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Abstract  The development and optimization of CNS drug is hampered by the 
inaccessibility of the human brain and the difficulty to quantify human CNS drug 
effects. The use of serial CSF sampling in animals and mathematical modeling of 
plasma pharmacokinetics, in conjunction with CNS effects, provided only useful 
information for drugs that distribute to the brain target site by simple diffusion and 
having direct and reversible CNS effects. Active transport processes across blood–
brain barriers and brain cell membranes may be applicable for many drugs and 
should be taken into account. Also, context dependencies of the rates and extents of 
all transport processes should be included. This indicates the need for cross-
compare designed preclinical experimental approaches and mathematical modeling 
to provide information on contributions of the (main) individual processes, in terms 
of rate and extent, as well as their interplay, to be able to predict human CNS drug 
effects.

Abbreviations

AR	 Agonist receptor complex density
BBB	 Blood–brain barrier
BCSFB	 Blood–cerebrospinal fluid barrier
Ce	 Concentration of the drug in the effect compartment
CNS	 Central nervous system
CSF	 Cerebrospinal fluid
E	 Effect
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E0	 Effect in the absence of the agonist
EC50	 Concentration of agonist at half-maximal effect
ECF	 Extracellular fluid
Em	 Maximal effect in the biological system
Emax	 Maximal effect of the agonist
KA	 Agonist-receptor binding dissociation equilibrium constant
Ke	 Density of agonist receptor complex that elicits the half maximal effect
K1e	 First-order rate constant for influx K1e

Keo	 Rate constant for drug efflux from the hypothetical effect compartment
P-gp	 P-glycoprotein
PD	 Pharmacodynamics
PK	 Pharmacokinetics
PKPD	 Pharmacokinetic-pharmacodynamic
RT	 Total receptor density
τ	 Transducer constant (efficacy parameter)
Ve,app	 Apparent volume of distribution in the brain

9.1  �Introduction

Despite enormous advances in CNS research, CNS disorders remain the world’s 
leading cause of disability and account for more hospitalizations and prolonged care 
than almost all other diseases combined. This indicates a high unmet need for good 
CNS drugs and drug therapies. For a proper CNS effect the drug should have the 
ability to access the CNS “at the right place, at the right time, and at the right con-
centration.” To that end a number of key issues need to be considered.

• Only the unbound drug is able to pass the BBB and to interact with its target to 
drive the effect (Urien et al. 1987; Jolliet et al. 1997; Tanaka and Mizojiri 1999; 
Liu et al. 2005; Hammarlund-Udenaes et al. 2008; Hammarlund-Udenaes 2009; 
Stevens et al. 2012).

• Transport across the blood–brain barrier (BBB) needs to take place for adequate 
drug delivery to the CNS. It is of great importance to understand the mechanisms 
involved in uptake into and efflux from the brain, on one hand being governed by 
BBB functionality (in terms of passive paracellular and transcellular diffusion), 
facilitated diffusion, active influx, active efflux, and absorptive or receptor-
mediated endocytosis and on the other hand by drug physicochemical properties 
and structure (Mayer et  al. 1959; Oldendorf 1974; Betz and Goldstein 1986; 
Suzuki et  al. 1997; Kalvass and Maurer 2002; Danhof et  al. 2005, 2007; 
Westerhout et al. 2011).

• Not only BBB transport is of importance but also plasma pharmacokinetics and 
intrabrain distribution, the latter indicating spatial and temporal exchange of a 
drug between brain ECF, brain cells, and CSF (De Lange et al. 1995c; Kalvass 
and Maurer 2002; Liu et al. 2005; Westerhout et al. 2011, 2012).

E.C.M. de Lange



235

• Mechanisms that underlie BBB functionality and brain tissue characteristics all 
have their specific rate and extent, being dynamically regulated. Therefore, 
heterogeneity in species, gender, genetic background, tissue, age, diet, disease 
conditions, drug treatment, etc., (Letrent et al. 1999; Karssen et al. 2001; Kooij 
et  al. 2010; De Lange et  al. 2005; Mulder et  al. 2001; Danhof et  al. 2007; 
Ravenstijn et al. 2007, 2012; Syvänen et al. 2009; Westerhout et al. 2011, 2012) 
contributes to context-dependent variability in CNS target site PK.

• Then, not only CNS target site distribution is context dependent so is the observed 
effect or the biomarker(s) of the effect. Context-dependent PKPD relationships 
of CNS drugs most of all underlies the relative high failure of CNS drug candi-
dates. Therefore the link between target concentration and CNS response should 
preferentially be obtained within the same subject (De Lange 2013a).

• Information on time-dependency is crucial (De Lange et al. 2005; Hammarlund-
Udenaes et al. 2008).

The inaccessibility of the human brain for sampling hampers obtaining relevant 
human target site concentrations of CNS drugs, while also it is often difficult to 
quantify human CNS drug effects. This indicates that CNS drug distribution and 
effects in humans should be predicted by other measures.

To decipher and learn more on the factors that govern plasma pharmacokinetics, 
BBB transport intrabrain distribution, as well as their interrelationships and conse-
quences for CNS effects in the different settings, systematic preclinical research on 
CNS drugs will be of help. To that end, investigations should be performed such that 
variables are systematically varied (e.g., inhibition of an efflux transporter, or 
induction of pathological state) in which time-dependency is explicitly included.  
As our brains do not have the capacity to integrate all these data and determine 
contributions of individual mechanisms in PKPD relationships, we need to orga-
nize, condense, and store knowledge in mathematical frameworks, by the use of 
advanced mathematical modeling. This provides the links to the human situation.

This chapter deals with more classical, current, and future approaches to PKPD 
aspects of brain drug delivery in a translational perspective.

9.2  �History

9.2.1  �CSF Concentrations to Predict CNS Target Site 
Concentration

For a long time monitoring approaches have been searched for to obtain information 
that could be used to predict human target site kinetics and CNS effects. As it is the 
free drug that is available for target binding, in the early 1980s it was anticipated 
that the drug concentration in the cerebrospinal fluid (CSF) could serve as a bio-
marker of the free brain target site concentrations, because in CSF, at least under 
physiological conditions, no binding of drugs to proteins occurs (Bonati et al. 1984).

9  PKPD Aspects of Brain Drug Delivery in a Translational Perspective



236

A step forward was then made by the development of the methodology of serial 
CSF sampling. Experiments were designed to obtain the time-course of concentra-
tions in relation to parallelly obtained CNS drug effects, and many samples could be 
obtained from single animals providing the possibility of within-subject cross-over 
designed studies, and minimizing the number of animals to be used. Serial CSF 
sampling in conjunction with measuring CNS effects was applied for pento- and 
heptabarbital, ethanol, and pentylenetetrazole, and by varying the rate and duration 
of an intravenous infusion of a single dose, it could be clearly demonstrated that the 
CSF compartment was pharmacokinetically indistinguishable from the site of action 
of this drug (Danhof and Levy 1984; Dingemanse et al. 1988; Ramzan and Levy 
1986). On that basis CSF concentrations were considered to be of key value for 
studying PKPD relationships of CNS active drugs, and methodologies for sequen-
tial CSF sampling in human became available (Bruce and Oldfield 1988).

9.2.2  �Predictions of CNS Drug Response by Compartmental 
PKPD Modeling

In the early 1990s, as an alternative to serial CSF sampling, mathematical modeling 
techniques were developed to describe the effect–time course of a CNS drug on the 
basis of its plasma pharmacokinetics (Campbell 1990). Concentration–response 
profiles often have a sigmoidal shape when the percentage of the maximal response 
(Emax) is plotted against the logarithm of the drug concentration (Fig.  9.1). 
Therefore, the sigmoid Emax model is (still) most generally used to fit a plasma 
concentration–effect profiles to provide estimates of EC50 and Emax values of 
drugs. The sigmoid Emax equation (9.1) is the following:

	 E N N N= + × +E E A EC A0 50[( max [ ] ) / ( [ ] )] 	 (9.1)
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Fig. 9.1  Plasma 
concentration–effect profiles 
often have a sigmoidal shape 
when the percentage of the 
maximal response (Emax) of 
a drug (agonist) is plotted 
against the logarithm of the 
drug concentration
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With E0, the baseline response, E the response observed for a given drug concen-
tration [A] at time t, Emax, the maximal effect of the drug, EC50 is the plasma 
concentration of the drug that produces 50 % of Emax, and h, the Hill coefficient, 
which determines the steepness of the concentration–effect relationship. The EC50 
(“potency”) is simply the concentration of agonist required to provoke a response 
halfway between the baseline and maximum responses. It is usually not the same as 
the dissociation equilibrium constant (KA) for the binding of agonist to its receptor. 
If drug concentrations at the target site are in equilibrium with those in plasma (site 
of measurement) and drug effects are direct and in case the effect is (assumed to be) 
direct and reversible this is a very useful approach, especially as it can also be 
applied to humans.

However, when the drug concentration in plasma is not in equilibrium with its 
site of action, hysteresis occurs and drug levels are out of phase with activity. 
So-called counter-clockwise hysteresis (Fig.  9.2) is observed when the effect 
increases with time for a given drug concentration in plasma. Such situation can be 
caused by pharmacokinetic processes such as slow diffusion of the drug towards the 
target site taking time, active influx of the drug towards the target site, formation of 
active agonistic metabolites, but also by pharmacodynamic processes like relatively 
slow signal transduction processes and sensitization. Clockwise hysteresis, in which 
the effect decreases with time for a given drug concentration, can be caused by toler-
ance, active antagonistic metabolites, learning effects, and feedback regulation.

Hysteresis can be mathematically dealt with by incorporating an “effect site 
compartment” using the COLLAPS algorithm (Sheiner et al. 1979; Veng-Pedersen 
et al. 1991), also called the “link model,” that contains a compartment with hypo-
thetical target site concentrations (the effect site compartment), being linked to the 
plasma concentration by a first-order rate constant for influx k1e and a rate constant 
keo for drug efflux from the hypothetical effect compartment.

	 E N N N= + × +E E Ce EC Ce0 50[( max [ ] ) / [ [ ] )] 	 (9.2)
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Fig. 9.2  Time developments 
of plasma concentration and 
effect are not usually in 
phase. A number of processes 
may cause a delay in effect 
relative to plasma 
concentrations of the drug. 
This will result in a so-called 
hysteresis loop for the effect 
versus drug concentration in 
the climbing and falling 
phase of drug concentrations 
in plasma
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In which Ce is the concentration of the drug (agonist) in the effect compartment.
With inclusion of the effect compartment, simultaneous PKPD modeling may 

provide estimates of EC50, Emax, and Hill factor, as well as the rate of CNS target 
site equilibration as has been shown for benzodiazepines, baclofen, antiepileptic 
drugs, and adenosine receptor agonists and antagonists (Mandema and Danhof 
1992; Mandema et al. 1992; Danhof et al. 1993). Therewith it was demonstrated 
that by using PKPD modeling in preclinical investigations, useful quantitative infor-
mation on the pharmacodynamics of new drugs in vivo could be obtained (Breimer 
and Danhof 1997a, b).

However, compartmental direct effect PKPD modeling cannot distinguish 
between slow diffusion and other active pharmacokinetic processes determining the 
concentration of the drug at the target site, nor does it allow the discrimination 
between drug affinity (binding of the drug to its receptor) and efficacy (ability of the 
drug to cause an effect after binding to the receptor) (De Lange et  al. 2005). It, 
therefore, lacks the power to predict drug responses under different physiologic or 
pathologic conditions, where active transport processes are involved, or where both 
affinity and efficacy may be affected. This means that for prediction of CNS drug 
effects a more in depth investigation on PKPD relationships is needed on one hand 
by incorporating information on target site distribution and on the other hand by 
including information on target site interaction and signal transduction.

9.3  �More in Depth Investigation on PKPD Relationships  
Is Needed

9.3.1  �Drug Transport Processes Between Blood and CNS 
Target Site

In the last decades it has become clear that exchange of drugs between blood and 
brain (Fig. 9.3; Davson and Segal 1996; Fenstermacher et  al. 1974) is to a high 
extent governed by active transport processes, and may therefore affect CNS target 
site pharmacokinetics (Greig et al. 1987; Hammarlund-Udenaes et al. 1997, 2008; 
Bouw et al. 2001a, b; De Lange et al. 2005; Girardin 2006; Westerhout et al. 2011), 
as depicted in Fig. 9.4. This indicates that for building a proper PKPD model for 
CNS drugs it is of importance to determine BBB transport as that will help to reveal 
the mechanisms that play a role in the relation between plasma concentrations and 
CNS drug effects, in other words to distinguish target site distribution from target 
interaction and signal transduction processes (Fig. 9.5).

9.3.1.1  �Blood–Brain Barrier (BBB) Transport

Among the transporters present at the BBB the P-glycoprotein efflux transporter 
(P-gp) is the earliest discovered best characterized one. By the development of the 
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Fig. 9.3  Exchange of drugs between blood and brain may occur via different transport processes, 
among which multiple active transport mechanisms (Influx transport, efflux transport, pinocytosis, 
and transcytosis). Arrows indicate possible direction and circles indicate drugs with concentration 
gradient

Fig. 9.4  Using simulations on a simple plasma and brain compartment model in which only 
unbound drug concentrations are present, one can clearly see that plasma and brain pharmacoki-
netics may be considerably different, depending on the (virtual) values of CLin and Clout. Left: For 
CLin = Clout, both varying from high (1.0) to low (0.1) values, with that showing greater discrepancy 
between plasma and brain PK. Right: For a fixed value for CLout = 0.5, varying of Clin from high 
(0.5) to low (0.01) shows a decrease of the PK in brain in parallel to plasma PK. Adapted from 
(Hammarlund-Udenaes et al. 1997) 
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so-called P-gp knockout or mdr1a(−/−) mice, Schinkel et al. (1994) demonstrated 
the importance of the efflux by P-gp for brain distribution of many clinically impor-
tant drugs and revolutionized research on active transport mechanisms at the level 
of the BBB. Later, also the multidrug-related transport proteins (MRP’S; Borst et al. 
2000; Wijnholds et  al. 2000) and the breast cancer-resistance protein (BCRP; 
Enokizono et al. 2008) were found to play a role in the brain disposition of many 
drugs, with partial overlap on substrates with each other.

For quantitative determination of P-gp efflux at the level of the BBB unbound 
concentrations at either side of the BBB are needed, i.e. unbound plasma and brain 
extracellular (brain ECF) concentrations. Microdialysis is widely considered to be 
the best technique to monitor concentrations in the brain ECF over time (Cremers 
et  al. 2009), which combined with simultaneous serial blood sampling from the 
same animal is a powerful approach to study pharmacokinetic properties related to 
BBB transport and intracerebral distribution mechanisms (Wang and Welty 1996; 
De Lange et al. 1994, 1997; Hammarlund-Udenaes et al. 1997). Rate and extent of 
BBB transport for the unbound drug can be determined using this technique, with-
out confounding influence of binding in plasma or brain (Hammarlund-Udenaes 
et al. 2008).

Furthermore, in many cases, CNS targets are membrane bound receptors facing 
the brain ECF, or enzymes within the brain ECF. This makes information on brain 
ECF concentrations highly valuable (De Lange and Danhof 2002; Watson et al. 2009; 
Jeffrey and Summerfield 2010; Westerhout et  al. 2011). For intracellular targets, 
however, obtaining in vivo information is more complicated. There are no means to 
directly monitor brain intracellular concentration–time profiles. At best, (at equilib-
rium), brain intracellular concentrations can be derived by combining different 
experimental approaches (Fridén et al. 2007; Hammarlund-Udenaes et al. 2008).

Cplasma
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CECF Ctarget

Situation I Response

Target

BBB

PharmacodynamicsPharmacokinetics

Target interactionBBB functionality

Plasma protein binding Brain distribution Signal transduction

Target site distributionCerebral blood flow

Fig. 9.5  Factors between drug dose and CNS effect. For building a proper PKPD model for CNS 
drugs it is of importance to determine BBB transport and target site distribution to be distinguished 
from target interaction and signal transduction processes
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The use of the microdialysis technique showed that even if drugs cross the BBB 
by passive diffusion, important differences may exist between brain ECF and 
plasma concentration profiles (Wong et al. 1992; Malhotra et al. 1994; De Lange 
et al. 1994, 1995a, b, c-critical factors; Yang et al. 1997; Wang et al. 1997; Bouw 
et al. 2000, 2001a, b) which are influenced upon (induced) changes in BBB proper-
ties (de Lange et al. 1995a, b). That has led to a more general theoretical framework 
on the rate and extent of BBB transport and influences thereof on the relationship 
between plasma and brain ECF concentration profiles (Hammarlund-Udenaes 
et al. 1997, 2008).

Also active transport processes could be determined by microdialysis, with P-gp-
mediated efflux at the BBB being addressed first. De Lange et al. (1998) studied the 
BBB transport and P-gp functionality in mdr1a(−/−) mice and wild-type for the 
model P-gp substrate rhodamine-123 (R123), and Xie et al. (1999) studied the effect 
of P-gp functionality at the BBB for morphine in these mice, indicating that P-gp 
participates in regulating morphine transport across the BBB, with an approxi-
mately twofold higher extent of brain distribution in the absence of P-gp efflux 
transport. Likewise, for the fluoroquinolone sparfloxacin, a clear effect of P-gp 
functionality on BBB transport was found, with about a fivefold increase in brain 
ECF distribution in the absence of P-gp efflux (De Lange et  al. 2000). Another 
example is the increase of imipramine brain distribution by inhibition of P-gp 
(O’Brien et al. 2012). Other active transporters at the BBB were indicated by the use 
of intracerebral microdialysis with probenecid as inhibitor of other active transport 
at the level of the BBB. Xie studied the BBB transport characteristics of morphine-
3-glucuronide (M3G) in the rat and found that its extent of BBB transport increased 
about twofold upon coadministration of probenecid (Xie et al. 2000). The possible 
influence of probenecid on morphine transport across the BBB was studied by 
Tunblad with a ~1.3-fold increase of extent of BBB transport of morphine (Tunblad 
et al. 2005). As final example, microdialysis studies by Sun in rats indicated that 
multidrug-resistance-related proteins (MRPs) or MRP-like transport system(s) play 
a role in fluorescein distribution across both BBB and BCSFB, formerly considered 
as a marker for passive paracellular transport (Sun et al. 2001).

Actually, apart from P-gp and MRP’s many more active transporters have been 
found at the level of the BBB (Begley 2004; de Boer et al. 2003; Kusuhara and 
Sugiyama 2004, 2005; Löscher and Potschka 2005; Boström et al. 2006; Uchida 
et al. 2011, 2012)

9.3.1.2  �Intracerebral Distribution

Apart from plasma pharmacokinetics and BBB transport also other factors processes 
may be important determinants for actual target site concentrations. These factors 
may include extracellular metabolism, extra-intracellular distribution, and exchange 
of the drug between ECF and CSF (Cserr and Bundgaard 1984; Wong et al. 1992; 
Malhotra et al. 1994; Williams et al. 1995; De Lange et al. 1995c; Yang et al. 1997; 
Shen et al. 2004; Westerhout et al. 2012; Syvänen et al. 2012). As an example, for a 
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drug with low BBB permeability but fast accumulation into brain cells, the ECF 
concentrations will be lower than in case no intracellular accumulation takes place. 
Therefore, it is a prerequisite to take total brain concentrations into account, because 
otherwise the extent and rate of transport into the brain will be underestimated. 
Moreover, intra-extracellular exchange may include active transport mechanisms 
(Lee et  al. 2001) and potential change in this transport by coadministration of 
transport inhibitors, intended to modify BBB transport, could as well modify 
extra-intracellular exchange. The effect of brain ECF to parenchymal exchange has 
been clearly demonstrated by the microdialysis study by Scism on valproate in rabbits. 
Coadministration of probenecid via the probe increased the intracellular concentrations 
without affecting brain ECF concentrations, indicating the presence of a probenecid-
sensitive efflux transporter at the brain parenchymal cells (Scism et al. 1997).

9.3.1.3  �Blood–Cerebrospinal Fluid-Barrier (BCSFB) Transport

With time, the potential contribution of the BCSFB in drug transport into and out of 
the brain has become clear. The BCSFB is based in the epithelial cells of the choroid 
plexus in which also transporters are expressed (Nishino et  al. 1999; Wijnholds 
et al. 2001; De Lange 2004). To date there is no full consensus on the transport 
direction and subcellular localization of all the different transporters. As presented 
above, it has been well established that P-gp functions as an efflux transporter at the 
BBB, either by efflux enhancement or by influx hindrance (Tunblad et al. 2004b; 
Syvänen et al. 2006). However, the transport direction of P-gp at the level of the 
BCSFB is unclear. There have been some indications that P-gp functions as an 
influx transporter at the BCSFB. Noninvasive single-photon-emission computed 
tomography (SPECT) studies with 99mTc-sestamibi, a membrane-permeant radio-
pharmaceutical that is a substrate of both P-gp and MRP, were performed by Rao 
et al. (1999). It was concluded that P-gp localizes subapically at the choroid plexus 
epithelium, with transport into the direction of the CSF. Also Kassem et al. (2007) 
came to the same conclusion based on their studies on thyroxine transfer from CSF 
to choroid plexus and ventricular brain regions in rabbit. A recent study of the 
detailed kinetics of the strong P-gp substrate quinidine in different sites of the brain 
(brain extracellular, lateral ventricle, and cistern magna) could not confirm active 
influx of quinidine from blood into the ventricles (Westerhout et al. 2012). This is 
in line with findings of only minimal expression of P-gp at the choroid plexus cells 
of the lateral and fourth ventricle by Gazzin et al. (2008).

Interestingly, the BBB and the BCSFB have many similarities but also differ-
ences with regard to location and surface, but also both qualitatively and quantita-
tively between the plethora of active transport properties being expressed. It can 
be seen that this may impact on drug distribution at different sites/parts of the 
brain (Fig. 9.6).
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9.3.1.4  �Pathologic Conditions

An important feature is that the BBB is under continuous physiologic control by 
surrounding astrocytes, pericytes, neurons, and plasma components. All together, 
these factors determine the delicate homeostasis of the brain environment. This 
dynamic regulation of the BBB indicates that different situations may result in 
different BBB functionalities and changes in pathological conditions (Zlokovic 
et al. 1989; Oztaş and Küçük 1995; Oztaş et al. 2004; Oztas et al. 2007; Mulder 
et al. 2001; Ederoth et al. 2004; Langford et al. 2004; De Lange et al. 2005; Bell and 
Zlokovic 2009; Bengtsson et al. 2009; Zlokovic 2010). BBB functionality changes 
may influence drug transport across the BBB and, therefore, they may have impor-
tant implications for the target site kinetics.

9.3.1.5  �Impact of Blood–Brain Transport and Brain Distribution  
on PKPD Relationships

Wang and Welty (1993) studied the concentration–time profile of gabapentin in 
plasma and brain ECF by microdialysis, and end-of-experiment whole brain tissue 
in rats, and determined the anticonvulsant effects of gabapentin by maximal electro-
shock. Brain ECF concentrations of gabapentin were very small (~5 %) in comparison 
with those in plasma, while brain tissue concentrations were equal to or greater than 
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Fig. 9.6  Simplified and schematic representation of the brain, with passive and active transport 
processes, and metabolism, that all govern the concentration–time profile of the free drug at differ-
ent locations in the CNS and therewith CNS drug effects
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those in plasma. Wang and Welty were the first to introduce the term “volume of 
distribution in brain” (Ve,app) as the extent of drug distribution between brain 
unbound to brain tissue. For gabapentin a large Ve,app was found (5.5 mL/g-brain). 
Furthermore, the maximal anticonvulsant effect of gabapentin lagged behind both 
plasma and brain ECF gabapentin concentrations indicating that the anticonvulsant 
effect of gabapentin is delayed relative to plasma concentrations by time-dependent 
events in distribution from blood to brain and even deeper into the brain.

Stain-Texier et  al. (1999) showed that M6G brain ECF concentrations were 
~125-fold (!) higher than the calculated intracellular levels, showing that M6G is 
almost exclusively distributed into brain ECF, which is highly favorable for expo-
sure to the opioid receptors. Bouw et al. (2001a, b) further investigated the contribu-
tion of the blood–brain barrier (BBB) transport to the delay in antinociceptive effect 
of morphine-6-glucuronide (M6G), and studied the equilibration of M6G in vivo 
across the BBB with microdialysis measuring unbound concentrations. They found 
a significant longer half-live of M6G in brain ECF than in blood. Active efflux in 
BBB transport of M6G was indicated by the extent of BBB transport being far 
below unity (~25 %). Ve,app of M6G was ~20 % of the brain, corresponding with 
the brain ECF space, in line with the data of Stain-Texier et al. (1999). Furthermore, 
it was found that about half of the delay between blood concentrations and antino-
ciceptive effect of M6G was attributed to slow transport across the BBB. For mor-
phine the contribution of BBB transport of to the delay in antinociceptive effect was 
even larger (Bouw et al. 2000). Lötsch et al. (2002) further assessed the relationship 
between spinal concentrations and antinociceptive effects of M6G in rats, and 
showed that pharmacological inhibition of P-gp resulted in approximately twofold 
increase in the M6G spinal cord/plasma concentration ratio while also the antinoci-
ceptive effects of M6G were significantly enhanced.

For the antiepileptic drug oxcarbamazepine Clinckers et al. (2008) studied simul-
taneously the concentration–time profile of oxcarbamazepine and effects on hippo-
campal monoamines as pharmacodynamic markers for the anticonvulsant activity, 
in absence or presence of locally administered P-gp inhibitors in a rat model of 
epilepsy. Although systemic oxcarbazepine administration alone failed in prevent-
ing the animals from developing seizures, coadministration with verapamil (as P-gp 
blocker) or probenecid (as MRP’s blocker) offered complete protection. 
Concomitantly, significant increases in extracellular hippocampal dopamine and 
serotonin levels were observed.

All together these studies clearly demonstrate that (active) transport processes at 
the BBB and brain distribution beyond have an impact on the response and should 
be taken into account to better understand PKPD relationships of CNS drugs.

9.3.2  �Target Site Interaction and Signal Transduction

Many times brain distribution is studied without measuring associated (biomarkers 
of the) effects. Actually, it would be of great added value if PK and associated PD 
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would be obtained in a single experimental subject or at least single experimental 
context. So, therefore, it is of importance to learn more about factors in target acti-
vation and signal transduction, as addressed in this chapter.

Here we assume the target being a receptor. At equilibrium, the relationship 
between agonist concentration ([A]) and agonist-occupied receptor ([AR]) is 
described by (9.3):

	 [ ] ([ ] [ ]) / ([ ] )AR RT A A KA= × + 	 (9.3)

in which [RT] represents total receptor concentration and KA represents the agonist-
receptor equilibrium dissociation constant.

9.3.2.1  �Operational Model of Agonism

Receptor theory as included in the operational model of agonism assigns mathemat-
ical rules to biological systems in order to quantify drug effects and define what 
biological systems can and cannot do, leading to the design of experiments that may 
further modify the model. For the relation between agonist-occupied receptors [AR] 
and receptor activation Black and Leff (1983) derived a practical or “operational” 
equation. If agonist binding to the target is hyperbolic and the concentration–
response curve has a Hill slope of 1.0, the equation linking the concentration of 
“agonist-occupied receptors” to the response must also be hyperbolic. This leads to 
the “transducer function,” as the mathematical representation of the transduction of 
receptor occupation into a response, in (9.4):

	 E = × +( [ ]) / ([ ] )Em AR AR KE 	 (9.4)

The parameter, Em, is the maximum response possible in the system (tissue).  
It is important to note that this is not necessarily equal to the maximum response 
that a particular agonist actually produces (Fig. 9.7). The parameter KE is the con-
centration of [AR] that elicits half the maximal tissue response, Em. The efficacy of 
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an agonist is determined by both KE and the total receptor density of the tissue 
([RT]). Black and Leff (1983) combined those two parameters into a ratio ([RT]/
KE) and called this parameter tau (τ), the “transducer constant.”

It actually indicates that two agents in a setting with equivalent sets of receptors 
may not produce equal degrees of effect even if both agents are given in maximally 
effective doses. This is due to differences in “Intrinsic activity” (or efficacy) that can 
be defined as the property of a drug that determines the amount of biological effect 
produced per unit of drug–receptor complex formed. Thus, the drug that produces 
the greater maximum effect has the greater intrinsic activity. It is important to 
note that intrinsic activity is not the same as “potency” and may be completely 
independent of it.

Activation of the receptor should be “transduced” to elicit the response. 
Combining the hyperbolic occupancy equation with the hyperbolic transducer 
function yields an explicit equation (9.5) describing the effect at any concentration 
of agonist:

	 E n n n n n= × × + + ×( [ ] ) / ( [ ] ) [ ] )Em A KA A At t 	 (9.5)

in which E = effect, Em = maximum response achievable in system, KA = agonist 
dissociation equilibrium constant, and n = slope index of the receptor occupancy 
effect function. It actually describes a 3-dimensional interrelationship as can be 
seen in Fig. 9.8.

Intrinsic activity—like affinity—depends on the characteristics of both the drug 
and the receptor, but intrinsic activity and affinity apparently can vary independently. 
This means that the EC50 does not equal KA but rather KA/(1 + τ). As an example, 
having a strong agonist that reaches a 50 % response upon binding fewer than half 
the available receptors, its EC50 will be much less than KA.

Receptor affinity and intrinsic activity are “drug-specific” properties and can be 
estimated in in vitro bioassays, with the maximal response of the drug being deter-
mined, not from single dose–response curves but from using pairs of dose–response 
curves (usually treatment and control) for a particular tissue, here CNS, sharing 
some parameters.

Subsequent simultaneous analysis of the resulting different PKPD relationships 
must be performed to build a mechanism-based model that explicitly distinguishes 
between the drug-specific and the system-specific properties to allow prediction of 
the intrinsic activity and potency of another drug for a particular pharmacological 
effect or response. These different PKPD relationships may be obtained in 
different ways.

• Studying one agonist under control conditions and conditions in which the 
number of receptors available for binding is reduced (Furchgott 1966; Garrido 
et al. 2000).

• Studying series of chemically similar drugs with varying degrees of agonism for 
the specific receptor and simultaneous analysis of the PKPD relationships (Cox 
et al. 1998; Groenendaal et al. 2008).
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The operational model of agonism has been successfully applied in numerous in 
vitro studies and later also in mechanisms-based PKPD analysis of in vivo drug 
effects (Kenakin 2004; Danhof et al. 2005, 2007). For adenosine A1 receptor ago-
nists a good correlation was observed between the in vivo pKA and the in vitro pKi 
and also between the in vivo efficacy parameter (τ) and the in vitro GTP shift (as 
measure for intrinsic activity), thus enabling the prediction of in vivo concentra-
tion–effect relationships (Van der Graaf and Danhof 1997a, b; Van der Graaf et al. 
1999). In addition, excellent in vitro–in vivo correlations have also been observed 
for benzodiazepines (Tuk et al. 1999, 2002; Visser et al. 2003) and neuroactive ste-
roids (Visser et al. 2002).

Taken together, incorporation of receptor theory into PKPD models on in vivo 
concentration–effect relationships could provide information on:

• Tissue selectivity of drug effects (Van Schaick et al. 1998)
• Interspecies differences in concentration–effect relationships
• Tolerance and sensitization (Cleton et al. 2000)
• Intra- and interindividual variability

Fig. 9.8  A certain agonist concentration [A] leads to a certain occupancy of the receptor (concen-
tration of the receptor–agonist complex [AR]). Then, receptor occupancy should be “transduced” 
to elicit the response E. The relation between agonist concentration, receptor occupancy, and elic-
ited effect can be described by a 3-dimensional interrelationship. Em = maximum response achiev-
able in system, KA = agonist dissociation equilibrium constant, n = slope index of the occupancy 
effect function, R0 = total number of available receptors, Ke = concentration occupied receptors 
[AR] that produces 50 % of maximal effect, τ = transducer constant or efficacy parameter (=R0/Ke)
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Of course, life is not that simple that in all cases the incorporation of receptor 
theory in mechanism-based PKPD models was successful. For the opioids alfent-
anil, fentanyl, and sufentanil, it was shown by simulation that the concentration–
effect relationships could be explained by the operational model of agonism under 
the assumption of a considerable receptor reserve (Cox et al. 1998), while also, a 
shift in the concentration–effect relationship of alfentanil was observed following 
pretreatment with the irreversible μ-opioid receptor antagonist β-funaltrexamine, 
which was consistent with the 40–60 % reduction in the available number of spe-
cific μ-opioid binding sites as shown in an in vitro receptor bioassay (Garrido et al. 
2000). However, a proper incorporation of the receptor theory in a mechanism-
based PKPD model of the opioid receptor agonists could not been accomplished.

Also, for the 5-HT1A receptor agonists, a rather poor correlation was found 
between the in vivo pKA and the in vitro pKi, despite a good correlation between in 
vivo and the in vitro GTP shift (Zuideveld et al. 2007). Failure of successful inclu-
sion of the receptor theory in the PKPD models of the opioid and 5-HT1A agonists 
could be due to complexities at the level of blood–brain transport and intracerebral 
distribution which was not addressed in these studies, as estimates of hypothetical 
target site concentrations were made using the link model.

When solving shortcomings in knowledge on target site distribution of drugs, the 
principles of the operational model will provide the basis for future developments in 
drug development by classifying drugs and predicting their mechanism of action in 
pharmacology (Kenakin and Christopoulos 2011)

9.3.3  �Mechanism-Based PKPD Modeling Including Complex 
Target Site Distribution

As indicated above, the mechanism-based PKPD analysis of the EEG effects of the 
opioids alfentanil, fentanyl, and sufentanil, using the operational model of agonism 
(Cox et al. 1998) did not predict in vivo efficacies of these opioids. Moreover, alfen-
tanil, fentanyl, and sufentanil all appeared to behave as high-efficacy (full) agonists. 
However, for the development of a mechanism-based PKPD model for the central 
effects of opioids, additional PKPD data on low-efficacy (partial) agonists were 
needed, as well as information on the target site equilibration. Therefore, also in 
vivo PKPD studies on the EEG effects of nalbuphine, butorphanol, and morphine 
were included to contribute to further data analysis (Groenendaal et al. 2007a, b, 
2008). In addition, in vitro studies on passive permeability rates of membrane trans-
port and P-gp interaction of all opioids were performed using cell systems com-
prised of epithelial cells transfected with either the human MDR1 or the rodent 
MDR1a gene. The results of these investigations confirmed that morphine is a P-gp 
substrate and that its transport could be inhibited by the P-gp inhibitor GF120918 
(elacridar). Alfentanil, fentanyl, and sufentanil were found to be inhibitors of P-gp, 
but could not be identified as substrates for this efflux transporter. No interaction 
with P-gp was observed for butorphanol. For alfentanil, fentanyl, sufentanil, and 
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butorphanol, the passive permeability across the monolayers was very high, whereas 
for morphine and nalbuphine the passive permeability was low. For morphine more 
information was needed on its BBB transport in conjunction to its EEG effect. To 
quantitatively determine the influence of BBB transport on the PKPD relationship 
of morphine, including P-gp-mediated efflux, the combined EEG/microdialysis 
technique was developed and used. For morphine the functionality of transporters at 
the BBB was found to be a major determinant of the time-course of brain ECF 
concentrations as well as on the EEG effect though brain ECF concentrations could 
not be used to directly predict EEG effects. Still, the data of all opioids could not be 
condensed into one mechanism-based model on the central effects of opioids using 
the operational model of agonism. So, this indicates that lots of insights on PKPD 
relationships of opioids have been gained, but remaining parts between brain 
unbound morphine concentration and EEG effect remaining to be determined.

9.4  �Current Status

9.4.1  �Quantitative Translational Systems Approach  
in PKPD Modeling

Since biological systems operate at different set points in the body under different 
conditions, the ability to predict drug effects under a variety of circumstances is 
important (Ingss 1990; Van der Graaf and Danhof 1997a, b; Kenakin 2008; 
Gabrielsson and Green 2009; Van Steeg et al. 2007, 2009, 2010). Moreover, as bio-
logical system mechanisms are concurrently working, there is a need for integrated 
in vivo experiments, e.g., that the experiments address multiple mechanisms (/bio-
markers) at the same time. Using animals, we can learn more on the interrelation-
ship of the different pharmacokinetic processes, by performing integrative studies in 
which variables are systematically varied (e.g., inhibition of an efflux transporter or 
induction of pathological state, or using a different drug or route of administration). 
By these are so-called integrative cross-compare designed studies (Westerhout et al. 
2011, 2012; De Lange 2013a, b) we can dissect contributions of individual mecha-
nisms in animals using mechanism-based mathematical modeling. This provides 
the links to the human situation based on the parsimony of the biological system.

9.4.2  �Classification of Biomarkers

In translational models, specific expressions are needed that quantitatively charac-
terize processes on the causal path between drug administration and effect. These 
include target site distribution, target binding and activation, transduction, PD inter-
actions, and homeostatic feedback mechanisms (Mandema et al. 1991; Cox et al. 1998; 
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Van der Graaf and Danhof 1997a, b; van Steeg et  al. 2009). Ultimately also the 
effects on and of disease processes and disease progression have to be considered. 
These can be characterized by biomarkers according to the following classification 
of biomarkers (Danhof et al. 2005; Fig. 9.9):

• Type 0 biomarkers refer to the genotype or phenotype as determinant of the drug 
response, that influences target site exposure or response due to variation in the 
expression of e.g., enzymes or receptors. They are commonly used as covariates 
in PKPD models.

• Type 1 biomarkers refer to drug concentrations in general and at the target site 
in particular. As previously pointed out, quantitative biomarkers that represent 
the target site distribution of drugs and metabolites for compounds that act in the 
CNS are difficult to obtain in man, but readily available in vivo in animals 
(De Lange et al. 2005).

• Type 2 biomarkers refer to the degree of target occupancy. In theory, effects may 
occur at different degrees of target occupancy and may be species dependent. 
The relationship between target occupancy and effect is therefore important for 
the understanding of inter- and intraindividual variability. Information on target 
occupancy is available by bioassays in vitro and can also be noninvasively mea-
sured in humans by positron emission tomography (Kapur et al. 2000; Kvernmo 
et al. 2006, 2008).

• Type 3 biomarkers refer to quantification of the target site activation. By means 
of in vitro bioassays information can be obtained on receptor activation in animal 
and man. Techniques like electroencephalograms (EEG) (Kropf and Kuschinsky 
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Fig. 9.9  In translational models, specific expressions are needed that quantitatively characterize 
processes on the causal path between drug administration and effect. These can be characterized 
by different types of biomarkers according to the presented classification
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1993; Vorobyov et al. 2003) and functional-magnetic resonance imaging (fMRI) 
can obtain specific receptor activation in preclinical and clinical in vivo setting.

• Type 4 biomarkers refer to physiological measures in the integral biological sys-
tem, which are often controlled by homeostatic feedback mechanisms (Bagli 
et al. 1999). Such measures can for example be on pituitary hormones that play 
a very important role in communication between CNS and periphery (Freeman 
et al. 2000).

• Type 5 biomarkers characterize disease processes and are particularly useful in 
clinical settings. (However, an important question is whether type 5 biomarkers 
can be identified in animal models of disease; Holford and Nutt 2008).

• Type 6 biomarkers refer to clinical endpoints, such as occurrence of a disease, 
symptom, sign, or laboratory abnormality that links to target outcomes (Holford 
and Nutt 2008).

Obtaining combined information on a number of biomarker types (preferable in 
parallel, within a single biological system) will allows the development of better 
models, with increased accuracy and predictability. The better we will be able to 
develop predictive models in preclinical studies, the more the number of often 
extremely costly clinical studies can be reduced.

The focus should therefore be on the design of quantitative in vivo animal studies 
such that translational pharmacology approaches can be applied (Boxenbaum 1982; 
Danhof et al. 2008; Fridén et al. 2009). Especially, to that end, in refined animal 
models the biomarkers of the effect that can be measured in both animals and human 
will be useful.

9.4.3  �Development of a Translational PKPD Model  
on D2 Receptor Inhibition

Investigations on drugs that interact with the dopaminergic system in the brain are 
of interest as many diseases, including Parkinson’s disease, schizophrenia, and 
depression, are related to dysfunctions in the dopaminergic system. Since dopamine 
is an important neurotransmitter in hypothalamic control, pituitary hormones have 
high potential as type 4 biomarkers for dopaminergic activity in the brain (Freeman 
et al. 2000), as these are secreted into blood and blood levels can be assessed in both 
animal and human. One of these hormones is prolactin. Prolactin is synthesized in 
the lactotrophs of the pituitary, and its release into plasma will occur upon dopami-
nergic inhibition (specifically the D2 receptor; Fig. 9.10).

Remoxipride is a weak, but selective, dopamine-D2 receptor antagonist (Farde 
and Von Bahr 1990; Köhler 1990) and was prescribed as an atypical antipsychotic 
(Roxiam®) at the end of the 1980s. Due to a few cases of aplastic anemia, the drug 
was withdrawn from the market (Philpott 1993). The data that have been obtained 
before that time in clinical setting can still be used and extensive clinical PKPD 
datasets are available for remoxipride and prolactin plasma data (Movin-Osswald 
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et al. 1995). In recent studies, remoxipride was used as a paradigm compound in 
rats, finally enabling investigation of animal to human extrapolation of dopaminer-
gic drug effects (Stevens et al. 2012) and the development of the translational model, 
first for intravenous to intranasal administration, then from rat to human, is pre-
sented below.

9.4.3.1  �Development of the PKPD Model Following Intravenous 
Administration in Rats

Following intravenous administration of remoxipride as a model drug for dopami-
nergic D2 receptor inhibition, using the levels of the pituitary hormone prolactin in 
plasma as a pharmacodynamic readout (Fitzgerald and Dinan 2008; Stevens et al. 
2011, 2012). Remoxipride pharmacokinetics was determined in plasma, and in 
brain ECF by microdialysis, as the latter was anticipated to allow better prediction 
of pharmacodynamic effects in a PKPD model. After assessment of baseline varia-
tion in prolactin plasma concentrations, the prolactin response (increase in plasma 
concentrations) upon intravenous administration of three different single doses of 
remoxipride was obtained. Also, the prolactine response was measured following 
double low dosing of remoxipride with different time intervals to get information on 
the synthesis of prolactin in the lactotrophs of the pituitary similar to the data 
obtained in human (Movin-Osswald and Hammarlund-Udenaes 1995; Fig. 9.11)
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The PKPD model was developed in multiple steps, comparing different structural 
models and model quality testing. The final mechanistic PKPD model consisted of a:

• Pharmacokinetic model for plasma and brain unbound remoxipride concentrations.
• Pool model for prolactin synthesis and storage and its release into- and elimina-

tion from plasma.
• Positive feedback of prolactin plasma concentrations on prolactin synthesis.
• (Not unbound plasma but specifically) the unbound brain concentrations of 

remoxipride for the inhibition of the D2 receptor, and resulting stimulation of 
prolactin release into plasma.

It is of interest that plasma prolactin concentrations had a positive feedback on 
prolactin synthesis in the lactotrophs and that brain unbound remoxipride concen-
trations were indistinguishable from target site concentrations to drive the release of 
prolactin into plasma.

Fig. 9.11  Information on the synthesis rate of prolactin in the lactotrophs can be obtained by the 
double dosing approach (Movin-Osswald and Hammarlund-Udenaes 1995). After the first dose of 
the D2 antagonist the lactotroph is depleted from prolactin. The time to the second dose (interval) 
will determine how much prolactin has been newly synthesized and can be released by the D2 
antagonist at that time. (a) Fully filled lactotroph with dopaminergic inhibition (b) release of pro-
lactin content from the lactotroph upon antagonizing dopaminergic inhibition by the D2 antagonist 
(c) partly filled lactotroph after some time and (d) release of the newly synthesized prolactin by the 
second dose of the D2 antagonist
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Although the strong positive feedback by plasma prolactin suggested in this 
study is not consistent with a few previous findings (Movin-Osswald et al. 1995; 
Friberg et al. 2008; Ma et al. 2010), other literature seems to support our current 
observation of a positive feedback (Freeman et al. 2000; Phelps 1986; Ben Jonathan 
et al. 2008). Since prolactin receptors are present in the cell membranes of lacto-
trophs and their activation can result in synthesis of prolactin, this demonstrates that 
lactotrophs can perceive and respond to prolactin concentrations in a paracrine man-
ner by which release of prolactin by lactotrophs (depletion) increases the prolactin 
synthesis to “refill” the lactotrophs.

9.4.3.2  �Extension of the PKPD Model for Intranasal Administration 
in Rats

Next to rapid systemic uptake of compounds, intranasal administration may provide 
a direct way for delivery of therapeutics into the CNS (Hanson and Frey et al. 2008; 
Baker and Spencer 1986; Bagger and Bechgaard 2004; Constantino et al. 2007). 
If direct transport into the brain would be possible, intranasal administration could 
enhance the CNS target site bioavailability and therewith a more selective effect of 
CNS drugs (Graff and Pollack 2004; Illum 2000, 2004; Jansson and Bjork 2002). 
Intranasal administration could be a promising alternative for dopaminergic drugs 
because oral administration is often limited due to active first-pass clearance by the 
liver while also frequently restricted BBB transport of dopaminergic drugs has been 
reported (Dhuria et al. 2009).

Using a previously reported minimum stress, freely moving rat model for intra-
nasal drug administration (Stevens et  al. 2009), plasma- and brain ECF samples 
were obtained over time, after giving remoxipride intranasally at the same dosages 
as in the intravenous study, and measuring the resulting prolactine levels in plasma 
within the same rats.

The remoxipride PKPD model as developed on intravenous data was extended 
by adding an absorption compartment to allow simultaneous fitting of the intrave-
nous and intranasal datasets. However, for proper description of the intranasal data 
by the model, a second absorption compartment with transport of remoxipride 
direct from nose to brain had to be included. The visual predictive check of the final 
model showed good prediction of the plasma- and brain ECF observations after 
intravenous and intranasal administration (Stevens et al. 2011; Fig. 9.12). Thus, a 
multicompartment pharmacokinetic model with two distinct absorption compart-
ments, nose-to-systemic and direct nose-to-brain was found to best describe the 
observed pharmacokinetic data. Absorption was described in terms of bioavailabil-
ity and rate. Total bioavailability following intranasal administration was ~90 % of 
which ~75 % was attributed to direct nose-to brain transport. The advanced mathe-
matical model and appropriate data allowed further for having information not only 
on the extent of brain distribution but also on the rates of transport. The direct 
nose-to-brain absorption did not turn out to be a rapid route to the brain. The rate 
was slow, explaining prolonged brain ECF exposure after intranasal compared to 
intravenous administration. Thus, by the experimental combined with mathematical 
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modeling approach explicit separation and quantitation of systemic- and direct 
nose-to-brain transport after intranasal administration of remoxipride in the rat 
could be made.

An important finding was that brain ECF (brain unbound) concentrations could 
directly be linked to the observed effect on prolactin plasma concentrations follow-
ing intranasal administration, while the model did not converge with using plasma 
concentration data of remoxipride. It shows the importance of having kinetic infor-
mation of unbound concentrations as close to the receptor as possible, as was indi-
cated by study of Watson et al. (2009), in which brain unbound concentrations were 
found to be a better predictor of dopamine D2 receptor occupancy than total brain 
concentration, CSF concentration, or blood unbound concentration.

9.4.3.3  �Use of the Structural Preclinical PKPD Model to Finally Predict 
Human PKPD

When drug-specific and biological system-specific parameters are quantified in a 
PKPD model it provides the opportunity to scale the system-specific parameters from 
animal to human to translate PKPD relationship to man. Allometric scaling of drug 
pharmacokinetic properties and biological system-specific parameters has been used 
in translational investigations, with reasonable degree of success, to predict drug 
effects in humans (Yassen et al. 2007; Zuideveld et al. 2007). But, pharmacodynamic 
properties are more difficult to scale compared to pharmacokinetic properties, since 
pharmacodynamic parameters are often not related to bodyweight (e.g., receptor 

Fig. 9.12  Visual predictive check of the PK model for plasma and brainECF data (dots) (95 % 
percentiles inclusion as gray areas) for remoxipride following intravenous (IV) and intranasal (IN) 
administration
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occupancy). Such information may be available by in vitro bioassays. For many 
drugs and endogenous compounds, clinical information is often readily available, 
like for target binding characteristics of dopaminergic compounds (Kvernmo et al. 
2006, 2008) and on prolactin in animals and human (Ben Jonathan et al. 2008). BBB 
transport of remoxipride in humans was assumed to be comparable to that in rat (in 
essence based on passive diffusion). The preclinical translational human PKPD 
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 describing complex homeostatic mechanisms (Fig. 9.13).

9.5  �Future Directions

We have to accept that CNS drug delivery and CNS disease research is complex, 
and we need to (continue to) put efforts in performing the type of investigations that 
provide data that we learn from in having a CNS drug “at the right place, at the right 
time, and at the right concentration.”

Since biological systems operate at different set points in the body under different 
conditions, the ability to predict drug effects under a variety of circumstances is 
important and more advanced experimental designs are needed to decipher and 
learn more on the factors that govern plasma pharmacokinetics, BBB transport 
intrabrain distribution, as well as their interrelationships and consequences for CNS 

Fig. 9.13  Preclinical-derived translational PKPD model for remoxipride and its effect on plasma 
concentrations of prolactin
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effects in the different settings (Garrido et  al. 2000; Grime and Riley 2006; 
Gabrielsson and Green 2009; Danhof et al. 2007, 2008; Ploeger et al. 2009; Kenakin 
and Christopoulos 2011). Therefore, individual processes on the causal path between 
drug dose and CNS effect should be systematically varied (e.g., inhibition of an efflux 
transporter, or induction of pathological state, and so on and so forth) to study the 
impact on the PKPD relationships are measured in a time-dependent manner. Therefore, 
in the design of future experiments we always need to consider the following.

• Combining different levels of biomarkers (see all types Sect.  9.4.2) in single 
subjects as outcomes are context dependent (most important!).

• Measuring unbound drug concentrations as it is the unbound drug that is able to 
interact with its target and therefore drives the effect.

• Involving time dependencies.
• Understanding the mechanisms involved in uptake into and efflux from the brain, 

but also plasma pharmacokinetics and intrabrain distribution and their mutual 
interrelationships.

• Including drug receptor theory as a tool for quantifying the activity of drugs in a 
system-independent manner.

• Identifying the heterogeneity in rate and extent of mechanisms on the causal 
chain between dose and CNS effects (including challenges/disease conditions).

• Using advanced mathematical modeling to integrate all these data to build pre-
clinical mathematical models (generalized frameworks).

• Using human data to test validity of the models after tuning this to human conditions.
• Improving interspecies extrapolation of pharmacokinetics, by using a more 

physiologically based pharmacokinetic modeling approach.

Such approach may be referred to as the “Mastermind Research Approach,” in 
analogy of the game (Fig. 9.14, De Lange 2013a). It makes that the predictive value 
of the models on PKPD relationships of CNS drugs will increase significantly and 
the outlook is therefore that clinical studies would suffice with fewer individuals 
and less samples per individual, for proof of concept in man.

9.6  �Challenges

Performing integrative studies is not without big challenges.

• From the perspective of the subject, it is of course impossible to integrate research 
at all biomarker levels within a single subject, but a combination of a subset of 
major aspects will do.

• From a technical perspective, there are limitations to what level subjects can be 
instrumented, and development, improvement, and refinement of techniques 
remain important.

• When it comes down to challenges applied to the subject, there are limitations, for 
humans much more than for animals. Integrity of the physiology of subjects remains 
to be a high priority. Then, intentionally inducing a disease state can be performed 
only in animals, and animal disease may at best partly reflect that in human.
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• With increasing complexity of experiments, the chance of failures will increase. 
Thus, from the people perspective, performing advanced surgeries, complex 
experimentation, and the use of apparatus needed for monitoring techniques, 
advanced mathematical data analysis, and model development can be performed 
only by well-trained and skilled persons.

• In an overall perspective, Good Academic (/Clinical) Research Practice in terms 
of preparation of experiments, administration of files, data storage and use in 
building mathematical models, and last but not least communication, should be 
effectuated.

9.7  �Conclusions

For a proper CNS effect the drug should have the ability to access the CNS “at the 
right place, at the right time, and at the right concentration.” To that end a number 
of key issues need to be considered:

• To develop treatments with improved safety and efficacy, one of the scientific 
challenges is to understand the biological mechanisms underlying the PKPD 
relationships of CNS drugs. Knowledge on an only one individual processes is 
worthless and its role should be investigated in multiple contexts.

Fig. 9.14  The approach of 
using integrative cross-
compared designed studies, 
literature data, and advanced 
mathematical modeling to 
dissect contributions of rate 
and extent of individual 
mechanisms in dose–CNS 
effect relationships in 
different conditions, as the 
basis for translation between 
conditions. This approach 
may be shortly abbreviated as 
the “Mastermind Research 
Approach,” in analogy of the 
strategic approach that is 
needed to “decipher the 
code” in the game called 
“Mastermind.” This approach 
makes that the predictive 
value of the models on PKPD 
relationships of CNS drugs 
will increase significantly
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• PKPD modeling is the golden standard to investigate such complex mechanisms. 
Often, these models include plasma drug concentration–effect relationships. 
However, when the target site is in a tissue, a discrepancy between unbound 
plasma concentrations and unbound tissue concentrations should be considered.

• Investigations on the kinetics of the unbound drug are indispensable. These are 
the concentrations seen by the target and a more mechanistic approach should be 
aimed at understanding the factors that control unbound drug concentrations at 
the target site.

• To have information on what concentrations can actually represent target site 
concentrations, measurement of concomitant effects of the drug is needed.

• Advanced mathematical modeling techniques are needed to reveal complex rela-
tionships of body processes and interactions of the body and the drug, to be 
ultimately settled down in mathematical models.

9.8  �Points for Discussion

• Body is a total system in which processes are interdependent. Studies need to be 
designed such that mutual dependence gets clear. How can studies be best 
designed to have the most valuable data collected?

• What concentrations in human can be assessed and used best to predict CNS 
target site concentrations?

• Can we address sources of variability between drug responses in human popula-
tions, aiming at personalized CNS medicine?
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