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Microdialysis (MD) has become one of the major tools to sample endogenous and exogenous sub-
stances in extracellular spaces. It is more suitable for pharmacokinetic-pharmacodynamic (PK-PD)
studies than other techniques. This review aims to give an overview of MD for PK-PD (MD/PK-PD)
studies, including PK-PD studies, three aspects (principles, recovery, advantages) of MD/PK-PD, and
application examples of MD/PK-PD organized by types of drugs and information collected. It can be
concluded that MD offers an unique opportunity, to study simultaneously pharmacokinetic (PK) beha-
vior of a drug and its effect on the extracellular levels of endogenous compounds, which may facilitate
proof-of-concept demonstrations for target modulation, enhance the rational selection of an optimal
drug dose and schedule. In addition, MD/PK-PD can also minimize uncertainties associated with pre-
dicting drug safety and efficacy, reduce the high levels of drug attrition during development, accelerate

drug approval, and decrease the overall costs of drug development.

1. Introduction

Microdialysis (MD) is a catheter-based sampling technique
that is used to measure the concentration of unbound frac-
tion of endogenous and/or exogenous substances in the
extracellular fluid (ECF) of tissues (e.g., adipose tissue,
brain, heart, lung, tumors) (Muller etal. 1998; Muller
2000, 2002). As we know, it emerged from the neuro-
sciences where it was originally used for measuring con-
centrations of neurotransmitters (NTs) in rat brain (Unger-
stedt and Pycock 1974). From this experimental field, it
gradually spread to other research areas, for instance, tox-

icology (McKim etal. 1993), and drug delivery systems
(DDS) which our laboratory were engaged in before (Li
etal. 2007), and it has now found increasing applications
in pharmacology, particularly in pharmacokinetic-pharma-
codynamic (PK-PD) studies of drugs. The method pro-
vides strong support for PK-PD modeling procedures and
may also optimize dose selection and help to determine
appropriate dose regimens. Table 1 shows some of the
analytes successfully monitored and where this technique
has been applied.

Table 1: Areas of application of MD and some of the analytes successfully monitored

Areas of application

Analytes

Selected references

Neurotransmission
Behavioral neurochemistry

PK
Metabolism
Pharmacology

Endocrinology
Toxicology

DDS
PD
PK-PD

Amino acid NTs
Monoamines
Catecholamines
Drugs

Drug metabolites
Drugs

Secondary messengers
Peptides (low MW)
Hormones

Drugs

Drug metabolites

Endogenous compounds
Drugs/Endogenous compounds

(Brodie et al. 1987)
(Osborne 1995)

(Hurd et al. 1988)
(Touchet and Bennett 1989)
(Shimura et al. 1995)

(Shichiri et al. 2002)
(Nomoto 1995)

(Duvvuri et al. 2005)
(Clinckers et al. 2005)
(Hocht et al. 2006)

* MW = molecular weight
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This review gives an overview of MD for PK-PD (MD/
PK-PD) studies, including PK-PD studies, three aspects
(principles, recovery, advantages) of MD/PK-PD, and ap-
plication examples of MD/PK-PD organized by types of
drugs and informations collected. It ends with the poten-
tial advances of MD/PK-PD, realizing that it will continue
to open new doors in PK-PD studies when combined with
sensitive analytical techniques (ATs), such as high perfor-
mance liquid chromatography (HPLC) (Day etal. 2001;
Hows et al. 2004), high performance capillary electrophor-
esis (HPCE) (Bowser and Kennedy 2001; Huynh et al.
2004), nuclear magnetic resonance (NMR) (Kanamori and
Ross 2005; Lucas etal. 2005) and mass spectrometry
(MS) (Baseski et al. 2005), etc.

2. Pharmacokinetic-pharmacodynamic studies

PK-PD studies play an important role in drug development
and evaluation (Derendorf and Meibohm 1999). In general,
PK describes what the body does to the drug, namely the
time course of the drug concentrations in plasma or tissue
fluid (TF). While PD describes what the drug does to the
body, in a more quantitative sense, it studies the relation-
ship between drug concentration and effect. PK-PD model-
ing is a well-established approach that links the PK and PD
of the drug, and describes the time course of pharmacologi-
cal effects of a given dose, which is helpful to determine
appropriate dose regimens (Fig. 1) (Liu et al. 2002a).

2.1. Pharmacokinetic-pharmacodynamic features

It is well known that PK-PD modeling has several advan-
tages which can basically be summarized in four major
points (Derendorf and Meibohm 1999; Latz et al. 2006).
The first characterizes the link between measured drug
concentration and the response system, direct link versus
indirect link. The second considers how the response sys-
tem relates effect site concentration to the observed out-
come, direct versus indirect response. The third regards
what clinically or experimentally assessed information is
used to establish the link between concentration and ef-
fect, hard link versus soft link. And the fourth considers
the time dependency of PD model parameters, distinguish-
ing between time-variant versus time-invariant.

However, one disadvantage of PK-PD modeling is the need
for simultaneous measurement of drug tissue levels and
corresponding pharmacological effects at multiple time
points (Toutain 2002). In this regard, traditional blood sam-
pling is not ideal because removal of the samples them-
selves interferes with PK and PD behavior of the drug
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Fig. 1: PK-PD modelling as a combination of the classic pharmacological
disciplines PK and PD
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(Elmquist and Sawchuk 1997). The development of MD
provided researchers with a special tool to study PK-PD
(Chenel et al. 2004; Ezzine and Varin 2005). Since this
technique not only allows the sampling of extracellular le-
vels of drugs but also endogenous compounds such as
NTs, metabolites, glucose, lactate and low MW peptides.

2.2. Pharmacokinetic-pharmacodynamic modeling

In PK-PD modeling study, the most used model for a di-
rect (no time delay) and reversible concentration-effect re-
lationship is the Sigmoid maximum effect (E.x) model
(de Lange et al. 2005):

Em X h
Ena (1)
ECl, + Cb

in which E is the response observed for a given concentra-
tion at time t, C; Eg is the baseline response; Ejx is the
maximal effect of the drug; ECs is the plasma concentra-
tion of the drug that produces 50% of E,,x and h is the
hill coefficient, which determines the steepness of the con-
centration-effect relationship.

The sigmoidal Ex equation used to fit a plasma concen-
tration-effect profile provides estimates of ECsy and Epax
values that result from the combined ability of the drug to
bind to its receptor (the affinity of the agonist) and the
ability of the drug to cause an effect after binding to the
receptor (the efficacy of the agonist). Actually, it may esti-
mate identical ECsy and E,x values for a drug with high
affinity and low efficacy and a drug with low affinity and
high efficacy. It, therefore, lacks the power to predict drug
responses under different physiologic or pathologic condi-
tions, where both affinity and efficacy may be affected.

In order to predict the intrinsic activity and potency of a
drug for a particular pharmacological effect or response, a
model is required that explicitly distinguishes between
drug-specific and system-specific properties. To that end,
derived from the receptor occupation theory, a modified
operational model seems to be very useful (Black and Leff
1983; Black et al. 1985):

E=E;+

En -t - Ct
(Ka +C)" + - Ch

This equation is used to analyze agonist concentration-ef-
fect curves in terms of the concentration of the drug (ago-
nist) at time t, C; the baseline response Ej; the maximal
tissue response (Ep); the slope of the transducer function
(h); the agonist-receptor dissociation equilibrium constant
(Ka); and the efficacy parameter (t). The efficacy parameter:

= & (3)

Kg
is expressed in terms of the total number of available re-
ceptors Ry and the concentration of the number of recep-
tors occupied at the half-maximal effect Kg. While recep-
tor affinity and intrinsic efficacy, the ‘“drug-specific”
properties, can be estimated in vitro, with the maximal re-
sponse of the drug:

E=E,+

(2)

T

E, -t
gEEsT @

and the concentration at half-maximal response of the ago-
nist:

E max

Ka

ECsp=— 1 ——
24T)/" -1

(5)
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The modified operational model has not only been suc-
cessfully applied in numerous in vitro studies, but can also
be used for PK-PD analysis of in vivo drug effects (Van
der Graaf and Danhof 1997). For instance, affinity and ef-
ficacy values of agonists at cardiac adenosine A; receptors
have been estimated based on in vivo data and appeared to
be highly consistent with estimates from in vitro radioli-
gand binding studies (Van der Graaf et al. 1999).

To estimate the parameters in a modified operational mod-
el, simultaneous analysis of different PK-PD relationships
which may be obtained from one agonist under control
conditions and the number of receptors available for bind-
ing must be performed. This can be achieved by a com-
pound that irreversibly binds to the receptor to such an
extent that the agonist is no longer able to produce its
maximal effect (Furchgott 1966; Christ 1990). Alterna-
tively, simultaneous analysis of these relationships that re-
sult from a series of drugs with varying degrees of agon-
ism for the specific receptor can be used (Van der Graaf
and Danhof 1997).

3. Microdialysis for pharmacokinetic-pharmaco-
dynamic studies

3.1. Principles of MD/PK—PD

MD is based on the principle that solute diffusion between
two compartments separated by a semi-permeable mem-
brane results from the concentration gradient across the
membrane. Applied to an in vivo situation, these two com-
partments represent tissue ECF and artificial physiological
perfusion fluid inside MD probe which consists of a small
semi-permeable hollow fiber membrane, connected to an
inlet and outlet tubing with a small diameter. Once im-
planted into a selected tissue, the probe is continuously
perfused with a physiological solution at a low flow rate
(Chu and Gallo 2000; de Lange et al. 2000). The perfusate
is an aqueous solution that mimics the composition of the
surrounding medium, therefore it prevents the excessive
migration of molecules into or out of the periprobe fluid
due to osmotic differences. The direction of the diffusion
process is dependent on the concentration gradient, while
the perfusate passes the membrane, molecules up to a cer-
tain molar mass diffuse into or out of the perfusate. The
dialysate that exists in the probe can be collected (Plock
and Kloft 2005). Finally, dialysate levels of drugs are de-
termined by highly sensitive techniques, such as HPLC
and HPCE, etc, obtaining unbound drug concentrations as
a function of the time. Simultaneously, biochemical mar-
kers can also be monitored by biochemical analysators in
the dialysate. In addition, some transducers, such as pres-
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sure transducer and respiratory-flow transducer etc, can be
connected to the specified part of body, allowing the deter-
mination of drug effects as a function of time. Thus, the
relationship of time-concentration-effect of drugs can be
determined by means of PK-PD modeling. Figure 2 shows
the basic principle of MD/PK-PD (de Lange et al. 2000).

3.2. Recovery of MD/PK—PD

One of the critical and most difficult questions in MD/
PK-PD is how to estimate the true concentration of an
analyte in the interstitial fluid (IF) of the tissue from that
measured in the dialysate. In essence, to what extent is the
compound of interest recovered in the dialysate, or lost if
using MD as a delivery method. The dynamic nature of
MD, due to the continuous perfusion of dialysate and re-
moval of the analyte, normally results in the dialysate con-
centration being less than that in the ECE. The relation
between these two concentrations is defined to be recovery
which can be assessed by both in vitro and in vivo methods
(Larsson 1991; Yokel etal. 1992; Van Belle et al. 1993).
The main influencing factors of in vitro and in vivo recov-
eries are summarized in Table 2 (Plock and Kloft 2005;
Zhou and Gallo 2005). From this table, it can be concluded
that in vivo method is more reliable and allows better esti-
mation of actual extracellular concentrations of a given
analyte as compared with those from the in vitro methods.

3.3. Advantages of MD/PK—PD

There are several techniques for PK-PD studies, such as
position emission tomography (PET) and magnetic reso-
nance spectroscopy (MRS) (Malizia etal. 1996; Dietz

Table 2: Influencing factors of in vivo and in vitro recoveries

In Vitro
recovery

In Vivo
recovery

Main influencing factors

Temperature

PH

Probe geometry

Characteristics of the membrane
Concentration gradient over the membrane
Composition and flow rate of the perfusate
Physicochemical properties of the analyte
Tortuosity of the interstitial space

Volume of the interstitial compartment
Transport capacity over the cell membrane
or certain physiological barriers

Release, uptake, and clearance processes .
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Table 3: Comparison with other techniques for PK-PD studies

Technique MD PET MRS

Analytes Any compounds

(endogenous + exogenous)

Positron emitting isotope
containing compounds
(IIC7 13N, 1503 ISF)
Radioactive decay
(radiolabeling)

Total tissue concentration

Compounds containing
MRS-active nuclei

(13C lH 19F 31P lSN)
Nuclear magnetic resonance

Detection method LC-MS/MS, UV, ect.

Measured compartment ECF of tissue concentration Total tissue concentration

(unbound) (bound + unbound) (unbound)
Multiple sites Yes Yes Yes
Technical complexity Low High High
Metabolite monitoring Yes No Yes
Temporal resolution High High Poor

Spatial resolution High (Focal sampling) Moderate (1-5 mm) Poor (> 10 cm)

Sensitivity High (10~ — 103 mol* 1 — 1) High (1072 mol* 1 — 1) Poor (107> — 103 mol™ 1 — 1)
Selectivity High High High

On-line Yes Yes Yes

Cost Low High High

etal. 2001; Gomeni etal. 2001). Compared with these
techniques (Table 3) (de Lange etal. 1997; Seddon and
Workman 2003; Brunner and Langer 2006; Workman et al.
2006), MD is more practical and much cheaper. For these
reasons, it is accessible for each laboratory as an “in-house”
technique and plays a special role for PK-PD studies.

4. Application of microdialysis for pharmacokinetic-
pharmacodynamic

MD has been used for PK-PD studies of therapeutic
agents in both preclinical and clinical studies. Table 4
gives an overview of PK-PD studies by means of MD.

4.1. Central nervous system drugs

The particular benefit of MD/PK-PD of central nervous
system drugs (CNSDs) lies in the fact that it enables the
determination of free-drug concentrations as a function of
time in plasma and in ECF of brain, thereby providing im-
portant data to determine blood-brain barrier (BBB) trans-
port characteristics of drugs. Furthermore, the concentra-
tions of (potential) extracellular biomarkers of drug effects
or disease can be monitored with this technique (de Lange
etal. 2005). It could be anticipated that MD/PK-PD will
provide key knowledge for prediction and herewith opti-
mization of dose regimens of CNSDs (Danhof et al.
1993).

To date, MD/PK-PD studies of CNSDs like caffeine (Hep-
pert and Davies 1999), methylphenidate (Weikop et al.
2004), 7-nitroindazole (7-NI) (Bush and Pollack 2002),
oxycodone (Bostrom et al. 2006) and other drugs (Feng
etal. 2001) were extensively reported. Bush et al. (2002)
assessed the PK and PD of 7-NI, a selective inhibitor of
neuronal nitric oxide synthase (NOS) using MD/PK-PD.
This model allows design of dose regimens that can pro-

duce designated changes of NO content in brain, facilitat-
ing use of 7-NI to probe the pharmacological implications
of NO in the CNS. In a similar study, MD/PK-PD was
used by Bouw etal. (2000) to study the processes in-
volved in the delay of anti-nociceptive effect of morphine
in rats. It was demonstrated that morphine was actively ef-
fluxed at the BBB accounting for 85% of the observed
effect delay, indicating possible involvement of rate limit-
ing mechanisms at the receptor level or distributional phe-
nomena for the remaining effect delay. The studies above
are essential for development of CNSDs that would be
used for the treatment of neurological and psychological
diseases.

In other studies, MD/PK-PD in conjunction with auto-
mated blood sampling (ABS) in conscious, freely moving
rodents offers an attractive approach for CNSDs studies
within the same animal (Gunaratna et al. 2004; Bundgaard
et al. 2006), which provided multiple PK-PD informations
in individual animals, hence minimizing inter-animal var-
iation using a reduced number of animals. Bundgaard
et al. (2006) examined the feasibility of this approach for
simultaneous PK-PD studies by monitoring plasma and
brain ECF concentrations of escitalopram along with
SSRI-associated pharmacological activity, monitored as
changes in brain 5-hydroxytryptamine (5-HT) levels and
plasma corticosterone levels. The authors concluded that
combining MD/PK-PD and ABS did not cause any detect-
able physiological changes with respect to basal levels of
plasma corticosterone or brain 5-HT levels, and that the
PK of escitalopram could be characterized simultaneously
in plasma and the hippocampus of conscious, freely mov-
ing rats.

Recently, a technique of MD/PK-PD using three simulta-
neously implanted probes in the anaesthetized animals
was developed, which enables monitoring of PK profiles
of a tested drug both in blood (1st probe) and brain (2nd

Table 4: Examples of recently published PK-PD studies by means of MD

Therapeutic use Representative of drugs

PK-PD model Selected references

Central nervous system drugs (CNSDs) Morphine Effect compartment (Bouw et al. 2000)
Automonic nervous system drugs (ANSDs)  Metoprolol (MET) Effect compartment (Hocht et al. 2004; Hocht et al. 2006)
Antimicrobial drugs (AMDs) Ciprofloxacin In vivo PK-in vitro PD  (Joukhadar et al. 2005)
Antineoplastic drugs (ANDs) 5-fluorouracil (5-FU), In vivo PK-in vitro PD  (Muller et al. 2000)

methotrexate
Others L-arginine Comprehensive (Heinzen et al. 2003)

PK-PD model
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probe) compartments and the PD response of NTs (3rd
probe) released into, or accumulating within brain ECF
(Weikop et al. 2004). The feasibility of triple-probe MD/
PK-PD has been illustrated by monitoring the rate of ex-
tracellular accumulation of a drug candidate and dopamine
(DA) levels in vivo and comparing the resulting PK-PD
profiles with those obtained for cocaine and methylpheni-
date (Huff and Davies 2002). These measures may serve
as initial neurochemical indicators of potential psychomi-
metic or reinforcing properties of the substances tested.
However, the triple-probe MD requires large and efficient
analytical capacity and the use of sensitive and specific
analytical methods for determination of trace levels of
NTs, as well as of the exogenous compounds.

4.2. Automonic nervous system drugs

In the case of automonic nervous system drugs (ANSDs),
measurement of drug concentration in IF would provide
an invaluable insight into their concentration-effect rela-
tionship. In this respect, MD provides a useful tool for
quantitative measurement of ANSDs at their site of action.
Ezzine et al. (2005) compared rocuronium effect (C.) and
peripheral (C;) compartment concentrations predicted by
PK-PD modeling with those measured in plasma (C,) and
in the IF of muscle tissue (Cisg,) by MD in anaesthetized
dogs. The unbound concentration of rocuronium measured
in the muscle IF under steady-state conditions confirmed
that MD/PK-PD gives reliable estimates of effect site con-
centrations.

MD/PK-PD was employed by Raje et al. (2005) to charac-
terize the concentration-effect relationship between the
benztropine (BZT) analogues and brain DA levels. It is an
important step in the evaluation of these compounds as
potential cocaine abuse pharmacotherapies. The authors
considered that the slow onset and long duration of BZT
analogue-induced DA elevation may avoid the reinforcing
effects and craving of cocaine. Furthermore, MD/PK-PD
will be useful in other analogues and aid in the assessment
of the therapeutic efficacy of the BZT analogues as substi-
tute medications for cocaine abuse.

Other studies have found a correlation between MET un-
bound concentrations and its chronotropic effect using
MD/PK-PD (Hocht et al. 2004, 2006). Hocht et al. (2006)
examined this correlation in spontaneously hypertensive
(SH) rats and Wistar Kyoto (WKY) animals by means of
MD. MET dialysate concentrations and its chronotropic
effect were determined during 3 h after the administration
of 3 and 10 mg - kg~ ! of the drug, and PK-PD modeling
was used to analyse experimental data. The results sug-
gested a good correlation between plasma MET concen-

trations and its chronotropic effect in all experimental
groups.

MD/PK-PD also offers the possibility to deliver a suffi-
cient amount of the ANSDs transdermally, as well as to
optimize dose titration by controlling current intensity. Nu-
groho et al. (2006) used MD to simultaneously determine
PK and dopaminergic effect of dopamine agonist 5-hydro-
xy-2-(dipropylamino) tetralin (5-OH-DPAT) in vivo follow-
ing transdermal iontophoresis in rats based on drug con-
centration in plasma (Cp) and dopamine levels in striatum
(Cpa). This method successfully predicted profiles of C,
and Cpy, herewith achieved a considerable dopaminergic
effect, indicating the feasibility to reach therapeutically ef-
fective concentrations of 5-OH-DPAT upon transdermal
iontophoresis.

4.3. Antimicrobial drugs

The traditional approach to link antimicrobial concentra-
tions to its effects is to relate a static parameter, minimum
inhibitory concentration (MIC), to the concentration in ser-
um. This approach is usually applied by using cumulative
PK-PD variables, such as ratios of area under the plasma
concentration time curve to MIC (AUC/MIC), time above
the MIC (T > MIC), or ratios of maximum concentration
to MIC (Cp./MIC) (Derendorf etal. 2000). However,
these approaches do not take into account the complex in-
teractions among an administered drug, a host, and an in-
fective agent. Since in practice, PD effect in vivo is the
result of a dynamic exposure of the infective agent to the
unbound drug fraction at the relevant target site rather than
a static interaction of two variables. Thus, some authors
proposed that PK be linked to PD in a more dynamic way
by using several techniques (Nolting etal. 1996; Craig
1998; Delacher et al. 2000).

All of these techniques not only may provide information
on PK but also may lead themselves to studies of antimi-
crobial PD. This is particularly true for MD, as it monitors
free antimicrobial concentrations in the fluid which di-
rectly surrounds the infective agent, the antimicrobial ef-
fect linked to the time-drug concentration profile obtained
by MD may be simulated easily in an in vitro setting with
bacterial cultures. Some publications described a MD
based in vivo PK-in vitro PD model which may be em-
ployed to predict drug effects at a relevant target site
(Nolting etal. 1996; Brunner etal. 1999; Delacher et al.
2000). By employing such a combined in vivo PK-in vitro
PD approach (Fig. 3), it supports dose optimization and
replaces current concepts for establishing dosing guide-
lines of selected tissue infections (Delacher et al. 2000).
While Chenel et al. (2004) investigated the contribution of

In wivo PK

Fig. 3:

The general concept of the in vivo PK-in vitro
PD approach applied in MD studies for anti-
microbial drugs. In a first step tissue PK are
measured in vivo by MD at the target site
following single dose administration. Subse-
quently the time profile obtained in vivo is
simulated in vitro on select bacterial cultures. 0.1
Thereafter the information generated by the
two initial steps is integrated in a combined
PK-PD model which simulates an optimal sce- 0.0
nario for the eradication of the causative patho-
gen (Delacher et al. 2000)
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norfloxacin BBB transport to its delayed electroencephalo-
gram (EEG) effect in rats by means of MD/PK-PD. The
experimental data were successfully expounded by PK-PD
modeling with spline function to describe the relationship
between effect and concentration at the effect site. Com-
parison of PK-PD parameters estimated from plasma and
ECF concentrations showed that most of the delayed nor-
floxacin EEG effect is not due to BBB transport, but also
that PD parameters derived from plasma data must be
carefully interpreted when drug distribution at the effect
site is restricted.

MD/PK-PD also can be used to compare tissue penetration
of AMDs. Liu et al. (2002b) used this approach to investi-
gate the tissue penetration of cefpodoxime and cefixime.
In this study, free concentrations of cefpodoxime in mus-
cle were similar to those in lung and therefore provided a
surrogate measure of cefpodoxime concentrations at the
pulmonary target site. The total plasma concentrations of
each antibiotic were similar and higher than free ones in
muscle. The tissue penetration of cefpodoxime was, how-
ever, greater than that of cefixime, as shown by two-fold
higher peak free muscle concentrations after dosing with
cefpodoxime than with cefixime. These findings indicate
that, taking into account MD/PK-PD considerations, cef-
podoxime is likely to be more efficacious than cefixime,
due to its greater tissue penetration. Another example of
MD/PK-PD of AMDs is given by Joukhadar et al. (2005)
having investigated the effect of microcirculatory blood
flow on the ability of ciprofloxacin to penetrate soft tis-
sues. This study showed that the improvement of microcir-
culatory blood flow due to the warming of the extremity
was paralleled by an increased ability of ciprofloxacin to
penetrate soft tissue and subsequent PK-PD simulations
based on tissue PK data indicated that this increase in tis-
sue penetration was linked to an improved antimicrobial
effect at the target site.

4.4. Antineoplastic drugs

Before introduction of MD, the tumor drug concentrations
were determined through biopsies, a technique which im-
plies serial sacrifice studies where each animal only con-
tributes one time sample. Another drawback of this meth-
od is the impossibility to measure only the unbound
concentration of the drug in the tumor. MD represents a
powerful technique since it allows the time course deter-
mination of the unbound concentrations of the antineo-
plastic drugs (ANDs) in the tumor in the same animal and
in a specific effect compartment. This facilitates a clear
pharmacological interpretation and readily supports PK-
PD studies of ANDs.

So, in recent years MD/PK-PD of ANDs was designed
based on the in vivo measurement of interstitial drug PK
in breast cancer patients and a PD simulation of the time
versus concentration profile in an in vitro setting (Muller
et al. 2000). Briefly, breast cancer cells (MCF-7) were ex-
posed in vitro to the time versus interstitial tumor concen-
tration profiles of 5-fluoruracil (5-FU) and methotrexate
(MTX) from primary breast cancer lesions in patients
(Muller etal. 1997, 1998). This led to a maximal reduc-
tion in the viable cell count of 69% on day 4 and of 71%
on day 7 for 5-FU and MTX. The observed effect was
dependent on the initial cell count and was characterized
by a high interindividual variability. There was a signifi-
cant correlation between the maximum antitumor effect
and the intratumoral AUC for 5-FU but not for MTX.
Data from this approach support the concept that tumor
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penetration of 5-FU would have a response limiting effect,
while the response to MTX may be determined by events
beyond IF kinetics.

By applying MD/PK-PD it was shown that success and
failure in cytotoxic therapy with 5-FU may be explained
by PK variability in interstitial concentrations (ICs) (Mul-
ler etal. 2000). It thus emerges that the measurement of
ICs in solid tumors by MD may explain drug resistance in
select groups of patients and may help optimize dosing
and administration schedules. Thereby the selection of no-
vel cytotoxic compounds with favorable tumor penetration
characteristics might be facilitated in the future.

As we know, metronomic dosed chemotherapy as opposed
to conventional dosed chemotherapy is considered an al-
ternate strategy to target angiogenesis and limit host toxi-
city. Although promising, there has not been any attempt
to define optimal metronomic dose regimens by integrat-
ing PK-PD studies before. Thus, Zhou et al. (2001) com-
pared the PK and PD of temozolomide (TMZ) following
metronomic and conventional dose regimens by means of
MD/PK-PD. The results suggested that the metronomic
dose regimen may be superior to the conventional dose
regimen by preventing tumors from progressing towards a
proangiogenic state. At the same time, several PK-PD fac-
tors contributing to the antitumor activity of the metro-
nomic dosed TMZ therapy have been identified, and form
a foundation for further investigations of low-dose TMZ
regimens.

4.5. Other drugs

Apart from the fields of application mentioned above,
MD/PK-PD has also been used in other drugs. Heinzen
etal. (2003) assessed PK of L-arginine, a NO precursor,
and related the disposition of this amino acid to PD end-
point of neuronal NO production by MD. The results
were fit with a comprehensive PK-PD modeling to ob-
tain parameters governing the systemic disposition of L-
arginine, the uptake of L-arginine into the brain, and sub-
sequent NO production. This supported the hypothesis
that administration of exogenous L-arginine to rats re-
sulted in systematic and predictable elevations in hippo-
campal NO production, and concluded that MD/PK-PD
was capable of describing accurately the observed data
and represented a valuable tool in the design of L-argi-
nine dose regimens to target specific, sustained elevations
in brain tissue NO.

As MD monitors unbound drug concentration and the ani-
mal response are not altered by fluid loss, it is possible to
study the relationship between the bioactive drug fraction
and the cardiovascular response. This way, MD/PK-PD
study of methyldopa was made by Hocht et al. (2001) in
anesthetized sham operated (SO) and aortic coarctated
(ACo) rats. Analysis of the arterial blood dialysates
showed a lower half-life of methyldopa in ACo rats than
in SO rats. Also a low accumulation and a fast decay of
striatal methyldopa levels were seen in ACo rats. How-
ever, peak levels of drug were greater in the hypothalamic
dialysates of ACo rats than in SO animals samples. It can
be concluded that the aortic coarctation modifies the PK
and cardiovascular effect of methyldopa in the rat, and the
action of this drug on dopaminergic neurotransmission is
also altered in the ACo animals.

Rabenstein et al. (1996) proposed a novel “MiniShunt” ex-
tracorporeal MD sampling circuit designed to sample core
blood in anaesthetised dogs. Discrete microdialysate and
plasma samples collected during glucose and lactate mon-
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itoring were analysed with a YSI analyzer. In this manner,
MD/PK-PD seems to be promising in the studies of anti-
diabetic agents.

4. Conclusions and perspectives

In summary, MD/PK-PD studies have been accepted uni-
versally and put into practice with greater frequency. By
means of MD, the PK behavior of a drug and its effect on
the extracellular levels of endogenous compounds can be
studied simultaneously, which may facilitate proof-of-con-
cept demonstrations for target modulation, enhance the ra-
tional selection of an optimal drug dose and schedule, aid
decision-making, such as whether to continue or close a
drug development project. In addition, MD/PK-PD can
also minimize uncertainties associated with predicting
drug safety and efficacy, reduce the high levels of drug
attrition during development, accelerate drug approval, and
decrease the overall costs of drug development.

But it should be considered that the use of MD/PK-PD is
still in the developmental stage. Many technical challenges
remain to be resolved. For example, there is still the pro-
blem of design of probe, and the possibility to prolong the
experimental duration without inducing an inflammatory
response of the tissue to the membrane. Thus, modified
MD was proposed by some researchers (Kaptein et al.
1998; Schaupp et al. 1999; Hocht et al. 2001). As an ap-
plication example of this new technique, a vascular
“shunt” MD probe has been designed by some labora-
tories with one inlet and two outlets, the inlet and one out-
let are inserted into the left carotid artery and the remain-
ing outlet is connected to a pressure transducer, which
allows the continuous and simultaneous determination of
unbound plasma levels of drugs and their corresponding
effects in the same animal and with a minimal damage,
making the probe more suitable for PK-PD studies (Opez-
zo et al. 2000; Hocht et al. 2001)

Although challenges remain, it is obvious that MD is par-
ticular of value in the field of PK-PD studies. Further-
more, rapid developments of analytical techniques allow
combination with MD, such as MD-HPLC-MS (Hows
etal. 2004; Lindon 2003), MD-HPLC-NMR (Kanamori
et al. 2003; Lucas et al. 2005), MD-HPLC-NMR-MS (Lin-
don et al. 2000; Lommen et al. 2000; Lindon 2003), MD-
CE (Bowser and Kennedy 2001; Huynh et al. 2004), etc.,
which could provide near real-time data in PK-PD studies
and give a new perspective in drug discovery and develop-
ment.
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