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CHAPTER 6

Abstract

The pharmacokinetic (PK) and pharmacodynamic (PD) properties of the active (S)-
enantiomer of the potent dopamine agonist 5-OH-DPAT were investigated in a novel
anesthetized animal model. Firstly, the relationship between current density, in vivo
transport and plasma profile was characterized. Secondly, the effect of the anesthetic
mixture, transdermal iontophoresis and blood sampling on the striatal dopamine
release (PD endpoint) was investigated. Thirdly, the PK-PD relationship following
transdermal iontophoresis was investigated during a controlled and reversible
pharmacological response. As pharmacodynamic effect the dopamine release in
striatum was selected. Given that the striatal dopamine levels are unaltered during
experimental procedures, this rat model can be used to investigate the PK-PD
relationship. The in vivo flux was found to be linearly correlated with the current
density, which indicates that drug delivery can carefully be titrated by the current
density. Following both transdermal iontophoresis and IV infusion, a strong and
reversible PD effect was observed. Compartmental modeling showed that the
relationship between drug plasma concentration and biomarker response can be best
characterized by an effect compartment, rather than an indirect response model. In
addition, covariate analysis suggested that the delivery rate can affect the
pharmacodynamic efficiency. Finally, simultaneous PK-PD analysis revealed that
steady delivery rates are translated into continuous dopaminergic stimulation. This
can be of great benefit for reducing side effects in the symptomatic treatment of
Parkinson’s disease with 5-OH-DPAT.

Keywords: PK-PD, compartmental modeling, iontophoresis, (S)-5-OH-DPAT,
microdialysis
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Controlling the PK-PD of (S)-5-OH-DPAT

1 Introduction

Transdermal iontophoresis is a well established physical method to facilitate the
percutaneous penetration of molecules [1]. By application of a small electrical
current across the skin iontophoresis enhances the transdermal delivery of
therapeutic agents. An important advantage of transdermal delivery is the
circumvention of the hepatic first-pass metabolism, making it an interesting non-
invasive alternative for oral drug delivery. A particular advantage of iontophoresis is
the possibility to tailor the delivery to the patient’s needs by adjusting the current
density. This may allow for better therapeutic efficacy and reduction in overdosing
and subsequent side effects. These properties make iontophoresis an excellent
method for the transdermal delivery of drug molecules for the symptomatic treatment
of Parkinson’s disease.

Parkinson’s disease is a neurodegenerative disorder, which is characterized by
tremor, akinesia, rigidity and postural instability [2]. Up to today orally dosed
levodopa is still the most effective symptomatic treatment, but chronic use eventually
leads to severe long-term side-effects, i.e. dyskinesia and the on-off phenomenon [3-
4]. Current strategy to prevent or delay the onset of these side-effects is to administer
therapeutics in a constant and controlled manner [5]. Therefore, the transdermal
iontophoretic delivery of the dopaminergic agonists R-apomorphine, ropinirole and
5-OH-DPAT were investigated in vivo for their application in symptomatic treatment
of Parkinson’s disease [6-9].

Besides a constant and controlled delivery, another attractive property of
1ontophoresis is the possibility to develop a feedback system. In this approach, the
concentration of a relevant biomarker, extracted for instance with reverse
iontophoresis, can be used to titrate the transdermal iontophoretic delivery of the
drug molecule. Preferably, a pharmacodynamic endpoint instead of the drug plasma
concentration should be chosen to monitor the drug effect. Under experimental
conditions, striatal dopamine concentration, measured by microdialysis, has been
shown to be a biomarker for dopaminergic activity [10-11].

In the current investigation, we have therefore characterized pharmacokinetic-
pharmacodynamic (PK-PD) relationships of the dopamine agonist following
transdermal iontophoresis using dopamine as a measure of the pharmacological
effect. In order to optimize the feedback system, we have also performed an
integrated  evaluation of relationship between the pharmacodynamics,
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CHAPTER 6

pharmacokinetics and the delivery rates of the compound. In a previous study, the
PK-PD of 5-OH-DPAT was assessed, however a ceiling effect was observed, with
dopaminergic levels not altering throughout the time frame of the experiments [7].
Modelling of the data was therefore difficult and demanded for a follow-up study to
investigate the PK-PD relationship under a wider exposure range, in which
maximum effect (ceiling) is short lasting. In addition, during the previous study 5-
OH-DPAT was administered as racemic mixture, while (S)-5-OH-DPAT is the only
enantiomer with dopaminergic activity. In contrast to previous studies, in the present
investigation, experiments are conducted with the active enantiomer (S)-5-OH-
DPAT [7].

The aims of this study were three-fold. First, to examine the relationship between the
current density, the in vivo iontophoretic transport and the (S)-5-OH-DPAT plasma
profile. Given the requirement for the use of anaesthesia to conduct transdermal
iontophoresis, second, to examine the effect of the anesthetic mixture, transdermal
iontophoresis and blood sampling on the striatal dopamine release. Third, to assess
the PK-PD relationship following transdermal iontophoresis of (S)-5-OH-DPAT,

CH3 CH3
N D
\’\ "&
CH; D CH;,
HO HO

(S)_S_OH_DPAT (R)'dZ'S'OH-DPAT

Figure 1: The molecular  structures of  (S)-5-hydroxy-2-(N,N,-di-n-
propylamino)tetralin  ((S)-5-OH-DPAT) and (R)-5-hydroxy-2-(N-n-propyl-N-o,0-
dideutero-propylamino)-tetralin ((R)-d>-5-OH-DPAT)
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Controlling the PK-PD of (S)-5-OH-DPAT

ensuring the induction of a controlled and reversible effect [7]. A comprehensive
approach based on non-linear mixed effects modeling was used that allows us to
characterize and predict the time course of drug action. Furthermore this approach
enables to combine data from different experiments to obtain individual and
population PK-PD parameter estimates [12]. Extensive PK-PD modeling is further
applied to characterize the pharmacokinetics of (S)-5-OH-DPAT in plasma and the
corresponding pharmacodynamic effect. The PK model to describe the plasma
concentration was adapted from literature [7]. Given that a delay is observed
between plasma concentrations and the onset of the pharmacological response, two
PD models are compared to describe the DA release: the effect compartment model
[13] vs the indirect response type I model [14]. The results of this comparison add
value to the efforts in the optimization of drug delivery. We ultimately illustrate how
PK-PD relationships can be used to design a delivery system for symptomatic
treatment of Parkinson’s disease.

2 Materials and Methods

2.1 Chemistry

5-hydroxy-2-(N,N,-di-n-propylamino)tetralin ((S)-5-OH-DPAT) and (R)-5-hydroxy-
2-(N-n-propyl-N-a,a-dideutero-propylamino)-tetralin  ((R)-d,-5-OH-DPAT) (HBr
salts, purity > 98%) were synthesized at the Department of Medicinal Chemistry of
the University of Groningen, Groningen, the Netherlands (Figure 1). To synthesize
d>,-5-OH-DPAT the following deuteration strategy was employed: (+)-5-Methoxy-2-
(N-n-propylamino)tetralin was converted to the propionamide. Subsequently, the
propionamide was reduced with lithium aluminium deuteride and after
demethylation with 48% hydrobromic acid, the final compound d,-5-OH-DPAT
hydrobromide was obtained with an overall yield of 13%.

2.2 Materials

Silver, silver chloride (puritiy >99.99%) and octanesulfonic acid were obtained from
Sigma-Aldrich (Zwijndrecht, the Netherlands). Acetonitrile (LC-MS grade),
ammonium acetate (LC-MS grade), acetic acid (LC-MS grade) and methanol (LC-
MS grade) were purchased from Biosolve (Valkenswaard, the Netherlands).
Ammonium hydroxide (25% w/v; analytical grade) was obtained from Baker
(Deventer, the Netherlands). NaCl 0.9% was purchased from the hospital pharmacy
of LUMC (Leiden, the Netherlands). EDTA was obtained from Merck (Merck
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CHAPTER 6

KGaA, Darmstadt, Germany). All solutions were prepared in Millipore water with a
resistivity of more than 18 MQ.cm.

2.3 Iontophoresis patches

A detailed description of the iontophoresis patches, used for the transdermal
iontophoresis studies can be found elsewhere [7]. Briefly, the iontophoresis patches
were prepared by the Fine Mechanical Department of Leiden University from elastic
silicon materials (silicon: Smooth-Sil 920; Smooth-on Inc., Easton, PA, USA). The
volume of the patches was 2.3 ml and the active area was 2.5 cm?. The patch was
fixed on wound dressing film (Opsite Flexigrid, Smith&Nephew, Hoofdorp, the
Netherlands), which can be attached to the skin during the experiment. Ag/AgCl was
used as driver electrode pair.

2.4 Animals

Animal procedures were conducted in accordance with guidelines published in the
NIH guide for the care and use of laboratory animals and all protocols were approved
by the Institutional Animal Care and Use Committee of the University of Groningen
and Leiden University. The pharmacokinetic (PK) and the pharmacokinetic-
pharmacodynamic (PK-PD) studies were performed in albino male Wistar rats (280-
340 g) obtained from Charles River (Maastricht, the Netherlands) and Harlan (Horst,
the Netherlands), respectively. Prior to surgery the animals were housed at least 1
week in Plexiglas cages, maximum 6 animals per cage with free access to water and
standard laboratory chow. The cages were placed in a room with a controlled
temperature at 21 °C and controlled humidity between 60-65% and a light-dark cycle
of 12h.

2.5 Pharmacokinetic (PK) studies

In these experiments the relationship between the current density and the plasma
concentration profile of (S)-5-OH-DPAT following transdermal iontophoresis was
investigated. (S)-5-OH-DPAT was administered by transdermal iontophoresis and
intravenous (IV) infusion to the same animals with a one week interval between
treatments. The use of both routes of administration allowed improved
pharmacokinetic parameter estimation. A detailed description of the experiments is
given below.
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Controlling the PK-PD of (S)-5-OH-DPAT

2.5.1 Surgical procedures

Prior to surgery the animals were anaesthetized with a combination of Dormicum®
(midazolam, 5 mgml’', Roche Nederland, Mijdrecht, the Netherlands) and
Hypnorm® (fentanyl citrate 0.315 mg.ml”' + fluanizone 10 mg.ml’, Janssen
Pharmaceutica, Beerse, Belgium) at a dose of 0.5 mL.kg"' rat weight. The permanent
cannulation was performed using Polethene tubings (Rubler BV, Hilversum, the
Netherlands) with the diameter of 0.58 mm (I.D.) — 0.96 mm (O.D.) and 0.28 mm
(I.D.) = 0.61 mm (O.D.), respectively for femoral vein and artery cannulation. After
surgery the animals were housed individually and were allowed to recover during
one week.

2.5.2 Experimental procedures

In the first part of the study (S)-5-OH-DPAT was administered by transdermal
iontophoresis. Firstly the animals were anesthetized with Hypnorm® and Dormicum®
(0.5 mL.kg") and the hair of the back was removed using an electrical clipper and a
scalpel. A pair of patches was attached to the skin surface. After 15 min the patches
were filled with (S)-5-OH-DPAT (3.9 mM) at pH 5.0 (citric buffer, 5 mM) and with
PBS pH 7.4 (NaCl: 8 g.L"', Na,HPO,: 2.86 g.L"!, KH,PO4: 0.2 g.L"', KCI: 0.19 g.L'™"
at the anodal and the cathodal side, respectively. The following protocol was used for
the iontophoresis studies: 15 min passive diffusion + 120 min 75 pA.cm™+ 120 min
150 pA.cm™. At time=255 min, the patches were removed and the skin was wiped
using a tissue paper. Blood samples were taken at regular time intervals during the
current application and after removal of the patch: 0, 15, 45, 75, 105, 135, 165, 195,
225, 255, 270, 285, 315, 345, 390, 435 min. Blood samples (0.2 ml) were collected
using lithium-heparin containing tubes (Microvette® 200 Plasma/Lithium Heparin,
Sarsted BV, Etten-Leur, the Netherlands). Plasma was then separated by
centrifugation at a speed of 6000 rpm during 10 min. The samples were kept at -20
°C prior to analysis with LC-MS-MS (section 2.7).

After 1 week of recovery in individualized housing, animals received a total dose of
29 nmol (S)-5-OH-DPAT, dissolved in 0.9% NaCl, during a 15-min IV infusion. At
regular time intervals blood samples were taken from the femoral artery cannula: 0,
15, 20, 30, 45, 60, 75, 90, 105, 120, 150, 180 min. The samples were prepared in the
same way as described above following iontophoretic delivery (see above). In all
experiments the animals were kept in an anaesthetized condition during the
experiment using Hypnorm® and Dormicum®.
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2.6 On-line microdialysis studies (PK-PD studies)

This series of experiments consisted of three parts. Firstly, the influence of
anesthesia and iontophoresis on the striatal dopamine release (PD end point) was
determined with on-line microdialysis. Secondly, the pharmacokinetic (PK) and
pharmacodynamic (PD) properties following transdermal iontophoretic delivery
were examined. Thirdly, to explore the implications of differences in delivery rate on
the PK and PD parameters, (S)-5-OH-DPAT was administered with IV infusion. In
all experiments the striatal dopamine level and the striatal 5-OH-DPAT
concentration were monitored by microdialysis with simultaneous blood sampling
for the analysis of (S)-5-OH-DPAT plasma concentrations. A detailed description of
the experiments is given below.

2.6.1 Surgical procedures

Prior to surgery the rats were anaesthetized with Isofluran 2% in N,O/O, (2/1). The
permanent cannulations were performed using silicone catheters (inner diameter
(ILD.): 0.5 mm; outer diameter (O.D.): 0.9 mm) (UNO BV, Zevenaar, The
Netherlands). The catheters were inserted approximately 2 cm inside the vessels. The
catheters were tunneled subcutaneously, externalized at the back of the head. After
the cannulation the rats were kept under anaesthetized condition and mounted into a
stereotaxic frame for the implementation of microdialysis probes in left and right
striatum according to a method described previously [10-11]. After exposing and
anesthetizing the skull with 0.5% marcaine-adrenaline, the holes for probe insertion
were drilled. A Y-shaped dialysis probe was used for the experiments, with an
exposed tip length of 3 mm. The dialysis cannula (I.D.: 0.24 mm; O.D.: 0.34 mm)
was prepared from polyacrylonitrile/sodium methallyl sulfonate copolymer (AN 69,
Hospal, Bologna, Italy). The microdialysis cannula was implanted in the striatum.
The following coordinates were used according to the atlas of Paxinos and Watson
[15]: AP +0.9, LM + 3.0 relative to bregma, and Vd — 6.0 below dura. Before
insertion into the brain, the dialysis probe was perfused successively with 70%
ethanol, ultrapure water and Ringer solution (140 mM NaCl, 3.0 mM KCIl, 1.2 mM
CaCly, 1.0 mM MgCl,). The dialysis probe was positioned in the burr hole under
stereotaxic guidance. The probe was cemented in this position with dental cement.
Thereafter the rats were housed solitary.

2.6.2 Experimental procedures

The PK-PD experiments were performed 15-20 h after cannulation and implantation
of the probes. The rats were anaesthetized prior to and kept under anesthetized
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Controlling the PK-PD of (S)-5-OH-DPAT

condition during the experiment with Hypnorm® and Dormicum® at a starting dose
of 0.5 mL.kg"' and subsequently with hourly doses of 0.17 mL kg™

Firstly, to dismiss the potential confounding effects of anaesthesia, an iontophoretic
control experiment was conducted administering only citric buffer (pH 5.0, 5 mM)),
as this is the donor phase used for transdermal iontophoresis, without (S)-5-OH-
DPAT. Before the start of the experiment, the hair of the back of the anesthetized rat
was removed with an electrical clipper and scalpel. 15 min after attaching the patches
to the skin surface, the cathodal patch was filled with PBS pH 7.4 and the anodal
patch was filled with the donor solution. The protocol for iontophoresis was: 15 min
passive diffusion + 90 min current application (250 pA.cm™). The patch was
removed and the skin was wiped using tissue paper. To include the influence of
blood sampling on the DA level, blood samples were taken at regular time intervals:
0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 165, 195, 225, 255, and 285. Blood sampling
and subsequent preparation of the samples were identical to the procedures used for
the PK studies following transdermal iontophoresis (cf. supra).

Secondly, a PK-PD microdialysis study following transdermal iontophoretic delivery
of (S)-5-OH-DPAT was performed. The donor solution consisted of (S)-5-OH-
DPAT (3.9 mM), buffered with a citric buffer (pH 5.0, 5 mM). All the experimental
procedures were identical to the control experiment, as described in the previous
paragraph. Thirdly, a PK-PD microdialysis study was performed with a total dose of
113 nmol 5-OH-DPAT, dissolved in NaCl 0.9%, administered as a 10-min IV
infusion. Blood sampling and subsequent preparation of the samples were identical
to the procedures used for the PK studies following IV infusion (cf. supra).

In all the PK-PD studies the dopamine level and the 5-OH-DPAT concentration were
monitored in the left and right striatum, respectively, with microdialysis. The
microdialysis probes in the striata were perfused with Ringer solution at a flow of 2
pL.min” (CMA/102 Microdialysis Pump, Sweden). Every 15 min a sample was
collected for analysis with a total volume of 30 pl. The analysis of the microdialysate
samples is described below (section 2.7.2).

2.7 Sample analysis

2.7.1 Blood samples of (S)-5-OH-DPAT

The blood samples of 5-OH-DPAT were analyzed with an on-line solid-phase
extraction-liquid-chromatography-mass spectrometry/mass spectrometry (SPE-LC-
MS/MS) method. 5 pl of the internal standard (d,-5-OH-DPAT; 5 ng.ml™") was added
to 35 ul of the collected plasma and 350 pl acetonitrile was added to precipitate the

123



CHAPTER 6

proteins. The mixture was vortexed and centrifuged at a speed of 8000 rpm during 10
min at 10 °C. The supernatant was dried and redissolved in 50 pl MilliQ and 3 pl
was injected on to the SPE cartridge. An external binary HPLC pump (Gynkotek,
Munich, Germany) and an external Agilent 1200, 2/6 switch valve (Agilent
Technology, Santa Clara. CA, USA) were used for the SPE sample trapping. The
samples were trapped on a Hysphere Resin C8, endcapped, 10 x 4 mm, 10 um SPE
cartridge (Spark Holland B.V, Emmen, The Netherlands). Prior to injection, the SPE
cartridge was conditioned with 50mM ammonium acetate buffer pH 9.0, after the
injection the sample was trapped with 10mM ammonium acetate buffer pH 9.0/ACN
(4:1 v/v) during 1 min with a flow of 0.4 ml.min™'. Subsequently, the valve was
switched placing the SPE cartridge in-line with the LC system for elution onto the
analytical column. Elution of 5-OH-DPAT and its internal standard was
accomplished by flushing the SPE column with H,O/ACN (1:9 v/v) during 4 min
with a flow of 0.05 ml.min” and 1 min with 1 ml.min™". Finally, the cartridge was
switched off-line again and re-conditioned using a 50mM ammonium acetate buffer
at pH 9.0 during 2 min with a flow of 1 ml.min™". To analyze the extracted sample an
Agilent 1200 HPLC system with autosampler (Agilent Technology, Santa Clara. CA,
USA) was coupled online with an Agilent 6460 Triple Quadrupole mass
spectrometer (Agilent Technology, Santa Clara. CA, USA). The samples were
analyzed by pPLC-MS/MS using an Altima HP C18 column (150X 1.0 mm; 5 pm)
(Grace Davison Discovery Sciences, Lokeren, Belgium). The mobile phase consisted
of 10 mM ammonium acetate buffer pH 3.7: Acetonitril (2.3:1 v/v) was used. The
total analysis time was 11 min, the flow-rate was 100 pl.min™, the temperature of the
autosample tray was set to 4 °C and the column temperature was set to room
temperature. The detection was performed with a triple quadrupole mass
spectrometer in the positive-ion electrospray mode and all analytes were monitored
with Multiple Reaction Monitoring (MRM). 5-OH-DPAT and the internal standard
d>-5-OH-DPAT were ionized to produce the protonated molecules at m/z 248 and
m/z 250, respectively. Upon collision (collision energy 15 eV; fragmentor enenergy
120 V) the pre-cursor ions of both of 5-OH-DPAT and d,-5-OH-DPAT produced the
same product-ion at m/z 147, corresponding to 5-hydroxy-aminotetraline. System
operation and handling the acquired data was performed using Agilent MassHunter
data acquisition software (version, B.02.00; Agilent). Calibration curves showed a
linear response when using concentrations of compounds between 0.2 and 50 ng.ml
(R*>0.999). The recovery, limit of detection (LOD) and limit of quantification
(LOQ) were experimentally determined at 93.9 + 2.9 %, 0.07 and 0.2 ng.ml”,
respectively.
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2.7.2 Microdialysate samples of (S)-5-OH-DPAT

To analyze the striatal 5-OH-DPAT concentration the dialysate from the probe in the
right striatum was collected every 15 min, resulting in a total volume of 30 puL per
sample. Subsequently, 70 puL of a 7.15 nM solution of (R)-d>-5-OH-DPAT as
internal standard was added to yield final concentrations of 5 nM internal standard in
a 100 pL mixture of water + 0.1% formic acid and Ringer (1:1). The solution was
analyzed using LC-MS/MS. The HPLC system consisted of a Shimadzu LC 20 AD
binary system with a Shimadzu SIL 20AC autosampler. The samples were injected
on a Grace Alltech Alltima HP C18 EPS reverse-phased column (3 pum, length 150 x
2.1 mm L.D.) (Grace Alltech, Lokeren, Belgium). The mobile phase consisted of a
mixture of 0.1% formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile (solvent B). The gradient was programmed as follows: 1 minute
isocratically at 15% B, increase in 7.5 min to 95% B, 2.5 min isocratically at 95% B,
decrease in 1 minute to 15% B and isocratically for 5 min at 15% B. The total
runtime was 17 min. The flow was set at 0.4 mL.min"' and the analysis was
performed at room temperature. The injection volume was 20 pL (partial loop fill)
and the compounds were detected on a SCIEX API3000 triple quadrupole mass
spectrometer (Applied Biosystems/MDS SCIEX, Foster City, CA, USA) equipped
with a Turbo Ion Spray interface. The mass spectrometer was operated in the positive
ion mode with MRM, quantifying transition pairs of m/z 248.2/147.1 and
250.2/147.1 for 5-OH-DPAT and d,-5-OH-DPAT, respectively. Instrument
parameters were as follows: Ion spray voltage 5000 V, nebulizer gas 13, curtain gas
13, TIST (Turbo Ion Spray Temperature) 500 °C, collision activated dissociation
(CAD) gas 4, declustering potential (DP)=35 V, focusing potential (FP)=130 V,
entrance potential (EP)=10 V. The detection limit of 5-OH-DPAT was 1 fmol which
is 0.25 pg (5 x 107" M, 20 pL injection volume).

2.7.3 Striatal concentration of dopamine (DA) and metabolites

The dialysate contents of dopamine (DA) and its metabolites were quantified from
the probe implanted at the left striatum by an on-line HPLC with electrochemical
detection with the detection limit of 1 fmol/sample. A HPLC pump (LC-10AD wvp,
Shimadzu, Kyoto, Japan) was used in conjunction with an analytical cell (5011A,
ESA, Chelmsford, MA, USA) and a electrochemical detector (Coulochem II, ESA,
Chelmsford, MA, USA) working at +300 mV for DOPAC and HIAA and -300 mV
for DA. The analytical column was a Supelco Supelcosil™ LC-18-DB column (150
mm x 4.6 mm, 3 um) (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands).
The mobile phase consisted of a mixture of 4.1 g.L.-1 sodium acetate (Merck), 215
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mg.L"' octane sulphonic acid, 186 mg.L"' EDTA, 7% methanol and ultrapure water
(pH=4.2 with glacial acetic acid). Data were converted into percentage of basal
levels. The basal levels were determined from four consecutive samples (less than
20% variation), and set to 100%. After the experiments the rats were sacrificed and
the brains were removed. The brains were kept in 4% paraformaldehyde solution
until they were sectioned to control the location of the dialysis probes.

2.8 Data analysis

A non-linear mixed effects modeling approach was used to describe the
pharmacokinetics of (S)-5-OH-DPAT in plasma and the dopamine levels (PD
endpoint) in the striatum. The in vivo data following transdermal and IV infusion
were combined for analysis.

2.8.1 PK model

A detailed description of the pharmacokinetic model for (S)-5-OH-DPAT has been
reported elsewhere [7]. Briefly, the PK model is based on compartmental mass
transfer to describe the iontophoretic transport in vivo. Data fitting was performed
according to the ordinary differential equations 1, 2 and 3 for transdermal
iontophoretic delivery:

X

O 1 Nk, X0

dt (1)
dxX,(t
;() =Ky X, () =k X, (1) = k3 X, () + K3y X5 (1)

dt 2)
dX (t)

. :kza-Xz(t)_k32-X3(t) 3)
dt
dX, (1)

With ” as the rate of change in the amount of the drug in compartment i, X; as

the amount of the drug in compartment i, which refers to the skin compartment (i=1),
the plasma compartment (i=2) and the peripheral compartment (i=3). [, is defined as
the zero order mass input during iontophoresis, Kz as the first order release rate
constant from skin to plasma, & as the first order elimination rate constant, k,; and k3,
as the first order distribution rate constants from plasma to tissue and tissue to
plasma, respectively. N is a flag in the model to indicate that the input rate 7, is only
valid during the iontophoresis period.
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Following intravenous administration, data was modeled using Equation 4, which
describes the rate of change in amount of the drug in the plasma compartment:

dX, (¢
ax,@ _ RateM — k. X, (t) — ky, . X, () + ky, X5 (2)

dt 4
With Rate as the zero order intravenous infusion rate and M as a flag to indicate that
the Rate only applies during the duration of the infusion. Equation 3 was used to
describe the rate of change in the peripheral compartment.

2.8.2 PD model

Two PD models were compared to fit the data of the dopamine release in the
striatum during and after transdermal iontophoresis and intravenous infusion. The
first model was the indirect response (IDR) type I model in analogy to the model
proposed by Nugroho et al. [7]. The levels of 5-OH-DPAT in the plasma (C,) were
directly linked to the dopaminergic effect. The equations of the model to describe the

: : . dCy, (1) :
rate of change in the dopamine concentration “a in the striatum:

dCDA (t) — kO (1 Imax 'Cp (t)H

R -k, .Cp,,(t
dt in ]C50 4 Cp (t)H j out DA( )

)

0 _
kin - koul 'CDA (0) (6)

With 7, as the maximum inhibition of the dopamine production, /Cs, is the plasma
concentration of 5-OH-DPAT at which 50% of maximum inhibition is observed, H is
the slope of the curve (Hill coefficient), k. is the zero order rate constant for the
production of response, k,,; is the first order rate constant for the loss of response,

Cp4(0) is the baseline values of dopamine (i.e., dopamine concentration prior to the
inhibiting effect of 5-OH-DPAT).

In the second model, an extra hypothetic compartment was introduced to account for
the delay between plasma concentration and the response, i.e., the effect

dC, (1)

compartment. The rate of change of drug concentration dt in the effect
compartment can be described as follows:

dC, (1) _

dt keO '(Cz (t) B Ce (t)) (7
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With k., as the first order distribution rate constant from plasma to effect
compartment and the elimination rate constant from the effect compartment. The
effect is described by the sigmoid /,,,, model using the following equation:

(®)

I_..C.()"
[CSOH + Ce (t)H

Cpi=Cpy (O){l_

With C, as the drug concentration in the effect compartment.

2.8.3 Model parameters

A detailed description of the PK and PD modeling steps is presented elsewhere [7].
In short, the data analysis was performed using NONMEM version VI (NONMEM
project group, University of California, San Francisco, USA), using the ADVANG6
TRANS1 TOL=5 from PREDPP, as subroutines. The fixed effect parameters (6)
included: /), Ky, clearance (CL), inter compartmental clearance (Q), volume of the
central compartment (), volume of the peripheral compartment (V3), kous, Lnax, 1Cso
and k). Variability in pharmacokinetic parameters was assumed to be log-normally
distributed in the population. Inter-individual variability was modeled by an
exponential error model as written in Equation 9:

Pz’ - e'eXp(ni) (9)
in which 0 is the population value for the fixed effect parameter P, P; is the
individual estimate and #; is the normally distributed interindividual random variable
with mean zero and variance w?. The coefficient of variation (CV %) of the structural
model parameters is expressed as percentage of the root mean square of the
interindividual variability term. The residual error was modeled by a proportional
error model as written in Equation 10:

Cobs,ij = Cpred,ij (I+ gij,l) (10)
where C,; 1s the jth observed concentration in the ith individual, Cp.q; 1 the
predicted concentration, and ¢; 1s the normally distributed residual random variable
with mean zero and variance 2. The estimation of the final population parameters
was performed using the conventional first order estimation method (FOCE). The PK
model parameters were estimated independently and subsequently used as input for
the PD analysis. During model building, goodness-of-fit was based on statistical and
graphical diagnostic criteria. Model selection and identification was based on the
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likelihood ratio test, coefficient of variation of parameter estimates, parameter
correlations and goodness-of-fit plots. For the likelihood ratio test, the significance
level for the inclusion of one parameter was set at p<0.05, which corresponds with a
decrease of 3.84 points in the minimum value of the objective function (MVOF)
under the assumption that the difference in MVOF between two nested models is y°
distributed. Non-nested models are evaluated using the Aikaike Information
Criterion (AIC), which is the MVOF plus two times the number of parameters. The
following goodness-of-fit plots were subjected to visual inspection to detect systemic
deviations from the model fits: individual observed versus population and individual
predicted values. Finally, the performance of the population PK and PK-PD models
were assessed by simulating 100 data sets with the final model parameter estimates.
The evaluation of model performance also included visual predictive check (VPC),
as implemented in Xpose 4 (R version 2.7.0, R-foundation) [16].

3 Results

Three series of in vivo experiments were conducted to investigate the controllability
of transdermal iontophoresis and to explore the potential impact of delivery rate on
the PK-PD relationship of (S)-5-OH-DPAT. In the first study, the influence of the
current density on drug pharmacokinetics in plasma profile was assessed. Two
current densities were applied consecutively for 2h (75 and 150 pA.cm?). In
addition, (S)-5-OH-DPAT was administered as an IV infusion to the same animals to
discriminate delivery-related properties from intrinsic pharmacokinetic properties.
The crossover design also allowed higher precision of the parameter estimates. In the
second study, the influence of the anesthetics, iontophoresis and blood sampling on
the striatal dopamine level (PD endpoint) was investigated as a validation procedure
for this experimental model. In the third study, the PK-PD relationship was
investigated across a range of exposures, with maximum effects being attained for a
short period followed by return of DA levels back to baseline conditions. For this
reason, transdermal iontophoresis (250 pA.cm™) was applied up to 1.5h. In analogy
to the first study presented above, (S)-5-OH-DPAT was also administered with 1V
infusion to enable separation of delivery-related properties from intrinsic
pharmacokinetic properties.
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Figure 2: The observed data (filled circles) of the plasma concentration (C,) of the
individual rats during and after transdermal iontophoretic delivery of (S)-5-OH-DPAT (3.9
mM) together with the population model prediction (solid line) and the individual model
prediction (dashed line). The following protocol was used: 120 min current density of 75

100 200 300 400
Time (min)

500

100 200 300 400

Time (min)

500

100 200 300 400

Time (min)

500

uA.cm?+ 120 min current density of 150 pA.cm™. The patch was removed after 240 min
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Figure 3: A: (S)-5-OH-DPAT concentration-time profiles in blood plasma following
transdermal iontophoresis of (S)-5-OH-DPAT (3.9 mM). Depicted are the observed data
(filled circles) together with simulated median (50%, solid line) and the upper and lower
limit of the model-simulated interquantile concentration range (97.5%-5%, dashed lines).
B: (S)-5-OH-DPAT concentration-time profiles in striatum following transdermal
iontophoresis of (S)-5-OH-DPAT (3.9 mM). Depicted are the observed data together with
the mean.

3.1 PK properties following iontophoresis and IV infusion

In these studies two different current densities (75 and 150 pA.cm™) were applied
consecutively during 2h to investigate the impact of flux on plasma profiles.
Moreover it was of interest to determine the time to reach steady state conditions.
The results of the pharmacokinetic studies are depicted in Figure 2. After 15 min of
passive diffusion prior to iontophoresis no detectable amount was transported into
the plasma (data not shown). In contrast, drug plasma levels increase immediately
when switching on the current. In almost all the animals steady state plasma levels
were achieved after 2h of 75 pA.cm™ current application, with an average plasma
concentration (C,) of 4.1 + 1.9 ng.ml™. By further increasing the current density to
150 pA.cm™, C, increased to 9.4 + 4.8 ng.ml” after 2h approximately. In parallel,
following IV infusion, C, reached a maximum of 5.3 + 0.5 ng.ml" after 15 min (data
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not shown). After the discontinuation of infusion or upon termination of the current
application, the C, declined according to a 2-compartment disposition model.

3.2 Validation of the rat model to investigate the PD effect

The potential effects of anaesthesia (fentanyl+fluanisone and midazolam), of blood
sampling and of transdermal iontophoresis on the striatal levels of dopamine (PD
end-point) were investigated. The results of this control experiment are presented in
Figure 4A. Dopamine levels remained stable in the period immediately before
attaching the patch (-60 to -15 min) and in the 15 minute period of passive diffusion
before iontophoresis (-15 to 0 min). The DA levels, which were set to 100% showed
a non-significant small increase from 97 £+ 3% to 100 £ 4% during iontophoresis,
followed by a stronger increase to 114 + 6% during 115 min after the end of
iontophoresis. These results indicate the suitability of the anesthetized rat model for
monitoring of DA levels to evaluate the properties of transdermal iontophoretic
delivery or IV infusion of (S)-5-OH-DPAT.

3.3 PK-PD relationships following iontophoresis and IV infusion

The pharmacokinetics and pharmacodynamics of (S)-5-OH-DPAT were assessed
following transdermal iontophoresis and IV infusion. With regard to the PK, no
detectable plasma concentration could be observed after 15 min passive diffusion
(data not shown). When starting the current application (250 pA.cm™) the plasma
concentration increased immediately and tended towards steady state after 90 min of
current application (Figure 3A). The average concentration after 90 min of
iontophoresis was 20.4 + 3.7 ng.ml™". Following IV infusion, C, reached a maximum
of 29.9 + 2.4 ngml' after 10 min (data not shown). The decline in plasma
concentration post (S)-5-OH-DPAT administration was best described by a 2-
compartment disposition model. Following transdermal iontophoresis, (S)-5-OH-
DPAT concentrations in the striatum were also monitored. As shown in Figure 3B,
5-OH-DPAT concentrations increased to 0.96 + 0.18 ng.ml' during current
application, but this effect occurred after a small delay (between 7.5 and 22.5 min) in
relation to the beginning of iontophoresis. The concentrations decreased again with
the same delay upon discontinuation of the iontophoretic current.
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Figure 4: The dopamine release, expressed as % of baseline vs time. A: transdermal
iontophoresis of only buffer (control experiment) B, D: transdermal iontophoresis of (S)-5-
OH-DPAT (3.9mM).C, E: IV infusion of (S)-5-OH-DPAT (113 uM).

A: depicted is the mean = SD. B-E: depicted are the observations (filled circles) together
with the model simulated interquantile DA% range (2.5 %-97.5%, dashed lines) and the
simulated median (50%, solid line). A number of 100 samples were simulated based on the
final parameter estimates.

B, C: the visual predictive check without including a covariate of route of administration on
ICso. D, E: the visual predictive check including a covariate of route of administration on
ICso. In all panels the average dopamine release of 4 consecutive points prior to
administration (time=-60 to -15 min) was set to 100%.
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Table 1: The population estimates obtained from fitting the plasma profile and/or the
pharmacological response following transdermal iontophoresis. During the PK study, two
different current densities (75 and 150 pA.cm™) were applied consecutively for 2h. During
the PK-PD study, a current density of 250 pA.cm™ was applied for 1.5h.

PK study PK-PD study
Between Between
Estimate animal Estimate animal
variabity variabity
arameter unit mean RSE mean RSE RSE
P % % % %
V, L 0.5 6 0.5 18 0.100 71
V3 L 1.7 16 0.189 46 0.7 16 0.109 42
CL L.h'! 2.6 13 0.194 45 2.0 6 0.027 29
Q L.h?! 2.5 9 1.9 23 0.218 44
1 75 nmol.cm™.h’! 24.7 29
J 150 nmol.cm™.h”! 51.3 30
J 250 nmol.cm™.h’! 87.3 8  0.000 /
Kr h' 2.2 21 5.5 26 0.000 /
Keo h'! 3.9 10 0.192 77
ICsoIONTO ng.ml™ 4.4 13 0.162 50
ICso IV ng.ml’ 1.9 11
N 3.2 10 0.000 /
Tvax DA% 41.6 8 0.045 36
Sigma PK 0.037 12 0.0246 20
Sigma PD 0.0120 22
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The striatal dopamine release (PD endpoint) was monitored on-line simultaneously
with plasma and striatal concentrations of (S)-5-OH-DPAT. These results are
presented in Figure 4. Firstly, the pharmacodynamic effect was monitored following
iontophoresis (15 min passive diffusion + 90 min of iontophoresis 250 pA.cm™)
(Figure 4B). During passive diffusion (-15 to 0 min) no change in DA levels were
observed. Subsequently, dopamine levels gradually decreased to a minimum of 48.8
+ 5.1% of basal values within 94.5 + 16.4 min after the start of the iontophoresis. DA
levels returned to baseline values within 79.4 £+ 11.3 min after the end of
iontophoresis. In contrast, IV infusion of (S)-5-OH-DPAT resulted in an immediate
decrease in the DA level. Maximum inhibition of 38.3 + 8.4 % relative to baseline
values was achieved after 42.1 + 2.5 min (t,,x) after start of IV infusion (Figure 4C).
DA levels returned to baseline values within 120.4 + 20.5 min after the end of
infusion. A slight rebound effect was observed at the end of the experiment. DA
level further increased to 119 +£ 22 and 120 + 23% relative to baseline after
transdermal delivery and IV infusion, respectively.

3.4 PK-PD analysis following transdermal iontophoretic delivery and IV
infusion

The pharmacokinetic data following transdermal iontophoresis was analyzed
simultaneously with the PK data following intravenous infusion. The objective of the
integrated analysis was to facilitate discrimination between delivery-specific
parameters (1o, Kg) and drug-specific parameters (V,, V3, CL, Q). The larger sample
size also allowed for more precise estimation of model parameters. The resulting
parameters are provided in Table 1. The low relative standard error (RSE) for all the
fixed effect parameters (RSE < 30%) indicates high precision of estimates.
Moreover, as observed in Figure 2 and in Figure 5A, the model accurately describes
the time course of plasma concentration during and after current application.

An integrated approach was also applied to the PK-PD experiments. The analysis of
the PK PD data following IV administration and iontophoresis was performed
simultaneously. In analogy to the PK study, the plasma concentration profile could
be described by the proposed compartmental model. In Figure 3A, the VPC depicts
the goodness of fit, with observed data randomly distributed within the 95%
confidence interval (C.I.). In addition, the diagnostic plots (Figure 5B) show a good
correlation between the observed and predicted C,.
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Figure 5: Diagnostic plots of the plasma and striatum analysis using the integrated PK-PD
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The effect of (S)-5-OH-DPAT (striatal dopamine release) was assessed by two
pharmacodynamic models. The first model consisted of a turnover model, i.e., with
indirect response type I [14], and the second model consisted of an effect
compartment and a sigmoid /,, model [13]. The AIC of the effect compartment
model was lower than the turnover model. In addition, an improved distribution of
the observations in the 95% C.I. of the VPC and a lower residual standard error
(RSE) of the parameter estimates were observed when fitting the data with the effect
compartment model (comparison not shown). Therefore the effect compartment
model was selected for further evaluation of the PK-PD relationship of (S)-5-OH-
DPAT. Given the small bias observed in the simulated median profiles of DA
(Figure 4B and 4C), a covariate analysis was performed, which revealed differences
in ICsy depending upon the administration route. Incorporation of the route of
administration as covariate into the model improved the VPC (Figure 4D and 4E)
and the objective function decreased significantly (y*-test; p<0.05). The resulting
parameters are summarized in Table 1. PK and PD parameters were estimated with
good precision, as indicated by a relatively low RSE of the parameters (<26 %).

Figure 4D and 4E depict the 95 C.I. together with the simulated median response
when including route of administration as covariate in the model. It can be observed
that the model slightly under- and overpredicts the median of the DA release
following transdermal iontophoresis and IV infusion, respectively. Nonetheless, 95%
of the observations can be found within the boundaries of the confidence interval.
Finally, goodness-of-fit plots for the dopamine release (Figure 5C) show that the
model accurately predicts the observed DA release for both administration routes.

4 Discussion

The present study provides novel information on the pharmacokinetic and
pharmacodynamic properties of the active enantiomer of the potent dopamine agonist
(S)-5-OH-DPAT. Specifically, the present investigation focused on the
controllability of the transdermal iontophoretic delivery of this compound with
regard to the plasma concentration and the dopaminergic activity in the striatum.

4.1 Relationship between current density and plasma profile

With regard to the controllability of the plasma concentration, the relationship
between the applied current density and the corresponding plasma profile was
investigated. Three different current densities (75, 150 and 250 pA.cm?) were
applied in 2 different studies. A comparison of the pharmacokinetic parameters of
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the PK-study (using two current densities 75, 150 pA.cm™) and the PK-PD study
(applying 250 pA.cm™) revealed a difference in peripheral volume of distribution
(V3), central (CL) and peripheral clearance (Q). The difference in these
pharmacokinetic parameters can be attributed to the difference in recovery period
after surgery of the animals in the two studies, rather than due to differences in
transport/delivery. For the PK-studies, the animals were allowed to recover for at
least 1 week, whereas the PK-PD studies were executed 15-20h post surgery. Similar
results were found by Torres-Molina and co-workers, who demonstrated that the
placement of a permanent cannula in the jugular vein influences the PK parameters
of amoxycilin and antipyrin in rats. The PK parameters depended on the time of
execution of the experiment after placement of the cannula [17]. This should be
taken into account when designing new experiments, especially with a cross-over
design.

Despite the difference in PK parameters between the two studies, a clear linear
dependency (R?=0.999) was observed (Figure 6) between the applied current density
and the in vivo steady state flux, calculated from the zero order mass input using the
following equation [18]:

1
Flux = EO (11)

In literature, similar results were reported for the iontophoretic delivery in vivo of
hydromorphone and ropinirole [6, 19]. Moreover, Patel et al. recently demonstrated
the controllability of the plasma concentration profiles by the current density for
zolmitriptan [20]. These results show that, despite differences in PK properties, the
drug input into the skin can be controlled very carefully by adjusting the current
density. This can be very useful in initiating therapeutic treatment with dopamine
agonist, adjusting the dose to the demand of the individual patient.

Based on this relationship between the in vivo flux and the current density, the in
vivo flux, applying a current density of 500 pA.cm™, was estimated at 174.9
nmol.cm2h™. Despite the interspecies differences, this value differs only 21% from
the in vitro flux across human stratum corneum (211.9 + 11.1 nmol.cm2h™), when
applying a current density of 500 pA.cm™ [21]. This indicates that in vitro transport
parameters can be used to predict drug delivery properties in vivo, even across
species. Regarding the rat skin, iontophoretic transport is frequently comparable with
human skin, in which iontophoresis may diminish interspecies variations in in vitro
skin permeation studies [22-23].
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Figure 6: In vivo flux vs current density. Each data point represents the parameter estimate,
determined with compartmental modeling, with the standard error of the parameter estimate.
In each experiment 4-6 rats were used.

Our findings suggest the possibility of further refinement of future experiments for
the evaluation of drug delivery by iontophoresis. In fact, a model-based approach can
be used to to provide guidance for optimal sampling and dose selection as well as by
allowing a more quantitative assessment of safety margins. This is one of the reasons
why PK-PD modeling is gaining a more prominent place in the different stages of
drug development [24].

4.2 PK-PD relationship

Next to a controlled plasma concentration the second aim of our investigation was to
characterize the PK-PD relationship of (S)-5-OH-DPAT. A previous study showed
that 5-OH-DPAT, administered with transdermal iontophoresis can cause a very
strong pharmacodynamic effect. However it was observed that even after 3h post-
iontophoresis the dopamine level (PD end-point) did not recover to its initial state
[7]. In addition, during these studies choral hydrate was used as anesthetic [7].
Chloral hydrate is not considered the optimal choice for anesthesia of small animals,
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like rodents. Moreover several studies showed that choral hydrate influences the
striatal DA turnover [25-27] and enhances the suppressive effects of several DA
agonists [28]. Therefore our studies were performed following IV infusion and
iontophoresis to explore the implications and validate the use of new anesthetic
procedures in conjunction with on-line brain microdialysis [10-11]. In addition, we
assessed the PK-PD relationship under a wider range of exposures, ensuring
reversibility of the PD effect.

A mixture of fentanyl, fluanisone and midazolam was chosen to anesthetize the
animals. However, it has been reported in literature that these anesthetics
individually also can affect the striatal DA metabolism. Fentanyl and fluanisone can
increase the DA turnover in the striatum [29-31], while midazolam has been reported
to decrease the DA levels in a dose dependent manner [32]. Besides the effect of the
combination of anesthetics, the effect of iontophoresis and blood sampling on the
dopamine level was also investigated. As shown in Figure 4A, the stimulating effect
of fentanyl and fluanisone and the inhibiting effect of midazolam on the dopamine
release were balanced during iontophoresis. After iontophoresis the dopamine release
increased slightly, which could indicate a dominating effect of fentanyl. Nonetheless
a rat model was established with stable dopamine release levels during anesthesia,
which enabled us to investigate the dopaminergic effect of (S)-5-OH-DPAT
following intravenous infusion and transdermal iontophoresis.

For both administration routes a decrease in striatal DA level can be observed which
returns to baseline within 2h after ending the administration. This demonstrates that a
controlled reversible effect can be obtained. Moreover, DA levels seem to reach
steady state following transdermal iontophoresis, in parallel to time course of
concentrations in plasma. These results suggest that steady state concentrations of
(S)-5-OH-DPAT translate into a steady state decrease of the dopamine level. Given
that dopamine synthesis is indirectly controlled by presynaptic dopamine receptors,
these findings suggest a continuous stimulation of the dopamine receptors [33-34].
Likewise, it has been shown that stable plasma levels of rotigotine, another potent 2-
aminotetralin, also result into continuous dopaminergic stimulation [35]. This could
be of great benefit for symptomatic treatment of Parkinson’s disease. It is generally
believed that continuous dopaminergic stimulation is currently the best strategy to
reduce motor complications after long-term use of dopaminergic agents [5].
However, further investigations are required applying current for a longer time
period with different doses to confirm the applicability of transdermal iontophoresis
of dopamine agonists like (S)-5-OH-DPAT.
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4.3 PK-PD modeling

The plasma profile and the DA release following IV infusion and transdermal
iontophoresis were analyzed using compartmental modeling. Plotting the DA release
vs the plasma concentration showed a counter clock-wise hysteresis (data not
shown). This indicates a time delay between the plasma concentration and the
pharmacological response. To account for this delay an effect compartment model
[13] was compared with an indirect response model type I [14]. In the present study,
it is shown that the DA release is best described by an effect compartment in
conjunction with the sigmoidal 7,, model. This suggests that the delay between
plasma concentration and pharmacological response is attributed to the distribution
from plasma to site of action, rather than because of a slow onset of the effect. This
is further supported by the delayed increase in striatal 5-OH-DPAT concentration
following transdermal iontophoresis in Figure 3B. These findings shed light into the
mechanisms underlying delay reported by Nugroho et al., who described the DA
release, following transdermal iontophoresis of 5-OH-DPAT with an indirect
response model type I [7].

As observed in Table 1, the ICsy is approximately 2.3 times lower when
administering (S)-5-OH-DAT with IV infusion compared to the ICs, with
transdermal administration. This raises an important question regarding the role of
the delivery rate: Do differences in delivery rate alter the response profiles of (S)-5-
OH-DPAT? This question can be addressed by estimating the pharmacodynamic
efficiency (EFF), defined as the pharmacological response per unit of concentration,
as shown in the following equation:

AAEC .
AUC (12)

Where AUC (ng.ml"'.min) is the area under the plasma 5-OH-DPAT concentration
curve and 4A4EC (DA%.min) is the area above the effect curve (normalized for
baseline dopamine levels). For the IV infusion EFF was 9.2 + 2.3 DA%.ml.ng",
which is approximately 1.9 £+ 0.8 times higher than the EFF following transdermal
iontophoresis, estimated at 4.8 £ 1.7 DA%.ml.ng". Given that the delivery rate
during IV infusion was approximately 3.5 times higher than during transdermal
iontophoresis, these observations suggest that a high delivery rate may improve the
pharmacodynamic efficiency. In this respect. transdermal iontophoresis can be a
suitable delivery technique, since the delivery rate can easily be adjusted using
different current densities (Figure 6). For instance a loading dose, by applying a
higher current density at the start of the iontophoretic delivery, can be combined with

EFF =
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a maintenance dose, by gradually decreasing the current density to a certain level.
Follow-up studies based on drug administration with different delivery rates should
be performed to confirm these findings.

The use of an integrated PK-PD approach, simultaneously monitoring drug
concentrations in plasma and pharmacodynamic effects, has several benefits over
experimental designs in which C, or the PD effect are evaluated independently.
Firstly, it was shown that a steady state plasma concentration may result in a
continuous stimulation of the dopamine receptor. Secondly, PK-PD modeling
contributes to further understanding of the mechanisms and time course of drug
action. Thirdly, PK-PD model parameters can be used to support the design of future
experiments. Furthermore, the assessment of PK-PD relationships enables
discrimination between delivery-specific and drug-specific parameters. This
distinction is critical in drug delivery research, in that it warrants the identification of
the factors which may ultimately determine treatment response in vivo.

In conclusion, these studies demonstrate that transdermal iontophoresis can be an
excellent delivery route for continuous controlled administration of (S)-5-OH-DPAT
and other potent dopamine agonists for the symptomatic treatment of Parkinson’s
disease. PK-PD modeling suggests that target distribution causes the delay between
plasma concentration and drug effect. In addition, modulation of the delivery rate
seems to have a direct impact on the pharmacodynamics. These results are very
important for understanding of the mechanisms underlying drug transport and
disposition following transdermal iontophoresis. This information will be crucial for
designing a self-controlled delivery device, guided by a feedback system.
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