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ABSTRACT

The aim of this investigation was to develop a mechanism-based pharma-
cokinetic-pharmacodynamic (PK-PD) model for the biological system prolactin 
response following a dopamine inhibition challenge using remoxipride as a 
paradigm compound.

After assessment of baseline variation in prolactin concentrations, the prolactin
response of remoxipride was measured following 1) single intravenous doses of
4, 8 and 16 mg/kg and 2) following double dosing of 3.8 mg/kg with different
time intervals. The mechanistic PK-PD model consisted of; i) a PK model for 
remoxipride concentrations in brain extracellular fluid; ii) a pool model incorpo-
rating prolactin synthesis, storage in lactotrophs, release into- and elimination
from plasma; iii) a positive feedback component interconnecting prolactin
plasma concentrations and prolactin synthesis; and iv) a dopamine antagonism
component interconnecting remoxipride brain extracellular fluid concentrations
and stimulation of prolactin release. The most important finding was the positive
feedback on prolactin synthesis in the lactotrophs, in contrast to the negative
feedback in the previous models on the PK-PD correlation of remoxipride.

An external validation was performed using a dataset obtained in rats following
intranasal administration of 4, 8, or 16 mg/kg remoxipride. Following simulation
of human remoxipride brain extracellular fluid concentrations, pharmacodyna-
mic extrapolation from rat to humans was performed, using allometric scaling in
combination with independent information on the values of biological system
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specific parameters as prior knowledge. The PK-PD model successfully predicted
the system prolactin response in humans, indicating that positive feedback on
prolactin synthesis and allometric scaling thereof could be a new feature in des-
cribing complex homeostatic mechanisms.

INTRODUCTION

Prolactin release is a common side-effect of antipsychotic drugs (Petty, 1999)
and several clinical pharmacokinetic-pharmacodynamic (PK–PD) models
have been published on the relationships between dopaminergic drug- and
prolactin concentrations. In 1995, a PK-PD model was proposed to describe
the effects of double intravenous dosing of the dopamine D2/D3-receptor
antagonist remoxipride on the prolactin release (Movin-Osswald and Ham-
marlund-Udenaes, 1995). The basis was a pool model describing prolactin
synthesis, storage in lactotrophs, release into- and elimination from plasma.
This model was found to be less suitable to describe the data of subsequent
clinical studies following chlorprothixene treatment (D1/D2/D3-receptor 
antagonist). Next, as regulation of prolactin synthesis and secretion involves
both negative (e.g. dopamine) and positive (e.g. oxytocin, estrogen) regula-
tors (Freeman, et al., 2000), putative dopamine concentrations were used to
describe mechanistic (biological system) feedback in an agonist-antagonist
interaction model (Bagli, et al., 1999). However, actual dopamine concentra-
tions could not be obtained, hence limiting quantitation of system-specific
parameters. A next improvement included a circadian prolactin release
model, following risperidone and paliperidone (D2-receptor antagonists) 
treatment (Friberg, et al., 2008). Most recently, the pool- and agonist-ant-
agonist interaction models were compared after remoxipride administration.
The agonist-antagonist interaction model proofed superior, based on better
descriptive properties for the baseline prolactin release, although the data
following remoxipride treatment were slightly better described by the pool
model (Ma, et al., 2010). 

An important restriction of these models may lie in the fact that its constitu-
ents –e.g. drug effect, (negative) system feedback and circadian rhythmicity–
drive a single parameter for prolactin release into plasma, which complicates
the separation of these constituents of the model. Taken together, these stu-
dies indicate that a general model for prolactin release following administra-
tion of dopaminergic drugs has yet to be developed. In order to do so, drug-
and biological-system specific parameters should be separated in a quantita-
tive, mechanistic manner (De Lange, et al., 2005; Danhof, et al., 2007; 
Ploeger, et al., 2009; Gabrielsson and Green, 2009), including expressions for
target site distribution.
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For dopaminergic compounds, the target site is the brain extracellular fluid
(ECF) surrounding the dopamine receptors. As obtainment of this data in
humans is highly restricted and expensive, information should be derived
from in vivo animal studies using translational pharmacology approaches
(Danhof, et al., 2008). Quantitative measurement of unbound drug concen-
trations in brain ECF over time is available in vivo in animals by intracerebral
microdialysis (De Lange, et al., 2000). By using animal experimentation
techniques, models can be challenged by administering larger dose ranges
than allowed in human studies, resulting in a broader concentration range
and thus more precise description of concentration–effect relationships. In
animals, mechanism-based PK-PD models describing prolactin release have
not yet been explored, but could provide a more mechanistic basis.
Earlier translational investigations to predict drug effects in humans have 
already shown that preclinical derived drug- and biological-system specific 
parameters in mechanism-based PK-PD models can be used with reasonable
degree of success (Yassen, et al., 2007; Zuideveld, et al., 2007). Such investi-
gations were based on allometric scaling of PK parameters (Boxenbaum,
1982) and independent information on the values of system specific para-
meters (e.g. target binding). Subsequent simulation studies can provide in-
sight on the clinical applicability of a drug, at an early stage in drug
development. Also, clinical studies suffice with fewer individuals and less
samples per individual, for proof of concept in man. 

In this study we aim to develop a mechanism-based PK-PD model for prolac-
tin response following dopamine inhibition challenge in rats, using remoxi-
pride as a paradigm compound. To that end, remoxipride concentration-
time profiles were obtained in plasma and brain ECF, following a single dose
of 4, 8, or 16 mg/kg and double dosing of 3.8 mg/kg remoxipride by 30 min
intravenous infusions. After assessing the baseline variation in prolactin
plasma concentrations, the effects of remoxipride on prolactin plasma con-
centrations were determined. Using nonlinear mixed effects modeling, we
developed a population-based mechanism-based PK-PD model consisting of;
i) a previously proposed pharmacokinetic model (chapter 5), ii) a pool
model, iii) a positive feedback component interconnecting prolactin plasma
concentrations and the synthesis of prolactin and iv) a dopamine antago-
nism component interconnecting remoxipride brain ECF concentrations
and prolactin release. 
As external validation, prolactin plasma concentrations from an intranasal
remoxipride administration study were compared to model predictions. By
translational modeling approaches, the PK and PD were then simulated in
humans and compared to a clinical dataset (Movin-Osswald and Hammar-
lund-Udenaes, 1995).
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METHODS

� Animals

All animal procedures were performed in accordance with Dutch laws on
animal experimentation. The study protocol was approved by the Animal
Ethics Committee of Leiden University (UDEC nr. 6023 and 6132). Male
Wistar WU rats (n = 92, mean weight ± standard deviation = 245 ± 18 gram,
Charles River, The Netherlands), were housed in groups for 7-13 days (Ani-
mal Facilities, Gorlaeus Laboratoria, Leiden, The Netherlands), under stan-
dard environmental conditions (Ambient temperature 21°C; humidity 60%;
12/12 hour light, 8AM lights on (circadian time 0), background noise, daily
handled), with ad libitum access to food (Laboratory chow, Hope Farms,
Woerden, The Netherlands) and acidified water. Between surgery and ex-
periments, the animals were kept individually in Makrolon type 3 cages for
7 days to recover from surgical procedures.

� Surgery

Rat surgery and experiments were performed as previously reported (Stevens,
et al., 2009). In short, during anaesthetized surgery, all animals received 
cannulas in the femoral artery and vein, for serial blood sampling and drug
administration respectively. Also, an intranasal probe (AP 12 mm, L –0.5
mm) for drug administration, and a microdialysis guide (CMA/12, Schoone-
beek, The Netherlands, AP +0.4, L 3.2, V -3.5) for continuous brain ECF sam-
pling were implanted. After 6 days, 24 ± 1 hour before the experiments, the
microdialysis guide was replaced by a probe (CMA/12, 4 mm polycarbonate
membrane, cut-off 20 kDa, Aurora Borealis Control, Schoonebeek, The 
Netherlands). For the natural 24 hour circadian rhythmicity study, the ani-
mals only received a chronically implanted cannula in the femoral artery for
blood sampling.

� Experiments

The control study investigated the natural 24 hour rhythmicity of prolactin
in 8 rats by obtaining 20 μl blood samples from the arterial cannula every 
30 minutes for a period of 25 hour. 

In the placebo study, the effects of handling and experimental techniques
on prolactin release were investigated by 30 minute intravenous infusion of
500 μl saline (n = 7) and 30 second intranasal infusion of 10, 20, or 40 μl 
saline (n = 8, 10, and 9 respectively) by an automated pump (B. Braun Mel-
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sungen AG, Melsungen, Germany). Blood samples of 200 µl were taken 
from the arterial cannula at t = 0, 5, 10, 20, 35, 60, 90, 120, 150, and 180
min.

In the separate remoxipride administration study, prolactin data were 
acquired following two intravenous remoxipride administration protocols; 
a single dose and a double dosing study. The experimental procedures for 
single dose remoxipride administration have been previously reported
(Stevens, et al., 2009). In short, 3 experimental groups (n = 10 per group) 
received a single dose of 4, 8 or 16 mg/kg remoxipride in during a 30 minute
intravenous infusion. Blood samples of 200 µl were taken from the arterial
cannula at t = -5 (blank), 2, 10, 22, 30, 40, 60, 100, 180, and 240 min. 
Consecutive remoxipride dosing experiments were performed under similar
conditions, but with twice dosing of 3.8 mg/kg of remoxipride during 30 
minute intravenous infusions, at different time intervals; 0–1, 0–2, 0–4, 0–6,
2–6, and 4–6 hours (n = 3, 4, 3, 2, 2, and 3 respectively). A number of 20
blood samples of 100 µl were taken at different time points per group. 

For the external validation data set, remoxipride experiments were perfor-
med under identical experimental techniques as the single dose studies, but
with 1 minute intranasal infusion of 4, 8 or 16 mg/kg remoxipride (n = 10
per group).
For all animal experiments, blood samples were collected in EDTA–coated
vials and, after centrifuging for 15 minutes at 5000 rpm, plasma was stored
at -20˚C pending analysis. After the experiments the animals were sacrificed
with an overdose of Nembutal (1 ml, intravenously).

For comparison of rat–to–human prediction, a clinical dataset was obtained
from a previously published study (Movin-Osswald and Hammarlund-
Udenaes, 1995). In short, eight healthy volunteers (mean weight ± standard
deviation = 76 ± 10 kg) received two 30 minute intravenous infusions of 50
mg remoxipride in different time intervals in a randomized, six period cross-
over design. The time intervals between the first dose at t = 0 and the second
dose were 2, 8, 12, 24, and 48 hours. Remoxipride- and total prolactin
plasma concentrations were obtained in 13 or more plasma samples per 
individual.

� Analytical Methods

For all single dose animal experiments, remoxipride concentrations were
measured in plasma and brain ECF using online solid phase extraction with
liquid chromatography–tandem mass spectrometry (Stevens, et al., 2010).
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For all plasma samples takes in all remoxipride administration studies, pro-
lactin concentrations were measured with a commercially available enzyme-
linked immunosorbent assay (Rat prolactin ELISA (AER011), Biocode-Hycel,
Belgium), according to the instructions of the manufacturer. Data acquisi-
tion was performed on a uQuant Universal Microplate Spectophotometer
(BioTek, Germany). Concentrations were calculated using R 2.5.0 (The R
Foundation for Statistical Computing, Vienna, Austria). Individual prolactin
concentration-time plots were generated and apparent outliers were exclu-
ded from the dataset if exceeding 1.5 times the interquartile range of the
median concentration at that time point. Also, prolactin data below the
limit of quantification (0.36 ng/ml) were excluded from the dataset.

� PK-PD model building and random variability

Nonlinear mixed effect modeling using NONMEM (version VI, level 2.0 Icon
Development Solutions, Ellicott City, Maryland, USA) was used for modeling
of the single- and double intravenous remoxipride administration studies. 
A sequential PK-PD modeling approach was applied, in which the individual
PK parameters were fixed to the posthoc parameter estimates from the previ-
ously published population PK model for remoxipride in rat plasma and
brain ECF (chapter 5). The structural model building was performed under
ADVAN 9, and the first order conditional method with interaction was used
for estimation with a convergence criterion of 3 significant digits in the pa-
rameter estimates. NONMEM reports an objective function value (OFV)
which is the -2*log likelihood. Model hypothesis testing was done using the
likelihood ratio test under the assumption that the difference in -2*log likeli-
hood is Chi–square distributed with degrees of freedom determined by the
number of additional parameters in the more complex model. Hence, with
decrease in the OFV of at least 3.84 points (p < 0.05) the model with one ad-
ditional parameter is preferred over its parent model. Additive, proportional,
or combined residual variability models were investigated for the prolactin
concentrations in plasma. Log normal distribution of the inter-individual
variability was assumed and possible covariate correlations were taken into
account.

The structural model is depicted in figure 1. The general structure of the PD
model consists of a pool model which was based on the original pool model
(Movin-Osswald and Hammarlund-Udenaes, 1995). Briefly, this model con-
sists of a lactotroph- and a plasma prolactin compartment. 
The change in prolactin concentration in the lactotrophs (dCla,PRL,rat) over
time (dt) is determined by a zero-order rate constant for the synthesis of 
prolactin (ks,PRL,rat) and a first-order rate constant for the release of prolactin
from the lactotrophs (kr,PRL,rat).
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Figure1 Compartmental structure of the final model, including the Emax concentration-effect 

relations of the drug-effect- and biological system effect models on the turnover model.

Ks,PRL,rat, synthesis rate constant of prolactin in lactotrophs; kr,PRL,rat, release rate constant of 

prolactin into plasma; kel,PRL,rat, elimination rate constant of prolactin from plasma; 

CbrainECF,REM,rat(t), rat brain extracellular fluid concentrations of remoxipride over time;

Cpl,PRL,rat(t), rat plasma prolactin concentrations over time; Emax, maximal effect of prolactin

(PRL) or remoxipride (REM); EC50, concentration PRL/REM inducing 50% of the Emax.

The change in prolactin concentration over time in the plasma compart-
ment (dCpl,PRL,rat) is described by a turnover model, which consists of the
kr,PRL,rat and a first-order rate constant for the elimination of prolactin from
plasma (kel,PRL,rat). At t = 0, in absence of remoxipride, prolactin concentra-
tion in the plasma compartment (Cpl,PRL,rat) equals the baseline plasma 
prolactin concentration (BSLrat), and total prolactin synthesis, release, and
elimination are in equilibrium, according to principles of mass-balance
(ks,PRL,rat = BSLrat* kel,PRL,rat) (Ma, et al., 2010).  In this pool model, the rela-
tively low value for ks,PRL,rat causes lactotroph depletion after remoxipride
administration, and drives therefore the tachyphylaxis component of the
model. Positive homeostatic feedback on the ks,PRL,rat is anticipated to cor-
rect for this.

The physiological basis for the positive feedback (PF) model lies in the fact
that synthesis and release of neurotransmitters are two separate processes
that can be independently regulated in a biological system. Prolactin re-
ceptor activation in the cell membrane of lactotrophs (Morel, et al., 1994) 
activates a wide range of transcription factors and immediate early genes in
the nucleus via JAK/STAT (Watson and Burdon, 1996) and MAPK pathways
(Piccoletti, et al., 1994). Endogenous compounds that increase prolactin 
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synthesis (like e.g. estrogen) also use MAPK activation (Singh, et al., 1999,
Ben-Jonathan, et al., 2008), suggesting that prolactin receptor activation can
increase prolactin synthesis. In short, the PF model describes the physiologi-
cal process by which release of prolactin by lactotrophs (depletion) increases
the prolactin synthesis to “refill” the lactotrophs. The PF component was
described by applying linear-, log-linear-, Emax- and sigmoidal Emax concen-
tration-response relationships (equations 1-4) between plasma prolactin con-
centrations (Cpl,PRL,rat), normalized to BSLrat, and the value of ks,PRL,rat. 
The terms Emax,PRL,rat and EC50,PRL,rat correspond to the values of maximal
prolactinergic feedback and the plasma prolactin concentration that induces
50% of the Emax,PRL,rat, respectively, and c is the slope of the plasma prolac-
tin concentration feedback relationship.

Equation 1; PFlinear = c * (Cpl,PRL,rat – BSLrat)

Equation 2; PFlog-linear = c * log(Cpl,PRL,rat – BSLrat)

Equation 3; PFEmax = Emax,PRL,rat * (Cpl,PRL,rat – BSLrat) / (EC50,PRL,rat
+ (Cpl,PRL,rat – BSLrat))

Equation 4; PFSigmoidal Emax = Emax,PRL,rat * (Cpl,PRL,rat – BSLrat)
y

/ (EC50,PRL,raty + (Cpl,PRL,rat – BSLrat) 
y)

Consequently, for equations 1, 3 and 4, PF = 0 when Cpl,PRL,rat returns 
to BSLrat. While investigating on the log-linear concentration response 
relationships, PFlog-linear was reset to 0 when Cpl,PRL,rat returned to BSLrat. 
During the modeling process, the parameter estimates for BSLrat were esti-
mated separately for the single- and double remoxipride dosing studies. 

A dopamine antagonist component of the drug effect (DE) describes the
drug–effect relationship between unbound remoxipride concentrations in
brain ECF (CbrainECF,REM,rat) and the kr,PRL,rat. In the early phase of 
structural model building, an Emax-model (equation 5) described the DE 
relation, in terms of maximal remoxipride induced prolactin response
(Emax,REM,rat), and the remoxipride concentration that induces half the
Emax,REM,rat (EC50,REM,rat).

Equation 5; DE = Emax,REM,rat * CbrainECF,REM,rat / (EC50,REM,rat + 
CbrainECF,REM,rat)
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Incorporating the components for PF and DE results in differential equations
6 and 7 for dCla,PRL,rat/dt and for dCpl,PRL,rat/dt, respectively. 
The terms Cla,PRL,rat and Cpl,PRL,rat represent the prolactin concentration in
the lactotroph- and plasma compartment at time = t, respectively.

Equation 6; dCla,PRL,rat/dt = ks,PRL,rat * (1+PF) - Cla,PRL,rat * kr,PRL,rat
* (1+DE)  

Equation 7; dCpl,PRL,rat/dt = Cla,PRL,rat * kr,PRL,rat * (1+DE) – Cpl,PRL,rat
* kel,PRL,rat

Based on decrease in OFV and individual goodness-of-fit, the best model for
the PF component was selected. Then, the DE component was re-evaluated
by applying log-linear and sigmoidal-Emax concentration–effect relation-
ships.

Prior information for parameter estimation was used for the values of
EC50,REM,rat of the dopamine D2-receptor and for the kel,PRL,rat. The equili-
brium binding dissociation constant of remoxipride for the D2-receptor is
reported to be 41.9 ng/ml, with a standard deviation of 50 ng/ml (Mohell, et
al., 1993). Our microdialysis experiments allowed measurement of brain ECF
remoxipride concentrations being close to, or equal to the target site (D2-
receptor) concentrations. As remoxipride is an antagonist, the EC50 can be
assumed to be similar to the equilibrium binding dissociation constant of 
remoxipride binding to the D2-receptor. 
Secondly, based on the first-order elimination rate of endogenous prolactin
from plasma, the t1/2 of prolactin in rats is 6.9 minutes, with a confidence 
of 6.3 – 7.7 minutes (Chi and Shin, 1978). This allows calculation of the
kel,PRL,rat by ln2/t1/2. The NWPRI subroutine in NONMEM was used, which
allowed a penalty function based on a frequency prior to be specified and
added to the -2log likelihood function (Gisleskog, et al., 2002), to estimate
the EC50,REM,rat and kel,PRL,rat.

� PK–PD model evaluation 

A bootstrap procedure, in which the final model was optimized on at least
1000 datasets obtained by random sampling with replacement from the ori-
ginal dataset, was used to derive the uncertainty in the parameter estimates
of the final model. From the bootstrap estimation the median and 2.5th

and 97.5th percentiles were obtained to represent the non-parametric 95%
confidence limits.
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The bootstrapped parameter estimates were then used in an internal qualifi-
cation of the model by means of a visual predictive check (VPC). The VPCs
were performed using NONMEM, by simulating 1000 replications of the
model and a simulation dataset that contained intravenous dosing informa-
tion for one individual per dosing regimen. The median, 5th and 95th per-
centiles were calculated for each simulated time-point. The predictions at
each time-point (median and 90 % prediction interval) were compared visu-
ally with the actual data. Resemblance between simulated and original distri-
butions indicates the accuracy of the model i.e., 90 % of the observed data
should fall within the predicted range for 90 % of the variability (Post, et al.,
2008). 

The model was also externally validated. To this end, a VPC was performed
using an external dataset obtained following intranasal administration of 
remoxipride. 1000 replications of the model and a simulation dataset contai-
ning intranasal dosing information for one individual per dosing regimen
were generated. Again, the median, 5th and 95th percentiles were calculated
for each simulated time-point and visually compared at each time point
with the actual data. Resemblance between simulated and original distribu-
tions indicates the predictive value of the model for the intranasal admini-
stration route.

� Translation from rat to human

Our ultimate goal was to predict the prolactin response in humans on the
basis of our preclinical PK-PD model. Berkeley-Madonna software (Berkeley
Madonna 8.3.9, Berkeley Madonna Inc., University of California (REGENTS),
Berkeley, California, USA) was used for the simulation of the time course of
the prolactin plasma concentrations in humans, which was then compared
to the plasma data from the clinical dataset. 

To translate the preclinical pool model to that for the human situation, allo-
metric scaling (Boxenbaum, 1982) was applied for estimation of the human
prolactin release- and elimination rate constants (equation 8). 

Equation 8; khum = krat * (bodyweighthum/bodyweightrat)
-0.25

As ks,PRL,rat is initially defined by kel,PRL,rat * BSLrat and the same structural
model is applied for the human situation, the human prolactin synthesis
rate constant is automatically scaled as well. The clinical value for BSLhum
(9.4 ng/ml) was obtained from literature (Movin-Osswald and Hammarlund-
Udenaes, 1995).
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Concerning the extrapolation of the PF, to our knowledge, no clinical data
are available on the Emax,PRL,hum and EC50,PRL,hum. However, from a physi-
ological perspective, interspecies differences in the these parameters are ex-
pected (Ben Jonathan, et al., 2008) and an empiric approach on translation
of these parameters was necessary. As prolactin is synthesized in lactotrophs,
the interspecies difference in number of lactotrophs forms a basis for extra-
polation of the Emax,PRL,hum. The average lactotroph density in the young
adult male rat pituitary (LDrat) is reported to be 37.9 % (Dada, et al., 1984;
Phelps, 1986) and in the human pituitary (LDhum) 16.9 % (Asa, et al., 1982).
Consequently, the Emax,PRL,hum was extrapolated according to equation 9.

Equation 9; Emax,PRL,hum = Emax,PRL,rat * (LDhum/LDrat)

Little information is available on the physiological activity of prolactin on
lactotrophs in man. In cell proliferation studies, the EC50 of human prolac-
tin on the human prolactin receptor was determined (8.74 mg/l: Utama, et
al., 2009). Although this does not represent the prolactin elevation of the
ks,PRL,hum at a nucleus level, this pharmacological activity of prolactin forms
a basis for extrapolating the interspecies difference in our simulation appro-
ach and this value was used for the EC50,PRL,hum.

In the present investigations, to translate the DE model, the PK of remoxi-
pride of the clinical dataset were reanalyzed using a 2-compartmental ap-
proach in NONMEM VI, to obtain PK parameter estimates for volume of
distribution (V), clearance (CL) and intercompartmental clearance (Q) of 
remoxipride in humans. Based on the mean parameter estimates and their
standard deviation, calculation of the coefficient of variation (CV) was used
to derive the uncertainty in the parameter estimates of the model, which is
considered acceptable when lower than 50%. For visual comparison of the
model and the actual data, remoxipride concentration-time profiles were
plotted for all dosing regimens.

In the preclinical PK-PD model, the DE model is related to the unbound
brain ECF concentrations of remoxipride, which are described in a third
(brain) compartment. Such information is not available for humans. Our 
approach was therefore to simulate the human brain ECF concentrations, 
by assuming that the ratio of concentrations in the brain- and peripheral
compartment is equal in rats and man (equation 10 and 11). The human 
PK parameters for the brain- (PKbrain,hum) and peripheral compartment
(PKperiph,hum) are calculated based on the human parameter estimate from
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the clinical model (peripheral compartment, θperiph,hum) and the preclini-
cal parameter estimates (θrat) for the brain- and peripheral compartment.

Equation 10; PKbrain,hum = θperiph,hum * (θbrain,rat/(θbrain,rat 
+ θperiph,rat))

Equation 11; PKperiph,hum = θperiph,hum * (θperiph,rat/(θbrain,rat
 + θperiph,rat))

For extrapolation of the DE component, the values for Emax,REM and
EC50,REM in humans had to be acquired. In the clinical dataset, the observed
maximum prolactin concentrations after remoxipride administrationa are 
the combined result of the pool-, DE- and PF model components. The 
observed maximal prolactin concentration 70 ng/ml (Movin-Osswald and
Hammarlund-Udenaes, 1995) minus BSLhum therefore overestimates the 
required value of Emax,REM,hum, as the PF is not taken into account. 
However, for our simulation purposes this approximation on the value of
Emax,REM,hum was considered acceptable. As remoxipride is a dopamine an-
tagonist and the DE is based on simulated brain ECF concentrations that are
close to, or at the target site, the EC50,REM,hum was considered similar to the
remoxipride equilibrium binding dissociation constant. In literature, 
the equilibrium binding dissociation constant of remoxipride for the human
D2-receptor is reported to be 5.936 mg/l (Burstein, et al., 2005), and thus 
incorporated in the model.

RESULTS

The control and placebo studies show low mean prolactin concentration
when compared to the prolactin response after intravenous remoxipride ad-
ministration (Figure 2). Also, the variations in baseline prolactin concentra-
tions were low, and no handling- or experimental influences on prolactin
release were found. 
The baseline concentrations of prolactin proved similar to previous findings
in individually housed animals (Perello, et al., 2006). As a result, kr,PRL,rat
can be considered a rate constant at the baseline, in absence of remoxipride.
Following remoxipride administration, a maximal prolactin peak was obser-
ved, which is equal for all dosing regimens. Upon visual assessment, the area
under the curve of the prolactin concentration time curve seemed to in-
crease with increase of remoxipride dose. After performing the second, dou-
ble dosing study of remoxipride, no full second response could be generated
at short dosing intervals, as expected based on the previously reported ta-
chyphylaxic properties of prolactin release. The intravenous single- and 
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double remoxipride dosing studies provided 190- and 295 prolactin concen-
trations, respectively.

Figure 2 Average prolactin concentrations (± SEM) under different conditions over circadian

time; A) 500 μl intravenous-, and 20, 30, and 40 μl intranasal saline administration (solid-,

dash-dotted-, dotted-, and dashed lines respectively), B) 30 min intravenous infusion of 4, 8

and 16 mg/kg remoxipride (dash- dotted-, dotted- and dashed lines respectively), the solid line

represents the highest average prolactin concentration after saline administration. C) 24 hour

sampling (solid line), the dark phase (12-24 hours) is represented by the dark bar.

� PK-PD modeling 

Applying the Emax-model for the remoxipride brain ECF concentration–
effect relationship allowed reasonable description of the prolactin concen-
trations in plasma for the groups that received a single remoxipride dose and
for groups that received double dosing of remoxipride at longer intervals.
However, without a PF component, the model underestimated a second
plasma prolactin peak in plasma following double remoxipride dosing at
short intervals. Next, PF of plasma prolactin concentrations on the ks,PRL,rat
was described by linear- and log-linear concentration–effect relationships,
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with OFV of 2148 and 2074 respectively. The lowest OFV (2057) was 
achieved by an Emax relationship, while a sigmoidal-Emax model caused
over-parameterization. As a result of the Emax-model for PF, all individual
plasma prolactin concentration-time profiles were now adequately described
for all dosing intervals.

Next, the drug–effect relationships between unbound remoxipride brain ECF
concentrations and plasma prolactin concentrations were re-evaluated. Log-
linear relationships and sigmoidal-Emax relationships increased the OFV ap-
proximately 60 points, so optimization of the model was continued with an
Emax-model for both the PF- and DE components.
Based on a decrease in OFV, a combined proportional- and additive error
model best described the residual variability in the prolactin response com-
partment for all model structures. Inter-individual variability was identified
for BSLrat. 

Single inclusion of prior information on the value kel,PRL,rat resulted in
more realistic estimations for Emax,REM,rat and, as expected, the estimation
for EC50,REM,rat was closer to the equilibration binding association constant
(OFV 1975). Adding prior information only to the parameter for EC50,REM,rat
in the drug–effect relationship, decreased the OFV to 1966. However, the re-
sulting estimation of Emax,REM,rat now increased three-fold from earlier
model expectations, which is probably caused by the large predefined stan-
dard deviation in the penalty function. 
When adding prior information for both parameter estimates, the OFV drop-
ped to 1953 points and the parameter estimation for Emax,REM,rat was now
in similar range of previous model expectations, although the covariance
step was now aborted by NONMEM. Table 1 summarizes the parameter esti-
mates, IIV and residual error. Describing the PF- and DE components by
Emax-relationships resulted in the best predictions for all doses and dosing
regiments in all individual rats, as depicted for a typical individual in every
double dosing regimen (Figure 3).

� PK-PD model evaluation

The parameter estimates after 1096 bootstrap replications of the dataset were
very close to the NONMEM estimates of the final model (Table 1). Also, the
estimates for IIV and residual error were similar, confirming the stability of
the model. 
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Final model Bootstrap (n = 1096)
parameter estimates median 95% CL CV (%)

Pool model
BSLsd,rat (ng/ml) 6.2 6.1 4.4-7.2 12.1
BSLdd,rat (ng/ml) 3.9 3.9 2.4-5.6 17.8
kr,PRL,rat (h-1) 0.6 0.6 0.4-0.7 12.6
kel,PRL,rat (h-1) 5.7 5.8 5.1-6.3 5.4

Positive feedback model
Emax,PRL,rat (ng/ml) 3.5 3.7 3.0-6.8 25.1
EC50,PRL,rat (mg/L) 12.4 12.0 8.5-16.8 17.2

Drug–effect model
Emax,REM,rat (ng/ml) 25.0 24.6 18.8-44.6 24.0
EC50,REM,rat (ng/ml) 0.08 0.08 0.04-0.12 22.30

Error
� additive 0.06 0.06 0.04-0.10 23.81
� proportional 6.73 6.54 2.91-11.70 35.47
� BSL 0.07 0.07 0.04-0.10 21.39
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Figure 3 Individual predicted (solid line) and observed (open circles) plasma prolactin 

concentration over time in hours (h) for the repeated (3.8 mg/kg) remoxipride dosing study. 

Per dosing regimen (dose, with time interval in hours after the start of the experiments), 

a typical single individual is plotted.

Table 1 NONMEM parameter estimates and bootstrap results.
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95% CL, confidence limits 
calculated as 2.5th and 97.5th 
percentiles; 
CV, coefficient of variation calcu-
lated from mean bootstrap para-
meter estimates; 
BSL, baseline prolactin concentra-
tion in the single- (sd) and double
(dd) remoxipride dosing study; 
parameters as defined in figure 1;
�, residual error; 
�, interindividual error calculated 
as single estimate for both 
BSLsd,rat and BSLdd,rat.
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In an internal evaluation of the model, the VPC visualized accurate predic-
tion of observed prolactin concentrations following single dose intravenous
administration of remoxipride (Figure 4).
In general, for all single dose groups, the maximal observed prolactin con-
centrations were well described by the median of the VPC. Although negli-
gible, the observed concentrations at t = 2 min were slightly overestimated
by the median of the model for the 4- and 8 mg/kg dose groups and in the
16 mg/kg dose group a slight underestimation of the lower concentration
range was observed. Most observations lie within the 90% confidence inter-
val, indicating that the variability was well estimated. 

Figure 4 Visual predictive checks of preclinical PK-PD model. The plots represent the simulated

median of the plasma prolactin concentration predictions (solid line), and the 90% prediction

interval (grey area) over time per dose, following intravenous remoxipride administration. The

open circles represent plasma prolactin concentrations measured in the intravenous single dose

remoxipride experiments.

The placebo study proved that intranasal administration as such does not in-
fluence baseline prolactin concentrations (Figure 2A). As a result, the bio-
logical-system parameters were considered equal for intravenous- and intra-
nasal administration of remoxipride. Consequently, the data from the intra-
nasal remoxipride administration study could be used for external validation
of the final model. When a VPC was performed (Figure 5), the maximum
prolactin plasma concentrations were underestimated (~10%), as was the
time to maximal prolactin concentration. Also, a higher percentage of the
observations were outside the 90% confidence interval. As the PD variability
of the PK-PD model is based on the intravenous administration datasets, this
indicates different variability after intranasal administration. 
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human PK model Movin-Osswald and Hammarlund-Udenaes, 1995 
parameter estimate (CV in %)  � estimate �

plasma compartment
CL (l/h) 7.4 (5.2) 0.03 6.84 0.14
V (l) 12.2 (3.1) -

peripheral compartment
Q (l/h) 137 (11.3) 0.1
V (l) 34.7 (6) 0.03

Error
� additive 0.03
� proportional 0.14

Vtotal 40 0.09

113

Figure 5 Visual predictive checks of the external validation dataset. The plots represent the 

simulated median of the plasma prolactin concentration predictions (solid line), and the 90%

prediction interval (grey area) over time per dose, following intranasal remoxipride administra-

tion. The open circles represent plasma prolactin concentrations measured in the intranasal 

single dose remoxipride experiments.

� Translation from rat to human

The pharmacokinetics of remoxipride in human plasma could be well descri-
bed by a two-compartmental approach. The parameter estimates for in the
human PK model were close to the values estimated earlier (Movin-Osswald
and Hammarlund-Udenaes, 1995) and the low CVs indicates accurate para-
meter estimation (Table 2).

Table 2 NONMEM pharmacokinetic parameter estimates for remoxipride in humans.

�, inter-individual variability; �, residual variability; Cl, clearance; V, volume of distribution; Q, intercom-
partmental clearance; Vtotal, total volume of distribution in steady state.
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In the preclinical model, the drug–effects are related to brain ECF concentra-
tions in a brain-PK compartment. To allow extrapolation of drug–effect in
rats to humans, human brain ECF concentrations were estimated by conver-
ting the human two-compartmental- into a three-compartmental PK model.
The hence acquired PK model showed accurate description of the remoxi-
pride concentration time profiles in human plasma (Figure 6), for all dosing 
regimens. Compared to remoxipride plasma concentrations after intra-
venous administration of remoxipride, brain ECF concentration-time 
profiles generally showed lower maximal concentrations and a longer time
to reach the maximal concentration, due to nose-to-brain distribution 
characteristics (chapter 5). As no human data are available on remoxipride
brain ECF concentrations, no comparison can be made. The predicted
human remoxipride brain ECF profiles showed lower maximal concentra-
tions and a short delay in time to maximal concentration when compared 
to the plasma concentration-time profiles, as expected. 

Figure 6 Translation of preclinical to clinical PK (three-compartment PK model). The solid, 

grey lines represent the prediction of remoxipride concentrations in plasma over time for 

different dosing regiments. The open circles represent measured remoxipride concentrations, 

obtained in the clinical dataset (Movin-Osswald and Hammarlund-Udenaes, 1995).
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In general, the translational mechanism-based PK-PD simulation described
the human prolactin plasma concentrations following the repeated intrave-
nous administration of remoxipride adequately (Figure 7). The time to full
equilibrium of the pool model (return to baseline prolactin concentration),
is concurrent with the time at which a full second response can be generated
in humans (dosing interval 0–48).

Figure 7 Translation of preclinical to clinical PK-PD. The solid, grey lines represent the pre-

diction of plasma prolactin concentrations over time for different dosing regiments. 

The open circles represent measured prolactin concentrations, obtained in the clinical dataset

(Movin-Osswald and Hammarlund-Udenaes, 1995).

DISCUSSION

Our aim was to develop a mechanistic PK-PD model for the prolactin res-
ponse following administration of dopamine receptor antagonists. To this
end, the interrelationships between the time course of remoxipride concen-
trations in brain ECF and the time course of the plasma prolactin concentra-
tions were assessed under different conditions. A previously proposed pool
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model, which accounted for tachyphylaxis upon repeated administration 
of remoxipride in humans, constituted the backbone of the novel mecha-
nism-based PK-PD model (Movin-Osswald and Hammarlund-Udenaes,
1995). 

Prolactin is released into plasma by lactotrophs in the anterior pituitary and
is tonically suppressed by three types of hypothalamic dopaminergic neu-
rons. Tuberoinfundibular neurons release dopamine into long portal veins
that empty in pituitary sinusoids. Periventricular hypothalamic- and tubero-
hypophysial dopaminergic neurons project directly to the pituitary
(Freeman, et al., 2000). Thus, dopamine antagonists increase prolactin re-
lease into plasma, limited by depletion of the prolactin content. Less is
know about regulation of the synthesis of prolactin after such depletion.
Interestingly, we found a positive feedback of prolactin plasma concentra-
tions on its synthesis. In physiological terms this can be regarded as a home-
ostatic mechanism, restoring basal conditions of the biological system. 

In the original pool model (Movin-Osswald and Hammarlund-Udenaes,
1995), lactotroph depletion and the value of ks,PRL,rat have been identified
as rate limiting steps in prolactin release following remoxipride administra-
tion, but could not adequately describe the plasma prolactin concentrations
at short dosing intervals in subsequent studies. Likewise, in our animal stu-
dies, sole use of a pool model underestimated the prolactin response follo-
wing remoxipride administration at a short interval. To correct for this,
previously proposed (clinical) PK-PD model approaches included baseline
circadian rhythmicity, linear DE and (negative) linear system feedback, that
all drive the single parameter estimate for kr,PRL and thereby complicate 
separation of these model constituents. By strict separation of model consti-
tuents in an animal experimental setup, we provided a basis to quantitate
the biological system parameters of prolactin release and the drug–effects
thereon.

First, circadian rhythmicity in baseline prolactin plasma concentrations was
low, if not neglectible, compared to the magnitude of the prolactin response
following administration of remoxipride (Figure 2). Therefore, kr,PRL,rat
could be considered constant. 

Secondly, to identify drug-specific parameters in a quantitative, semi-mecha-
nistic manner, we obtained remoxipride plasma- and target site (brain ECF)
concentration-time profiles. A broader remoxipride dosing regimen was ap-
plied than would be allowed in humans, to increase the remoxipride con-
centration range and thereby the descriptive properties of the DE model. In
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our model approach, we included previous literature data on the pharma-
cology of remoxipride (EC50,REM,rat) and prolactin (kel,PRL,rat) in a penalty
function. The resulting DE model allowed accurate description of a maximal
drug–effect relationship between remoxipride brain ECF concentrations and
kr,PRL,rat, and can be considered more mechanistic compared to previously
proposed clinical models that identified (linear) drug–effect relationships 
between remoxipride plasma drug concentrations and kr,PRL.

Thirdly, the use of a positive feedback mechanism between plasma prolactin
concentrations and ks,PRL,rat allowed strict distinction between the drug–
effect (on kr,PRL,rat) and system-effect. Addition of a positive feedback model
allowed accurate description of the time course of prolactin concentrations
in plasma following a second remoxipride dose, for all dosing regimens 
(Figure 3). The increase in prolactin synthesis includes a physiological limit, 
represented by the Emax,PRL,rat-parameter estimate. Consequently, both lac-
totroph depletion and the Emax,PRL,rat are the rate limiting steps for prolac-
tin release in plasma.  

Bootstrapping proved high stability and VPCs showed good predictive pro-
perties of the preclinical PK-PD model in the mechanistic description of the
drug–effect and biological system response when using prolactin as a PD
endpoint following remoxipride administration. 

In the external validation, the simulations showed underestimation of the
Cmax and time–to–Cmax following intranasal administration of remoxipride
to rats. In the previously PK-model (chapter 5), maximum observed remoxi-
pride brain ECF concentrations (~0.1 mg/l) are close to the estimated
EC50,REM,rat (0.08 mg/l). We also reported slight underestimation of the
maximum remoxipride concentration in brain ECF and higher variability on
pharmacokinetic parameters following intranasal administration. Both fac-
tors contribute to the underestimation of prolactin release and consequently
delayed lactotroph depletion as displayed in the VPC (Figure 4). This leads
to believe that the value of EC50,REM is slightly overestimated in the final
PK-PD model and/or that the prediction bias may come from the PK model.
The lowest value for the EC50,REM,rat, within the confidence limits of the
bootstrap, is 0.04 mg/l. The expectation is that such a low value will cause
the observed maximal brain ECF concentrations to induce lactotroph deple-
tion and therefore correct the Cmax and time-to-Cmax. Optimization of
study design (e.g. dose regimen and sampling times) in subsequent studies
would allow for identification of a sigmoidal Emax drug-effect relationship
(Hill-coefficient) to verify this assumption. However, taking these factors
into account, the evaluation shows that the model predicts the prolactin-
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ergic effects relatively well after intranasal administration of remoxipride,
implying that the mechanism-based PK-PD model has predictive power to-
wards this other routes of administration, rather than only describing the 
intravenous dataset. 

In the extrapolation from rat to human PK–PD, the simulation of human
brain ECF concentrations is a critical factor. As remoxipride brain ECF con-
centrations depend on unbound plasma drug concentrations, interspecies
differences in plasma binding (Widman, et al., 1993) should be considered
when scaling between species. As data from the clinical study were available,
an easier approach was to construct a clinical two-compartment PK model 
in NONMEM that describes total remoxipride concentrations in plasma and
unbound remoxipride concentrations in the peripheral compartment. In
this model, the PK parameter estimates proved to match previously publis-
hed data (Table 2). As remoxipride is reported to rapidly cross the blood-
brain barrier in both rat and man (Farde and Von Bahr, 1990; Kohler, et al.,
1992), we assumed that the ratio of unbound remoxipride in brain and 
periphery would be comparable in rat and human (equations 10 and 11). 
By this approach, we were able to simulate remoxipride brain-ECF concen-
trations in humans in the translational PK model. 

Prolactin synthesis, release pathways, homeostatic feedback, and plasma eli-
mination half-life are well understood and have been found to be structu-
rally similar in rats and man (Ben Jonathan, et al., 2008). For that reason, as
well as because prolactin concentrations can be measured relatively easily in
plasma samples in both rat and man, prolactin comprises all prerequisites
for a translational biomarker (Danhof, et al., 2005) for dopaminergic activity
in the brain. We used the simulated brain ECF concentrations in the clinical
PK model as the basis for the rat–to–human simulation of the PD effect. 
The rate constants in the pool model were allometrically scaled, leading to a
kel,PRL,hum of 1.4 h-1, which is in agreement with previous studies, that re-
port kel,PRL,hum to range between 1 and 2.09 h-1 (Movin-Osswald and Ham-
marlund-Udenaes, 1995; Bagli, et al., 1999; Ma, et al., 2010). The human BSL 
values were obtained from literature. As limited information is available on
the remaining Emax and EC50 parameter values, further research (e.g. by in
vitro bioassays) should validate actual values and thus improve the transla-
tional properties of the model, as may the previously proposed inclusion of
circadian rhythmicity in prolactin release. The PK-PD model was successful
in describing both the PK and PD in humans.
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An important question is how to further validate the proposed translational
PK-PD model for prediction of the prolactin biological system response, as
reflected by prolactin plasma concentrations. An interesting approach is 
to challenge the model with a training set of different compounds as has
previously been successfully applied in the development of mechanistic PK-
PD models for adenosine A1-receptor agonists (Van der Graaf, et al., 1997),
GABA-ergic compounds (Visser, et al., 2002) and 5-HT1a-receptor agonists
(Zuideveld, et al., 2004). Administration of other dopaminergic antagonists
in rats will be subject to different drug–effect relationships, but the values
describing the biological system response should essentially remain identi-
cal. Also, unique physicochemical properties of new chemical entities that
are not (yet) approved for use in man can be studied, alternative routes of
administration can be explored more easily, as can in vitro-in vivo correlati-
ons. This provides additional data for the validation of the pool- and posi-
tive feedback models. Finally, small scale clinical studies on (intranasal)
administration of dopaminergic compounds allows validation on this new
structural approach on prolactinergic turnover and homeostatic feedback in
humans. 

Summarizing, we accomplished the development of a mechanism-based 
PK-PD model describing prolactin release in plasma in rats following remoxi-
pride administration in different dosages and dosing regimens. The most 
important finding, relative to previous investigations on the PK-PD correla-
tion of remoxipride, was the identification of a positive feedback of prolac-
tin plasma concentrations on the zero-order rate constant for synthesis of
prolactin in the lactotrophs. The use of allometric scaling, literature values
of clinical drug-specific- and biological system specific parameters, and simu-
lation of brain ECF concentration-time-profiles allowed extrapolation to 
humans with reasonable degree of success. This indicates that the structure
of the model adequately describes prolactin release in both rats and humans,
and that positive feedback of prolactin plasma concentrations on its own 
synthesis in the lactotrophs and allometric scaling thereof could be a new 
feature in describing complex homeostatic mechanisms.
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