopamine koff and the antagonist 
koff. 

Insight into the influence of target binding kinetics on dopamine D2 antagonism 

According to the fast-off hypothesis for dopamine D2 antagonists, it is beneficial if dopamine can displace D2 
antagonists receptor binding, to avoid extrapyramidal side effects.[15] Since the dopamine fast-off 
hypothesis only applies to D2 antagonists, one would expect more antagonists with a high koff value, 
compared to agonists, for which a high koff value is not considered beneficial. However, our results in Figure 
2 show that the koff of agonists tends to be higher compared to antagonists. The koff values that would be 
necessary for the displacement of dopamine according to the fast-off hypothesis were analyzed previously, 
[16] but the kinetics of signal transduction were not taken into account in that study. Here we show that the 
displacement of D2 antagonists by dopamine is not generating a fluctuating response if the frequency of 
fluctuation in dopamine D2 occupancy is higher than what the endogenous signal transduction can translate 
into a cellular signal, such as cAMP fluctuation. In this study, it is indicated that the rate of endogenous 
signal transduction is limited both by the dopamine koff and by the cAMP turnover. It was found that D2 
antagonists that dissociate faster than haloperidol (a typical antipsychotic) will lead to a similar signal 
transduction of fluctuating dopamine concentrations as haloperidol. However, this is in conflict with the 
fast-off hypothesis.[15] Moreover, this fast-off hypothesis has been challenged recently by in vitro 
electrophysiology measurements that revealed only moderate differences (6.4-2.5 fold) in recovery rates of 
the electrophysiological response to dopamine in oocytes between atypical antagonists and the typical 
antagonist haloperidol [47].  
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Extrapolation of in vitro to in vivo antagonism and signal transduction 

Our analysis demonstrates that the fast-off hypothesis for D2 antagonists is only relevant for a limited range 
of antagonist koff values and not applicable to sub-second pulses of dopamine release in the synaptic cleft. 
Moreover, this study reveals how the relevance of the D2 antagonist koff depends on the kinetics of signal 
transduction and negative feedback. Although we provide a quantitative estimate of the maximal value of 
koff that could decrease the inhibited transduction of dopamine fluctuations, it should be noted that this 
value cannot be translated directly into the in vivo situation.  

Firstly, the temperature at which the signal transduction experiments were performed, room temperature, 
is not the physiological temperature, and most reactions (including drug-target binding kinetics) will be 
faster at 37°C. However, the difference in binding kinetics between these temperatures is moderate, 
although highly variable: the ratio of the koff values for the measured D2 antagonists in this study at 37°C 
divided by the koff at room temperature was 3.2 fold on average and between 0.10 and 7.4 in the whole 
dataset, while for kon this ratio was 2.5 on average and between 0.038 and 6.7 (see Supplement S 1). 
Therefore, we expect that the kinetics of signal transduction will be different at 37°C compared to our 
measurements at room temperature, but we do not expect differences of more than one order of 
magnitude. 

Secondly, the analysis of Model 1 in this study only incorporates signal transduction into cAMP and active 
PDE levels, while in the clinical in vivo situation, more transduction steps are involved before the 
antipsychotic effect of D2 antagonists is obtained. The differences between the time curves of cAMP and 
cellular optical density as measured by DMR (Supplement S 2), provide a first indication of possible 
differences between the cAMP response and downstream signaling, but the mechanistic interpretation of 
cellular optical density requires more advanced experimental designs.[48]  

Thirdly, the analysis of the cAMP response data with Model 1-7 is not sufficient to obtain a conclusive and 
comprehensive description of the mechanism(s) underlying the observed cAMP responses. Although various 
mechanisms were represented by Model 1-7 and fitted to the data, some of these models provide similar 
fits (e.g. Model 1 and Model 5) and the true mechanism cannot be identified based on these fits alone. Also, 
the transfected CHO cells used in the in vitro measurements of CAMP are not brain cells, and the system-
specific parameter values as obtained by the model fit in this study might therefore be different from the in 
vivo situation.  

All of these factors might explain why the receptor recycling rate constant as identified here (0.238 min-1) 
does not correspond to previous more direct estimates of the D2 receptor degradation rate constant from 
rat striatum (0.0001 min-1)[49,50]. However, the critical elements in the structure of Model 1 are well 
supported by previous studies: Inverse agonism has been reported for many of the D2 antagonists as 
described in the introduction [24,25]. The active PDE-independent degradation of cAMP has been described 
before in a more extensive GPCR signaling model [21] and is also supported by the different molecules that 
can hydrolyze cAMP [33,34]. The two cAMP production rate constants represent the constitutive receptor 
activity, which is inhibited by inverse agonism [32], and the remaining cAMP production. 

Finally, the frequency response analysis that was used here is based on a sine-wave function while the 
dopamine fluctuations in the brain occur with a more variable frequency and amplitude.[16,19].  

Although the absolute limit of the influence of binding kinetics on antagonist effects cannot be translated 
directly into the in vivo situation, our findings demonstrate that such a limitation likely exists in the in vivo 
situation as well, and may be expected to be in the order of minutes. These results make it highly unlikely 
that sub-second dopamine fluctuations can be translated into cAMP fluctuations and that sub-second koff 
values are required to minimize extrapyramidal side effects. This also indicated that it is highly unlikely that 
antagonists with sub-second dissociation half-lives yield different inhibition of dopamine signaling compared 
to antagonists with dissociation half-lives in the second-minute range, as suggested before.[16]  
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We have shown that for a common transduction system including an indirect effect and a negative feedback 
loop, the relevance of fast drug-target dissociation is limited by the target dissociation of the endogenous 
ligand and the turnover of the second messenger. The rate constants for dopamine dissociation from the D2 
receptor and cAMP turnover that we have obtained in this study challenge the fast-off hypothesis. Our 
study demonstrates that the influence of target binding kinetics on drug effects cannot be fully understood 
without taking into account signal transduction and feedback kinetics, especially if fluctuating endogenous 
ligand concentrations are present.  

 

Conclusion  
The cellular cAMP response to dopamine D2 antagonists could be described using a minimal mechanistic 
model including in vitro measured dopamine and antagonist D2 binding kinetics, in conjunction with 
synthesis and degradation of cAMP and active PDE. This model revealed that slowly dissociating D2 
antagonists show a reduced transduction of dopamine fluctuations into cAMP fluctuations, compared to 
fast dissociating antagonists. However, this influence of the dissociation rate constant is limited to 
dopamine fluctuations that are faster than the koff value of the drug but slower than the dopamine koff value 
and the cAMP turnover. In general, we conclude that the influence of drug-target binding kinetics on drug 
effect kinetics is dependent on the dynamics of signal transduction kinetics and that both the turnover of 
second messengers and the koff value of endogenous ligands limit the discrimination between fast and 
slowly dissociating antagonists. 
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Supplemental information 
 

Supplement S 1. Measurements of binding kinetics and equilibrium binding for antagonists and agonist at 
room temperature and at 37 °C. 

Table S 1. Binding equilibrium (ePCA) and binding kinetics (kPCA) measurements at 37°C. NA: not available, 
NPA: N-n-Propyl Apomorphine 

 ePCA kPCA 

Compound ID KI [M] SD KD [M] SD kon [1/(M*s)] SD koff [1/s] SD 
(-)-Nemonapride 2.11E-10 5.96E-11 4.96E-11 3.54E-11 1.79E+07 1.95E+06 8.54E-04 5.38E-04 
(-)-Quinpirole  > 8.71E-07 NA  3.83E-06 2.84E-06 5.35E+04 2.42E+04 1.45E-01 1.47E-01 
Aripiprazole 1.03E-09 4.29E-10 5.58E-10 4.90E-11 1.77E+06 6.03E+05 1.00E-03 4.23E-04 
Bromocriptine  1.75E-09 4.04E-10 5.86E-10 3.22E-12 2.40E+05 8.64E+04 1.41E-04 5.14E-05 
Bromperidol 3.24E-09 1.55E-09 2.52E-09 8.27E-10 2.67E+06 1.04E+06 7.42E-03 2.68E-03 
Cabergoline 8.22E-10 1.03E-10 7.38E-10 6.89E-11 2.11E+06 4.75E+05 1.54E-03 2.06E-04 
Clozapine 3.12E-08 1.96E-09 5.39E-08 1.33E-08 8.35E+05   2.88E-02   
Domperidone 5.06E-09 8.69E-10 3.15E-09 3.92E-10 6.87E+05 2.62E+05 2.12E-03 5.56E-04 
Dopamine > 8.71E-07   1.07E-06 4.99E-07 1.02E+04 6.02E+03 9.36E-03 1.32E-03 
JNJ-37822681 1.61E-08 1.89E-09 1.93E-08 3.99E-09 1.24E+06 9.63E+05 2.19E-02 1.36E-02 
JNJ-39269646 7.22E-08 1.18E-08 9.14E-08 1.37E-08 1.71E+05  NA 1.84E-02 NA  
Haloperidol 9.48E-10 2.96E-10 3.86E-10 9.95E-11 7.23E+07  NA 3.30E-02 NA  
Memantine  > 8.71E-07 NA  1.01E-05 2.59E-07 1.99E+03 1.37E+03 2.41E-02 9.94E-03 
NPA  3.40E-08 8.42E-09 1.77E-07 6.90E-08 NA  NA NA NA  
Olanzapine 1.39E-08 1.29E-09 2.17E-08 9.44E-09 1.61E+06 1.00E+06 3.61E-02 5.99E-03 
Paliperidone 8.18E-09 1.56E-09 9.25E-09 2.71E-09 1.92E+06 1.56E+06 1.36E-02 5.91E-03 
Pergolide  1.30E-08 6.53E-09 2.87E-08 1.11E-08 3.27E+06  NA 7.89E-02 NA  
Pimozide 6.62E-10 3.27E-10 5.82E-10 1.40E-10 9.38E+05 5.11E+05 5.10E-04 1.66E-04 
Piribedil  2.99E-07 4.02E-08 4.22E-07 5.13E-08 2.23E+04 NA  8.25E-03 NA  
Quetiapine  1.63E-07 3.84E-09 1.60E-07 9.72E-08 6.74E+05 4.03E+05 1.03E-01 5.98E-02 
R-(-)-Apomorphine  1.69E-07 7.42E-09 2.71E-07 2.11E-07 > 5.92E+04 NA  > 1.00E-02 NA  
Remoxipride  1.23E-07 2.81E-08 1.35E-07 2.86E-08 1.10E+06 4.54E+05 1.30E-01 7.94E-02 
Risperidone 1.67E-09 9.11E-10 1.30E-09 7.52E-10 8.41E+06 5.96E+06 1.07E-02 5.02E-03 
Rotigotine  1.67E-08 4.25E-09 5.69E-09 1.68E-09 3.18E+06 8.05E+05 1.74E-02 7.63E-04 
S-(+)-Apomorphine  5.16E-07 6.50E-08 5.47E-07 1.75E-07 2.13E+04 NA  9.94E-03  NA 
Sertindole 6.80E-09 1.86E-09 7.52E-09 5.87E-10 1.33E+06  NA 9.45E-03  NA 
Spiperone 5.09E-10 2.29E-10 6.58E-11 1.77E-11 2.03E+07 7.02E+06 1.45E-03 6.22E-04 
S-(+)-Raclopride  2.19E-09 1.85E-09 1.29E-09 1.18E-10 2.43E+06 8.68E+05 3.08E-03 8.32E-04 
Ziprasidone 1.65E-09 2.93E-10 2.28E-09 2.12E-10 3.54E+06 1.38E+06 7.92E-03 2.31E-03 
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Table S 2. Binding equilibrium (ePCA) and binding kinetics (kPCA) measurements at room temperature. NA: 
not available, NPA: N-n-Propyl Apomorphine 

 ePCA kPCA 

Compound ID KI [M] SD KD [M] SD kon [1/(M*s)] SD koff [1/s] SD 
(-)-Nemonapride 2.70E-10 5.96E-12 9.58E-11 3.26E-12 5.66E+06 2.73E+05 5.43E-04 4.46E-05 
(-)-Quinpirole  > 8.53E-07   NA 7.80E-07 6.28E-07 1.07E+05 4.77E+04 9.82E-02 1.04E-01 
Aripiprazole 1.01E-09 3.46E-10 2.39E-10 4.40E-13 7.24E+05 3.17E+05 1.73E-04 7.52E-05 
Bromocriptine  5.04E-09 1.98E-09 2.19E-10 1.96E-10 8.09E+04 2.54E+04 2.02E-05 1.80E-05 
Bromperidol 3.09E-09 3.22E-10 1.89E-09 7.49E-10 2.26E+06 9.57E+05 3.91E-03 1.21E-04 
Cabergoline 9.58E-10 2.89E-10 4.26E-10 2.13E-10 8.80E+05 5.13E+05 3.21E-04 3.15E-05 
Clozapine 3.42E-08 3.93E-09 5.05E-08 1.28E-08 1.20E+06 1.44E+06 5.13E-02 5.74E-02 
Domperidone 4.18E-09 1.08E-09 3.04E-09 5.08E-10 1.81E+05 5.26E+04 5.37E-04 6.75E-05 
Dopamine > 8.53E-07   1.27E-06 5.56E-07 1.88E+04 2.16E+04 2.82E-02 3.01E-02 
JNJ-37822681 1.24E-08 2.14E-09 9.32E-09 2.71E-09 7.33E+05  NA  9.54E-03   NA 
JNJ-39269646 3.96E-08 2.10E-09 4.87E-08 8.35E-09 4.53E+06 4.51E+06 1.79E-01 1.64E-01 
Haloperidol 9.88E-10 1.55E-10 3.82E-10 4.98E-11 1.21E+07 5.18E+06 4.48E-03 1.37E-03 
Memantine  > 8.53E-07  NA  2.61E-05 9.91E-06 2.98E+02  NA  1.07E-02  NA  
NPA  2.42E-08 3.80E-09  NA  NA   NA  NA   NA  NA  
Olanzapine 1.37E-08 9.41E-10 8.58E-09 3.38E-09 > 7.30E+05   NA > 1.00E-02   NA 
Paliperidone 7.39E-09 9.15E-10 5.45E-09 2.07E-09 6.81E+05 1.83E+05 3.52E-03 4.14E-04 
Pergolide  1.33E-08 6.02E-09 2.44E-08 1.24E-08 9.81E+05   NA 2.59E-02  NA  
Pimozide 1.22E-09 4.23E-10 2.55E-10 6.74E-11 3.10E+05 2.45E+05 7.08E-05 4.17E-05 
Piribedil  2.26E-07 2.77E-08 2.23E-07 5.90E-08 4.43E+04 9.30E+03 1.21E-02 4.18E-03 
Quetiapine  1.26E-07 3.48E-08 1.50E-07 6.94E-08 1.03E+05 2.04E+04 1.69E-02 6.07E-03 
R-(-)-Apomorphine  1.13E-07 1.88E-08 1.70E-07 7.68E-08 > 8.85E+04   NA > 1.00E-02   NA 
Remoxipride  7.01E-08 1.08E-08 8.31E-08 3.47E-08 3.28E+05  NA  3.14E-02   NA 
Risperidone 1.05E-09 4.07E-10 7.56E-10 7.62E-11 4.43E+06 8.54E+05 3.31E-03 3.09E-04 
Rotigotine  1.16E-08 3.55E-11 7.82E-09 2.86E-09 3.84E+06 3.78E+06 2.65E-02 2.75E-02 
S-(+)-Apomorphine  2.65E-07 8.49E-08 3.33E-07 1.15E-07 2.94E+04   NA 1.36E-02   NA 
Sertindole 6.15E-09 3.21E-09 4.07E-09 2.23E-09 7.70E+05 7.00E+05 2.35E-03 1.13E-03 
Spiperone 2.96E-10 1.43E-10 1.79E-10 4.11E-12 5.44E+06 1.11E+06 9.70E-04 1.76E-04 
S-(+)-Raclopride  1.35E-09 9.97E-10 6.34E-10 1.15E-10 9.57E+05 1.81E+05 5.96E-04 4.62E-06 
Ziprasidone 1.76E-09 4.12E-10 1.31E-09 8.40E-11 1.29E+06 2.01E+05 1.67E-03 1.55E-04 
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Figure S 1. Determination of affinity and kinetic parameters for the binding of Dopamine D2 receptor drugs using the 
TagLite® homogeneous time resolved fluorescence (HTRF) technology and the equilibrium and kinetic Probe Competition 
Assays (ePCA and kPCA). Symbols represent the measured data and lines the fits to the corresponding binding models. The 
compounds indicated with fastD2 and fastD2bu refer to JNJ-37822681 and JNJ-39269646, respectively. These figures are 
also available as separate supplemental files to allow better readability. 

a) Characterization of the PPHT tracer used in ePCA and kPCA at room temperature and at 37°C. The upper panel shows 
representative steady state titration curves, and the lower panel kinetic association- and dissociation curves at increasing 
tracer concentrations. HTRF signals were fit to the models specified in the methods section and the resulting binding 
parameters are indicated in the graphs. 

b-c) Representative kPCA traces of the compounds listed in Table S1 at room temperature (b) and 37°C (c). Compound 
names are indicated on top of the graphs and dosing on the right-hand side. 

d-e) Representative ePCA curves of the compounds listed in Table S1 at room temperature (d) and 37°C (e). Compound 
names are indicated on top of the graphs and dosing on the right-hand side. Grey crosses indicate data points excluded 
from the analysis. The different symbols represent different dilution series. 
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Supplement S 2. DMR experimental overview and results for all D2 antagonists. 

 

Figure S 2 Example of the complete DMR versus time curve for 10 µM haloperidol. The time points of addition of dopamine 
and the ligand (haloperidol in this case) are indicated with the red arrows.  
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Figure S 3. Normalized Dynamic Mass Redistribution (DMR) responses as change in DMR response in picometer compared 
to the dopamine response after addition of various concentrations of the indicated antagonists. Normalization was 
performed by subtracting the response per well/replicate at the latest time point after dopamine addition and before 
antagonist addition (t = 31 min) from the raw DMR traces. Normalization for the dopamine + buffer was performed for 
each time point by subtracting the mean dopamine + buffer in each experiment/well plate from the normalized DMR 
traces. 
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Supplement S 3. Model 1 equations and parameter estimates for all dopamine D2 antagonists. 

To describe dopamine and antagonist binding to the D2 receptor, a simple drug-target binding model with 
competition between antagonist and dopamine was developed. This model assumed a constant total 
receptor concentration. This was represented as a single conservation equation of total receptor (Rt), where 
the receptor can have 3 different states: free receptor (R), antagonist bound to receptor (RL) and dopamine 
bound to receptor (RDA). Receptor recycling (RR) was added to this model as well, which describes 
internalization of the receptor-agonist complex, dissociation of this complex return of the free receptor to 
the cell membrane. This model is given by the following equations (equation 1-5): 

𝑑[𝐿]

𝑑𝑡
=  −𝑘𝑜𝑛𝐿[𝑅][𝐿] + 𝑘𝑜𝑓𝑓𝐿[𝑅𝐿] 

      (Eq. 1) 

𝑑[𝐷𝐴]

𝑑𝑡
=  −𝑘𝑜𝑛𝐷𝐴[𝑅][𝐷𝐴] + 𝑘𝑜𝑓𝑓𝐷𝐴[𝑅𝐷𝐴] + 𝑅𝑅[𝑅𝐷𝐴] 

      (Eq. 2) 

d[RL]

dt
=  𝑘𝑜𝑛𝐿[𝑅][𝐿] − 𝑘𝑜𝑓𝑓𝐿[𝑅𝐿] 

      (Eq. 3) 

d[RDA]

dt
=  𝑘𝑜𝑛𝐷𝐴[𝑅][𝐷𝐴] − 𝑘𝑜𝑓𝑓𝐷𝐴[𝑅𝐷𝐴] − 𝑅𝑅[𝑅𝐷𝐴] 

      (Eq. 4) 

[𝑅] = [𝑅𝑡] − [𝑅𝐿] − [𝑅𝐷𝐴] 
      (Eq. 5) 

In these equations, [L] represents the free antagonist concentration, [DA] represents the free dopamine 
concentration, [Rt] represents the total receptor concentration, [R] represents the free receptor 
concentration, [RL] represents the concentration of the receptor—antagonist complex and [RDA] represents 
the concentration of the receptor—dopamine complex. konL and konDA represent the second-order 
association rate constants of receptor with the antagonist and with dopamine, respectively. koffL and koffDA 
represent the first order dissociation rate constants of the antagonist and dopamine from the receptor-
bound complex, respectively. The receptor binding part of the model as described above was connected to 
cAMP concentrations in a mechanistic manner according to the following equations (equation 6 and 7). 

𝑑[𝑐𝐴𝑀𝑃]

𝑑𝑡
=  (𝑘1 +

𝑘0,𝑚𝑎𝑥[𝑅𝐿]𝑛 

𝐸𝐶50𝑛 + [𝑅𝐿]𝑛) (1 −
[𝑅𝐷𝐴]𝑛 

𝐼𝐶50𝑛 + [𝑅𝐷𝐴]𝑛) − 𝑘2[𝑐𝐴𝑀𝑃] − 𝑘3[𝑐𝐴𝑀𝑃][𝑃𝐷𝐸] 

      (Eq. 6) 

Here, k0,max represents the maximum rate constant for inverse agonism by the receptor-antagonist complex, 
where n is the hill coefficient.  Additionally, k1 represents the rate constant for baseline synthesis of cAMP 
by adenylyl cyclase. Furthermore, the total cAMP synthesis is inhibited by the receptor dopamine complex 
(RDA) in a nonlinear manner, where n is the hill coefficient as well. k2 is the rate constant for cAMP 
elimination independent of active PDE, and k3 is the rate constant of active PDE-mediated cAMP 
elimination. active PDE synthesis is dependent on the cAMP concentration, and active PDE degradation is 
determined by the first order rate constant k5 as in equation 7. 

𝑑[𝑃𝐷𝐸]

𝑑𝑡
= 𝑘4[𝑐𝐴𝑀𝑃] − 𝑘5[𝑃𝐷𝐸] 

      (Eq. 7) 
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Table S 3. Parameter estimates from fitting the final model to the cAMP response data. Asterisks indicate 
parameter values that were not estimated but used as input parameter values. DAFR50 denotes the ratio of 
the total receptor concentration divided by the dopamine-bound bound receptor concentration that inhibits 
the cAMP synthesis to 50%, LFR50 denotes the ratio of the total receptor concentration divided by the 
antagonist bound receptor concentration that generates the half-maximal antagonist-dependent cAMP 
synthesis (i.e. k0 equals 0.5 * k0max), Rtot denotes the total receptor concentration, k0max denotes the maximal 
value of k0. 

Parameter (unit) Value RSE 

koff Bromperidol (min-1) 0.235*  

koff Clozapine (min-1) 3.08*  

koff Domperidone (min-1) 0.0322*  

koff JNJ-39269646 (min-1) 10.7*  

koff JNJ-37822681 (min-1) 0.573*  

koff Haloperidol (min-1) 0.269*  

koff Nemonapride (min-1) 0.0326*  

koff Olazapine (min-1) 0.600*  

koff Paliperidone (min-1) 0.211*  

koff Pimozide (min-1) 0.0042*  

koff Quetiapine (min-1) 1.01*  

koff Raclopride (min-1) 0.0358*  

koff Remoxipride (min-1) 1.89*  

koff Risperidone (min-1) 0.199*  

koff Sertindole (min-1) 0.141*  

koff Spiperone (min-1) 0.0582*  

koff Ziprasidone (min-1) 0.1*  

KD Bromperidol (nM) 2.04 2.0% 

KD Clozapine (nM) 440 2.1% 

KD Domperidone (nM) 1.72 2.1% 

KD JNJ-39269646 (nM) 104 1.9% 

KD JNJ-37822681 (nM) 19.5 1.9% 

KD Haloperidol (nM) 1.72 2.4% 

KD Nemonapride (nM) 0.454 2.2% 

KD Olazapine (nM) 22.7 2.3% 

KD Paliperidone (nM) 1.61 2.4% 

KD Pimozide (nM) 291 2.8% 

KD Quetiapine (nM) 942 2.2% 

KD Raclopride (nM) 8.29 2.2% 

KD Remoxipride (nM) 118 2.7% 

KD Risperidone (nM) 10.5 4.6% 
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KD Sertindole (nM) 6.89 2.0% 

KD Spiperone (nM) 0.19 2.5% 

KD Ziprasidone (nM) 3.56 1.8% 

KD Dopamine (nM) 10.3 3.9% 

koff Dopamine (min-1) 1.69*  

Rtot [D2 Receptor concentration] (nM) 1.74 1.3% 

k0max: Maximum cAMP synthesis induced by inverse agonism (min-1) 20.5 0.5% 

k1: Baseline cAMP synthesis (min-1) 4.12 0.8% 

k2: cAMP degradation independent from active PDE (min-1) 0.0334 10.8% 

k3: cAMP degradation by active PDE (nM-1 min-1) 0.00882 0.2% 

k4: active PDE synthesis (min-1) 0.00882a   

k5: active PDE degradation (min-1) 0.0005*  

DAFR50 Dopamine  2.25 2.4% 

Hill coefficient 1.77 0.4% 

LFR50 Bromperidol  1.54 0.6% 

LFR50 Clozapine  0.504 0.7% 

LFR50 Domperidone  1.71 0.6% 

LFR50 JNJ-39269646 0.856 0.5% 

LFR50 JNJ-37822681  0.823 0.4% 

LFR50 Haloperidol  0.699 0.5% 

LFR50 Nemonapride  2.47 1.1% 

LFR50 Olazapine  0.628 0.6% 

LFR50 Paliperidone  0.657 0.5% 

LFR50 Pimozide  618 1.9% 

LFR50 Quetiapine  0.827 0.9% 

LFR50 Raclopride  2.68 1.2% 

LFR50 Remoxipride  1.95 1.4% 

LFR50 Risperidone  5.37 3.6% 

LFR50 Sertindole  1.02 0.5% 

LFR50 Spiperone  1.56 0.6% 

LFR50 Ziprasidone  0.959 0.4% 

Receptor Turnover (min-1) 0.238 2.2% 

Proportional error 0.01 0.3% 

a k4 was set to have the same value as k3.  
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Supplement S 4. explanation of frequency response analysis results (FRA) 

In a frequency response analysis, the dynamic behavior of a system is investigated by providing a harmonic 
oscillation as input signal, described by a sine wave with a variable frequency. Subsequently, the amplitude 
and the phase of the resulting sine wave are compared to that of the original sine wave. This frequency 
response analysis is often applied to a linear or linearized system and is derived analytically from the 
system’s differential equations, but can also be derived from experimental data or simulations [26]. 
Dopamine concentrations are released in a pulsatile manner with a frequency of around 1 s-1, but also show 
more slowly fluctuating levels caused by transient activity. Therefore, a frequency response analysis with 
fluctuating dopamine concentrations as input is reflective of the relevant context of drug action for 
dopamine antagonists. 

Here we show the intermediate steps that lead to the eventual calculation of gain in cAMP amplitude. 
Firstly, we show in the top row of Figure S 4 three examples of different input frequencies, for which the 
different line colors all have the same overlaying sine wave characteristics and are not influenced by the 
drug-target koff.  

The second row of Figure S 4 shows how the dopamine occupancy follows the dopamine concentrations (in 
a non-linear fashion) until the frequency gets too high, as visible for the highest frequency, and the 
amplitude of the dopamine occupancy fluctuation declines. The slight influence of the antagonist koff on 
dopamine occupancy for the intermediate occupancy can be explained by the competitive binding of the 
antagonist and dopamine and the influence of the koff on antagonist binding, as shown in the third row of 
Figure S 4. 

The third row of Figure S 4 shows how all antagonists can be displaced by dopamine binding for the slowest 
frequency (hence the fluctuating occupancy), while for the intermediate frequency only the fast dissociating 
drug can be displaced fast enough to keep the original amplitude. Finally, for the highest frequency, none of 
the antagonists can be displaced fast enough and the fluctuation in dopamine concentrations and dopamine 
occupancy is not reflected in the antagonist-receptor occupancy. 

The bottom row of Figure S 4 shows how the differences in dopamine and antagonist occupancy are 
translated into cAMP concentrations in a frequency-dependent manner (note the increased gain for the 
intermediate frequency that is not reflected in the occupancy profiles). 
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Figure S 4. Example of input frequencies for dopamine as used in the simulations (top panels) and the simulated responses 
(lower panels). The second row shows the dopamine receptor occupancy, the third row the antagonist receptor occupancy 
and the bottom row the cAMP response for each simulation with the fluctuating dopamine concentrations from the 
corresponding top row panels. The different line colors represent different simulations for which the dissociation rate 
constant of the antagonist-receptor complex is changed. The dopamine fluctuation frequencies are indicated above the 
panels and by the different time scales on the x-axis. 
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Supplement S 5. Identification of the influence of system-specific parameters on the frequency response 
analysis results. 

 

 

 

Figure S 5. Frequency response analysis for 3 different active PDE turnover rate constants and 5 different antagonist koff 
values. The upper plots show the influence of koff for two different active PDE turnover rate constants, and the lower plots 
show the influence of the active PDE turnover rate constants for two different koff values. The input signal was a sine 
wave of free dopamine with an amplitude of 10nM and baseline of 20 nM, at the frequencies indicated on the x-axis. At 
each active PDE turnover rate, 5 different antagonist koff values were simulated, which are represented by the different 
line colors. The kon values were changed simultaneously with koff, which means that the KD was constant at 6.93 nM. The 
antagonist concentration was 14 nM, the LFR50 was 1.03 and all system-specific parameters were identical to Table 3. The 
order of the lines in the legend follows the order of the lines in the graph. 
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Figure S 6. Frequency response analysis for active PDE-dependent cAMP turnover rate constants (k3) of 0.883 min-1 (left) 
and 0.883*10-4 min-1 (right). The input signal was a sine wave of free dopamine with an amplitude of 10nM and baseline 
of 20 nM, at the frequencies indicated on the x-axis. At each cAMP turnover rate, 5 different antagonist koff values were 
simulated, which are represented by the different line colors. The kon values were changed simultaneously with koff, which 
means that the KD was constant at 6.93 nM. The antagonist concentration was 14 nM, the LFR50 was 1.03 and all system-
specific parameters were identical to Table 3. The order of the lines in the legend follows the order of the lines in the 
graph. 
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Figure S 7. Frequency response analysis for dopamine-receptor dissociation rate constants (koffDA) of 8.45 min-1 (left) and 
0.0845 min-1 (right). The input signal was a sine wave of free dopamine with an amplitude of 10nM and baseline of 20 nM, 
at the frequencies indicated on the x-axis. At each dopamine dissociation rate constant, 5 different antagonist koff values 
were simulated, which are represented by the different line colors. The kon values were changed simultaneously with koff, 
which means that the KD was constant at 6.93 nM. The antagonist concentration was 14 nM, the LFR50 was 1.03 the 
receptor recycling rate constant was switched to 0 and all other system-specific parameters were identical to Table 3. The 
order of the lines in the legend follows the order of the lines in the graph. 
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Figure S 8. Frequency response analysis for antagonist concentrations of 14 nM (left) and 500 nM (right). The input signal 
was a sine wave of free dopamine with an amplitude of 10nM and baseline of 20 nM, at the frequencies indicated on the 
x-axis. At each antagonist concentration, 5 different antagonist koff values were simulated, which are represented by the 
different line colors. The kon values were changed simultaneously with koff, which means that the KD was constant at 6.93 
nM. The antagonist concentration was 14 nM, the LFR50 was 1.03 and all system-specific parameters were identical to 
Table 3. The order of the lines in the legend follows the order of the lines in the graph. 

 

 

 

 

 

 


