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ABSTRACT

The myocardium is an important site for the therapeutic and toxic effects of many
drugs; however, methods used to date to predict myocardial drug concentrations
have been flawed. In this thesis, myocardial pharmacokinetic profiles were defined
using mass balance principles and were correlated with simultaneously measured
myocardial pharmacodynamic profiles. Left coronary artery blood flow was
measured by a Doppler method, the myocardium perfused by this vessel was defined,
and frequent arterial and coronary sinus blood samples were taken so that the rapid
uptake and prolonged elution of drugs from the myocardium could be quantitated.
The calculated myocardial drug concentrations correlated well with the measured
haemodynamic effects. The importance of measuring blood flow for mass balance

calculations was subsequently confirmed.

Because the "mass balance” method does not directly measure tissue drug
concentrations, some of the underlying assumptions necessary for its use were
validated. Rates of drug diffusion from the surface of organs and rates of drug
transported by lymph were shown to have negligible effects on the mass balance,
findings which also have implications for the understanding of mechanisms of drug
disposition in poorly perfused tissues and the interstitial space. A rapid blood
sampling method was developed because previously available methods were shown
to be inadequate for applying mass balance principles. It was also found that the i.v.
injection of hypotonic solutions had deleterious effects on myocardial function in

sheep. This has significant implications for the formulation of i.v. drugs.

The myocardial pharmacokinetics and pharmacodynamics of iv. bolus doses of
lignocaine and pethidine were investigated in conscious, unrestrained sheep.
Subconvulsive doses of these drugs significantly decreased myocardial contractility in
a dose dependent manner, with only the highest dose of pethidine inducing apparent
central nervous system (CNS) effects, suggesting that cardiovascular system may not
in fact be more tolerant to local anaesthetic toxicity than the CNS. The time -

courses of the myocardial depressant effects of both drugs were better related to



X1

their concentrations in the myocardium than in arterial or coronary sinus blood.
Threshold myocardial drug concentrations for causing a 10% reduction in myocardial
contractility were 4.5 + 2.4 ug/g and 8.2 + 3.8 pg/g for lignocaine and pethidine,
respectively. Net drug uptake lasted only a minute, and equilibrium between
myocardial and blood drug concentrations was not attained in these studies, casting
doubt on the validity of some widely made assumptions in pharmacokinetic studies.
The elution of pethidine from the myocardium was more rapid than that of

lignocaine, possibly due to its greater lipophilicity.

Analogous studies in various tissues and regions using drugs with a wide range of
physiochemical properties under different pathophysiological conditions will allow
better prediction of site - specific drug concentration - effect relationships, and may

ultimately provide a scientific basis for the design of drugs and drug dosing regimens.
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CHAPTER 1: A LITERATURE REVIEW OF STUDIES OF MYOCARD}AL X

PHARMACOKINETICS AND PHARMACODYNAMICS.

1.1 Introduction

Several groups of commonly used drugs exert effects on the heart either through
receptors on the surfaces of the myocardial cells or by intracellular mechanisms
(Goldstein et al., 1974; Hondeghem and Datzung, 1984; Clarkson and Hondeghem,
1985). For example, the myocardial toxicity of antiarrythmic drugs is manifested by
conduction disturbances, hypotension or even cardiac standstill (Harris et al., 1952;
Epstein, 1953; Lewis 1983). For other drugs such as analgesics, barbiturates, local
anaesthetics and some antineoplastic agents, myocardial toxicity is apparent as
myocardial depression, hypotension, arrythmia or myocardiopathy (Gonway and
Ellis, 1969; Strauer, 1972; Pacciarini et al., 1978; Bowman and Rand, 1980; Jaenke et
al., 1980; Legha et al., 1982; Kotelko et al., 1984; Reiz and Nath, 1986).

Such myocardial side effects greatly increase the risks associated with the use of
these drugs. Clinical experience and literature reports show that it is possible to
devise administration regimens of these drugs whereby the desired therapeutic
effects can be achieved while toxic effects on the heart are minimised (Giardina et
al., 1973; Lima et al., 1978; Mungall and Docktor, 1983; Zipes, 1985). However, few
experimental studies have addressed the scientific basis of these problems and their
empirical solutions in an integrated manner. While pharmacokinetic studies aim to
describe or predict the time - courses of drug concentrations in blood or some other
site, they often do not include the study of the effects of the drugs. Conversely,
pharmacodynamic studies have often measured the therapeutic or toxic effects of
drugs, but often have correlated these effects to drug doses or the drug concentration
at a site removed from the site of action of the drug. A central tenet of this thesis is
that integrated pharmacokinetic - pharmacodynamic studies are necessary to
properly correlate the time - courses of drug concentrations at their sites of action

and their effects at those sites of action.



An important feature of such integrated studies is the need to measure the
concentration of the drug at a site as close as possible to, or in equilibrium with, the
concentration at the site of drug effect. However, the vast majority of the
pharmacokinetic studies reported in the literature involve the study of the time -
courses of drug concentration in "systemic" arterial or venous blood (usually
peripheral venous blood) and therefore describe the "systemic pharmacokinetics" of
the drug. Recently, "regional" pharmacokinetics has been defined (Upton et al.,
1988a; Upton, 1990) as the study of the time - courses of drug concentrations in
organs or regions of the body. With respect to the heart, it has been proposed that
the myocardial concentrations of drugs will to a large degree determine the
magnitude of their therapeutic or toxic effects on the heart (Jaenke et al, 1980;
Horowitz and Powell, 1986). This thesis examines the relationships between the
myocardial pharmacokinetics and pharmacodynamics of drugs in a conscious,
unrestrained sheep preparation. It is hoped that further understanding of these
relationships may ultimately provide a scientific basis for the design of the
administration regimens, molecular configuration and formulation of drugs with

effects on the heart.

This chapter is a brief review of studies of myocardial pharmacokinetics and
pharmacodynamics, with particular emphasis on those using mass balance principles
and the drugs lignocaine, procainamide and pethidine which were chosen for study in

the experimental sections of this thesis.

1.2 Methods for studying myocardial pharmacokinetics

Basic pharmacokinetic data can be obtained from either in vitro or in vivo
experiments. In addition, modelling methods can then be used to describe these
data, possibly for the purpose of predicting the pharmacokinetics under altered

circumnstances. These distinctly different methods are discussed in turn.

1.2.1 Experimental methods for studying myocardial pharmacokinetics
The experimental methods for regional pharmacokinetic studies in general

(Upton et al,, 1990a), and for studies of myocardial drug uptake have been



recently reviewed (Horowitz and Powell, 1986). These can be generally divided

into two categories - in vitro and in vivo.

1.2.1.1 Invitro techniques

Cell fragments, cell culture and tissue preparations

Cell fragments from the myocardium (Potter, 1967; Dutta et al., 1968) and
cultured myocardial cells (Horowitz et al., 1982) have been used for studies
of subcellular or cellular drug uptake from the surrounding medium.
Isolated myocardial tissues (either cardiac muscle and/or Purkinje fibres)
have also been studied. They were usually superfused in physiological
electrolyte solution with pH at 7.4 and a temperature of 37°C, bubbled with
95% oxygen and 5% carbon dioxide (Pruett et al., 1977; Lullmann et al,
1979; 1980; Pang and Sperelakis, 1983). Drugs, usually tritiated, were added
to the culture solution and, after set time periods, the tissues were taken out,
blotted dry, homogenised and assayed for drug. For these techniques, tissue
drug uptake was usually expressed as a cardiac tissue to medium drug

concentration ratio.

The use of cultured tissues or cells in the study of drug uptake allows strict
control of the factors which influence myocardial drug uptake. For example,
adjustment of the pH and electrolytes in the medium makes possible the
study of the influences of the physicochemical properties of drugs on tissue
uptake. Furthermore, it is possible to achieve drug concentrations in the
myocardial tissues which would be impossibly high for in vivo studies. There
is no redistribution of drug to other organs, drug clearance, or blood protein

binding of drug in such studies.

Isolated perfused heart preparations

Myocardial drug uptake has also been studied using isolated perfused hearts
from animals (e.g. the Langendorff preparation). The hearts were usually
rapidly removed from the experimental animals, cannulated and kept under

constant perfusion with Krebs - Henseleit bicarbonate buffer solution. They



were usually electrically stimulated so that they continued to beat (Dutta et
al,, 1968; Kim et al., 1983; Gillis and Kates, 1986). The drugs under study
were added into the perfusate reservoir, and the concentrations of drug in
both the efferent (from the coronary sinus) and afferent (from the aorta)
perfusate were measured. The amount of myocardial uptake was calculated
using mass balance principles (see 1.5) from perfusate flow rate and
concentration differences between the afferent and efferent perfusate (Gillis

and Kates, 1986).

A number of advantages of this preparation are apparent. Drug uptake into
the isolated perfused heart preparation is not confounded by the
redistribution that occurs during in vivo studies. It is possible to control the
coronary perfusion rate, and the preparation is free from the influences of
anaesthesia and the nervous system. Again, these factors are advantages
only in studies of the basic mechanisms of myocardial drug uptake. The lack
of both protein and red blood cells in the perfusion medium will almost
certainly influence drug uptake, although these conceivably could be added

to the perfusion medium.

Whether the features of the preparations described above are advantageous or
disadvantageous depends on the purpose of the study. Further discussion of

these issues is presented below (see 1.4.1).

1.2.1.2 In vivo techniques in animals
Several methods have been used to determine myocardial drug concentrations

in animals.

Post - mortem myocardial biopsy
Myocardial tissue has been collected for drug assay after sacrificing animals
to obtain the effective or toxic tissue concentrations (Dutta et al., 1963)

under both normal and pathological conditions (Marcus et al., 1964; Doherty



and Perkins, 1966; Benowitz et al., 1974a; Lloyd and Taylor, 1975; 1977; Zito
et al., 1980; Zito et al., 1981; Morishima et al., 1984).

The serial sacrifice of a number of animals at different pre - determined
times is necessary to characterise the time - course of myocardial drug
concentrations. This has been compared with the time - courses of blood
drug concentrations (Wenger et al., 1978; Nattel et al., 1979; Wenger et al.,
1980).

Serial myocardial biopsy

The serial biopsy of myocardial tissue in the same animal has been possible
under anaesthesia in open - chested animal preparations with a high speed
boring tool (Keefe and Kates, 1982; Halpern et al., 1984). Similarly, serial
endocardial biopsies of the interventricular septum and the free wall of the
ventricles (Cho, 1973; Selden and Neill, 1975; Anderson et al., 1980) have
been collected and assayed to characterise the time - course of myocardial
drug concentrations, and these have been compared with the time - course of

serum drug concentrations.

Serial and post - mortem biopsy methods have similar advantages, but the post

- mortem method is hampered by the need to use large numbers of animals to

characterise the time - course of myocardial drug concentrations. However, it

does not require anaesthesia. The principle advantage of both methods is that

different areas of the myocardium can be sampled, thereby allowing the

determination of the drug concentrations in different parts of the heart, such as

the atria and ventricles, and in ischaemic and normal myocardium. Most

importantly, both can be used to characterise the ir vivo time - course of tissue

drug concentrations.

Arterial and coronary sinus blood sampling
The short term uptake and subsequent elution of drugs in the myocardium

have been determined using mass balance principles. The basis of this



method will be discussed subsequently (see 1.5). In all cases, the
concentration differences between paired arterial and coronary sinus blood
samples were used to calculate some parameters which reflected the

movement of drug into and out of the myocardium (Selden and Neill, 1975).

1.2.1.3 Techniques in man

There have been few reports of studies involving measurements of the time -
courses of myocardial drug concentrations in man, particularly with
corresponding measurements of the time - courses of therapeutic or toxic drug
effects. Myocardial tissue biopsies have been taken from patients during
cardiac surgery, either before or after cardiopulmonary bypass. The biopsies
were assayed to determine the myocardial drug concentrations for comparison
with simultaneous serum drug concentrations (Coltart et al., 1972; Carroll et
al.,, 1973; Gullner et al.,, 1974; Debbas et al., 1983; 1984; Padrini, 1985;
Escoubet et al., 1986). These studies usually have been opportunistic, and have
had constraints on the number and size of tissue samples that could be taken,

and on the dose regimens of the drugs administered to the patient.

The calculation of myocardial drug uptake from paired coronary sinus and
arterial blood samples is a promising method for investigations in humans
(Marks et al., 1964; Selden and Neill, 1975; Hayward et al., 1983; Horowitz et
al,, 1986). It has been used in patients undergoing cardiac catheterisation
procedures for diagnostic purposes (Selden and Neill, 1975; Horowitz et al.,
1986). Unlike many other studies, in these studies the coronary blood flow
rates were also measured so that myocardial drug uptake and elution could be

determined (see 1.5).

In some instances, post - mortem sampling of tissues to study digoxin
distribution has been reported (Doherty al., 1967; Maggioni et al., 1983; Brien
et al,, 1987). This method has limited use because it is relatively opportunistic

and uncontrolled.



1.2.2 Modelling methods for studying myocardial pharmacokinetics

In view of the influence that pharmacokinetic models have had on the design and
interpretation of studies of the myocardial kinetics of drugs, it is pertinent to
briefly discuss their application to this field. Pharmacokinetic models can
describe, and more importantly, predict the time - courses of drug concentrations
in the body. The ability to predict drug concentrations has the potential to aid the
clinical use of drugs by allowing clinicians to design different dose regimens to
achieve the desired drug concentrations in particular tissues or organs in the body
(Wagner, 1975; Lima et al, 1978). Pharmacokinetic models can be generally
grouped into two types, systemic or regional. [Each has quite different

applications. These are discussed below.

1.2.2.1 Systemic pharmacokinetic models

Systemic pharmacokinetic models can be compartmental or physiologically
based. In compartmental pharmacokinetic models, the whole body is
represented as one (e.g. Boyes et al,, 1970), two (e.g. Boyes et al, 1971;
Galiazzi et al., 1976; Lima et al.,, 1979) or three (e.g. Dutcher et al., 1977; Kates
and Jaillion, 1980) compartments. Commonly, the body is modelled as two
compartments representing central and peripheral tissues. In the central
compartment, tissues and organs are assumed to be well - perfused, and drug
concentrations in the tissue and blood reach equilibrium with blood rapidly
after drug administration (Goth, 1984a). Drug distribution and redistribution
between the compartments are described by a few rate constant and volume of
distribution terms. The myocardium and other very well - perfused organs such

as the brain are usually presumed to be located in the central compartment.

Physiologically based pharmacokinetic models differ in that each important
tissue or organ in the model is represented by regional physiological models,
and these are interconnected by the circulatory system (Himmelstein and Lutz,
1979; Gerlowski and Jain, 1983). These regional models will be discussed
subsequently (see 1.2.2.2). However, in the application of physiologically based



models to systemic pharmacokinetics, several observations are pertinent.
Firstly, the regional models are simplified by the use of a number of
assumptions. Secondly, the parameters for the regional models are often
derived from the literature. Thirdly, physiological models are often used to
study factors influencing the systemic blood concentrations of drugs. It should
be apparent that the success of these systemic physiological models is highly
dependent on the appropriateness of the regional models of which they are

composed. These are discussed below.

1.2.2.2 Regional pharmacokinetic models

The aim of regional pharmacokinetic modelling (Upton, 1990; Upton et al.,
1991a) is to represent the kinetics of a drug in a specific region of the body (a
region has been defined as the organ(s) or tissue(s) between specified afferent
and efferent blood vessels). Studying a particular region has the advantage of
reducing the number of factors influencing the measured drug concentrations,
but more importantly is closer to the study of the concentration of drugs at their
site of action. There are a number of regional pharmacokinetic modelling
methods which have been, or have the potential to be, applied to the uptake
and elution of drugs by the myocardium. These have been discussed in detail
(Upton et al,, 1991a), and will be introduced briefly under the following

headings:

"Black box" methods

Black box methods assume that no information is available about the region
other than the time - courses of the arterial and venous blood drug
concentrations. They are generally based on statistical moment analysis, and
the processes of convolution and deconvolution. It is now becoming
apparent that these methods could be useful for empirically predicting the
"response” of regions which behave in a linear manner to different dose

regimens or time - courses of arterial drug concentrations.



The use of mass balance principles in regional pharmacokinetic studies is

also a "black box" method, but will be discussed subsequently (see 1.5).

Single compartment, flow - limited models

These are by far the most common regional pharmacokinetic models, and
they are the basis of many of the systemic physiological pharmacokinetic
models discussed in the literature (Himmelstein and Lutz, 1979; Gerlowski
and Jain, 1983). A region is represented as a single compartment, and it is
assumed that drugs mix instantaneously with the tissues of the region.
Equations to describe this are therefore based on two assumptions: Firstly,
that the rates of increase and decrease of tissue drug concentrations are
limited by regional blood flow. Secondly, that the tissue drug concentrations
are proportional to the regional venous blood drug concentrations. The

validity of these assumptions will be discussed below (1.4).

Multi - compartment models

In these models, the region is usually divided into up to three
subcompartments: vascular, interstitial and intracellular. Differential mass
balance equations are written for each compartment represented by inflow,
outflow, accumulation and disappearance of drugs (Gerlowski and Jain,
1983; Himmelstein and Lutz, 1979). These models have a large number of
physiological parameters. In this way the factors which influence drug
disposition, such as anatomical (organ volumes and tissue sizes),
physiological (blood flow rates and enzyme reactions) and thermodynamic
(drug protein binding and transport) parameters which were often used for
modelling (Bischoff and Dedrick, 1968; Chen and Andrade 1976; Igari et al.,

1982) can be included as parameters of the model.

These multi - compartment regional pharmacokinetic models have yet to be
widely used, perhaps because of the difficulty in experimentally determining

the values of the parameters of the model.
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1.3 Methods for simultaneously studying myocardial pharmacokinetics and
pharmacodynamics

Like pharmacokinetic studies, pharmacodynamic studies can be performed in both in
vitro and in vivo experimental preparations. For in vitro experiments, drug effects can
be correlated with drug concentrations in either the tissue being studied or the
culture medium (which is assumed to be in equilibrium with the tissue
concentration). For in vivo experiments, drug effects can be correlated with tissue or

blood drug concentrations.

1.3.1 Experimental methods
The in vitro and in vivo methods for studies of myocardial pharmacodynamics are

discussed separately as follows.

1.3.1.1 Invitro studies

Myocardial cells from guinea pig atrium (Inomata et al., 1989) and chicken
embryo heart (Howowitz et al., 1982), and Purkinje fibres (Pruett et al., 1977)
from the dog have been used to study the relationships between drug
concentrations in the culture medium or the tissue itself and drug effects such
as electrolyte channel blockade and antiarrhythmic actions. Isolated perfused
hearts of rabbits have been used to study myocardial drug uptake (calculated by
mass balance principles, see 1.5) and drug effects such as those on the
electrocardiograph, myocardial contraction velocity and amplitude, oxygen
consumption and coronary blood flow rate (Gillis and Kates, 1986; Nielsen -
Kudsk et al., 1988; Nielsen - Kudsk et al., 1990). The fact that the cultured
tissues or cells are free from both autonomic and somatic nerve supply and the
influences of endogenous biochemical substances, such as catecholamines (Kim
et al., 1983), excludes the influence of such exogenous variables on the

correlation between drug uptake and effect.

1.3.1.2 Invivo studies
Myocardial biopsy (Keefe and Kates, 1982; Vogt et al., 1988) and mass balance

principles (by measuring arterial and coronary sinus blood concentration
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differences, Hayward et al., 1983) have been used for the measurement or
calculation of myocardial drug concentrations which were then correlated to
drug effects such as conduction rates, prolongation of ventricular effective

refractory period (in infarcted myocardium) and myocardial contractility.

1.3.2 Pharmacodynamic models

These models describe the relationships between drug concentration and drug
effect without considering the time - courses of either drug concentration or effect.
Such models are therefore pertinent for studies of steady state drug concentration
- effect relationships, such as those that occur after the long term administration
of drugs, or in most in vitro experiments. The various pharmacodynamic models
for describing such systems have been reviewed (Holford and Sheiner, 1981;
Schwinghammer and Kroboth, 1988). Those models relevant to myocardial

studies are briefly described below.

1.3.2.1 Linear and log linear pharmacodynamic models

For linear models, the relationship between drug concentration and effect is
represented by a straight line, and the parameters of the model can be obtained
by the process of simple linear regression (Holford and Sheiner, 1981;

Schwinghammer and Kroboth, 1988). This model can be expressed as:

E=SxC+E .. (1.1)

where E is drug effect, S the slope of the linear relationship, C the drug
concentration and E the magnitude of the effect when no drug is present. An
advantage of this model is that it predicts there will be no effect in the absence
of drug. However, this model predicts that there is no maximum drug effect,

which is physiologically impossible for many biological systems.

The log linear pharmacodynamic model differs from the linear model only in
that drug concentrations are expressed as the logarithm of the drug

concentration (log C). For the log linear model, the relationship between
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concentration and effect between 20% and 80% of the maximum value is
approximately linear. However, intrinsic to the mathematics of this model is

that it can not describe the drug effect when the drug concentration is zero.

The myocardial pharmacokinetics and pharmacodynamics of propafenone and
verapamil have, respectively, been described by linear and log linear

pharmacodynamic models (Keefe and Kates, 1982; Gillis and Kates, 1986).

1.3.2.2 E. ., models
These models can describe drug concentration - effect relationships over a wide
range of drug concentrations up to the maximum effect for most drugs. They

take the following mathematical form:

E x C
[ = —D2X ...(1.2)
ECSO + C

Eax is the maximum drug effect and ECsq is the drug concentration which
produces 50% of the maximum drug effect. Modifications of this model can
describe the inhibitory effects of drugs (Holford and Sheiner, 1981;
Schivinghammer and Kroboth, 1988). For the effective use of this model, the
maximum effect of a drug needs to be determined, although this is sometimes

impossible for in vivo studies.

The relationship between systolic time intervals and plasma concentrations of
timolol have been described by the E. ., model (Singh et al, 1980).
Relationships between blood timolol concentrations and the percentage of

heart rate change were also described by this model (Bobik et al., 1979).

1.3.2.3 Sigmoid B, models
Sigmoid E_,,, models describe "S" shaped concentration - effect relationships

and take the following mathematical form:
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E_.xcN
E o —nit (1.3)

N N

N is an arbitrarily determined constant which affects the slope of the curve.

The physiological meaning of N in most experiments has not been determined.

The in vitro myocardial pharmacodynamics of bepridil and the dopamine re -
uptake inhibitor, GBR 12909 (Nielsen - Kudsk et al., 1988 and 1990) have been
described by the sigmoid E,,x model.

The selection of a steady state pharmacodynamic model is generally influenced by
the experimental data, and the nature and requirements of the experiments

(Schwinghammer and Kroboth, 1988).

1.3.3 Pharmacokinetic - pharmacodynamic models

These models are commonly used to describe experimental data with changing
time - courses of drug concentrations and drug effects, such as those which occur
after the short term use of drugs. In such circumstances, there is often a time
difference between the drug concentration and drug effect which can be detected
by plotting the drug concentration against the drug effect at each time point. Any
time difference between concentration and effect will be apparent as hysteresis on
these plots (see Figs. 1.1 and 1.2) such that the magnitude of drug effect when the
drug concentration is increasing is different to that when the drug concentration is
decreasing. If the drug effect lags behind the drug concentration, an anti-
clockwise time order of the hysteresis loop is observed. If drug concentration lags

behind drug effect, a clockwise hysteresis loop is observed.

The reasons for hysteresis in concentration - effect plots are dependent on the
nature of the experimental system. Generally, the time lag is attributed to the
lack of equilibrium between the drug concentration which is measured at a site
distant to the site of drug effect. For example, in studies of the relationships

between the pharmacokinetics and pharmacodynamics of cardioactive drugs such
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as antiarrhythmics (Binnion et al., 1969; Anderson et al,, 1980; Eichelbaum et al.,
1980; Hashimoto et al., 1984) and anaesthetics (Coetzee et al., 1989), it has often
been found that effects on the myocardium lagged behind the blood drug
concentrations. Thus, when blood drug concentrations were plotted against drug

effects, the time sequence of these points showed anti-clockwise hysteresis.

Various models have been used to compensate for this lack of equilibrium
between the measured drug concentrations and drug effects (Hull et al., 1978;

Holford and Sheiner, 1981; Christensen et al., 1982; Stanski and Maitre, 1990).

1.3.3.1 Compartmental pharmacokinetic - pharmacodynamic models

Drug effects can be correlated with drug concentrations in any compartment of
a compartmental pharmacokinetic model (see 1.2) to remove the time
differences between the drug concentrations (usually arterial or venous blood
drug concentrations) and effects. For example, the QT interval prolongation
induced by intravenous use of procainamide was found to lag behind the time -
course of drug concentrations in the central compartment of a compartmental
model, but correlate well with a compartment which was represented by the
saliva (Galeazzi et al., 1976). Similarly, when such a model was used to study
digoxin blood concentrations and effects on the heart, a good relationship was
found between the calculated drug concentrations in a slowly distributing

peripheral compartment and the effects of digoxin (Kramer et al., 1979).

1.3.3.2 Effect compartment pharmacokinetic - pharmacodynamic models

A typical effect compartment pharmacokinetic - pharmacodynamic model is the
parametric pharmacokinetic - pharmacodynamic model (Sheiner et al., 1979),
which describes drug concentration time - course by one of the compartmental
pharmacokinetic models (see 1.2.2.1) and concentration - effect relationship by
one of the pharmacodynamic models (see 1.3.2) The kinetics and dynamics are
linked by a "first order" drug elimination constant (K,) of a hypothetical effect
compartment which receives drug input (negligible mass) from the plasma

compartment, and K., is adjusted until the hysteresis between effect
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compartment drug concentrations and drug effects disappears. It was used to
study the correlation between the force of thumb adduction and venous blood
concentrations of d - tubocurarine (Sheiner et al., 1979). Unlike the
procainamide study (Galeazzi et al., 1976), the effect compartment dose not

necessary have anatomical definition.

1.3.3.3 Semiparametric and nonparametric ~ pharmacokinetic -
pharmacodynamic models

In the semiparametric model, the pharmacokinetics is described by the
pharmacokinetic compartmental model, with a hypothetical effect
compartment linked to the plasma compartment by a first order rate constant
which is adjusted so that concentrations in the effect compartment and effect
shows no hysteresis, without using a pharmacodynamic model (Hull, et al.,
1978). The nonparametric models only assume that effect compartment drug
concentrations lag behind plasma concentration by a rate constant K, (Fuseau
and Sheiner, 1984; Unadkat et al, 1986), without using either the
pharmacokinetic nor the pharcodynamic model. These models have been used
for studies of the CNS effects of thiopentone (Unadkat et al., 1986; Stanski and
Maitre, 1990)

1.4 Some limitations of existing methods
A discussion of the limitations of existing methods used in studies of myocardial
pharmacokinetics and pharmacodynamics is helpful both to understand and interpret

previous experiments, and to design future experiments.

1.4.1 Differences between in vitro and in vivo data

Although in vitro studies of drug uptake have provided a great deal of insight into
the factors influencing tissue drug uptake (such as drug lipophilicity, pH, energy
requirements and electrolyte concentrations), in vitro pharmacokinetic data often
can not be directly related to in vivo conditions, or used directly as a guide to the
clinical use of drugs. There are many reports which show that in vivo drug uptake

occurs at a much faster rate than that observed using in vitro preparations. For
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example, the in vitro rate of uptake of propranolol into guinea pig atrium was
found to be relatively slow, requiring 3 hours for the tissue/medium ratio to reach
a constant value (Potter, 1967). However, in an in vivo dog model the myocardial
propranolol concentration peaked well before 10 min after injection (Pruett et al.,
1977). Similar discrepancies between the in vitro and in vivo rates of drug uptake
were found for verapamil. In vitro, verapamil took 2 hours to reach a tissue to
medium ratio of 20 to 30 :1 in the resting and stimulated beating left auricles of
guinea pig hearts superfused with Tyrode’s solution (Lullmann et al., 1979).
Similarly, the slow rate at which verapamil reduced the contraction (induced by
potassium) of rabbit aortic rings suggested a slow rate of diffusion of verapamil
into the tissue (Mars and Sperelakis, 1981). However, in an in vivo study (Keefe
and Kates, 1982) in which verapamil was given intravenously to anaesthetised
dogs, it was found that distribution equilibrium between the plasma and
myocardium was achieved within 10 min of administration. The maximum P - R
prolongation occurred 20 min after administration. This rapid action of verapamil
was shown in other studies in dogs. P - R prolongation on the electrocardiogram
occurred within 2 min after intravenous verapamil administration (McAllister et
al., 1977), and maximum P - Q interval prolongation appeared 1 min after an intra

- coronary verapamil infusion (Neugebauer, 1978).

Furthermore, different in vitro experimental preparations have given differences
in the time required to reach steady - state drug effect or drug concentration. For
example, propafenone is a class I antiarrhythmic agent with an additional effect on
slow calcium channel and cardiac beta adrenergic receptors (Ledda et al., 1981).
In the guinea pig papillary muscle superfused with Tyrode’s solution containing 3 x
105 M propafenone (Kohlhardt and Seifert, 1980), the time needed to reach
steady state inhibition of the maximum velocity of muscle contraction was 35 to 45
min. In an isolated perfused rabbit heart model (Gillis and Kates, 1986), this time
was reported to be 112 min. It has been suggested that the longer time reported
in the latter study represents the time required for propafenone to diffuse across

the capillary walls.
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These differences between preparations can be rationalised to some extent by
considering the integrity of the relevant organ or tissue. In studies using
subcellular preparations, the drugs will not need to pass through capillary walls
and cell membranes, although this occurs in isolated perfused organs and whole
body systems. Therefore, drugs which exhibit a strong affinity for cellular or
subcellular components in vitro may reach these components only slowly in vivo
(Junod, 1976). Kinetic constants from subcellular preparations would therefore

over - estimate in vivo values.

Tissue slice preparations have no blood flow and therefore the diffusion into the
tissue may be poor compared with in vivo conditions. Furthermore, it has been
reported that even oxygen diffusion into tissue slices is poor (Bingmann and
Kolde, 1982; Lipinski, 1989). If the interior of the slice is hypoxic, this may
influence the activity of enzymes and the integrity of cells within the slice
(Lulimann et al., 1988)

Even isolated perfused organ systems can be far removed from normal
physiological conditions. The perfusate is usually an oxygenated "physiological"
salt solution (Gillis and Kates, 1986), although the importance of plasma protein
binding on drug distribution has long been emphasised (Tucker et al., 1970;
McNamara et al., 1979; Burch and Stanski, 1983). For pharmacodynamic studies,
the normal nervous and hormonal control of processes affected by the drug are
absent, and this may have a large quantitative and qualitative influence on the

time - course of drug effect.

Although for the clinical use of drugs it is desirable to understand both their in
vivo pharmacokinetics and pharmacodynamics, in vivo studies are not as well
suited to eliciting specific mechanisms influencing drug disposition and drug effect
as in vitro studies (see 1.2.1). Thus, an understanding of the limitations of
different experimental approaches provides a rational basis for their appropriate

application.
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1.4.2 Effects of anaesthesia

It is now well recognised that anaesthesia causes profound biochemical and
physiological changes. Although this is most obvious with some of the general
anaesthetics such as halothane and barbiturates (Gonway and Ellis, 1969; Ty
Smith et al., 1978; Warren and Stoelting, 1986), almost all anaesthetics can, to

different extents, influence drug kinetics (Runciman and Mather, 1986).

1.4.2.1 General anaesthesia

General anaesthesia can alter haemodynamics, typically by reducing cardiac
output and the fraction of cardiac output received by each organ. Thus, the
kinetics of drugs whose distribution or clearance are flow - limited may be
altered (Runciman et al., 1984b; 1984c; 1985; 1986; Mather et al., 1986a; 1986b;
Runciman and Mather, 1986) and this may also influence the effects of the
drugs (Thomson et al., 1971; Stenson et al., 1971).

Halothane was reported to cause a dose dependent decrease in mean arterial
pressure and cardiac output in rabbits and sheep (Halpern et al., 1984; Upton
et al,, 1990b). In sheep, halothane caused significant decreases in renal and
hepatic blood flow (to 50% and 71% of control values, respectively; Mather et
al.,, 1986b). Furthermore, halothane anaesthesia can have effects on drug
kinetics independent of effects due to changes in haemodynamics. For
example, halothane reduced the hepatic extraction of chlormethiazole to 82%
of the control values, and abolished the lung extraction and clearance of
chlormethiazole (Runciman et al, 1986). In similar studies, halothane
anaesthesia decreased hepatic clearance of pethidine to 60% of control, and
the renal extraction of pethidine was abolished. In the same preparation,
halothane anaesthesia reduced the renal extraction of cefoxitin to 48% of
control values (Runciman et al., 1985). Halothane has also been found to

influence drug binding in blood (Gordon et al., 1987).

Moderate doses of barbiturates have been reported to cause myocardial

depression in animal preparations (Gonway and Ellis, 1969). Even doses of
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thiopentone in rabbits which were too low to cause respiratory arrest were
associated with hypotension, marked dilatation of the heart, increased central
venous pressure and reduced aortic blood flow (Gordh, 1964). Similarily, doses
of 20 mg/kg of thiopentone to dogs reduced the contractile force of the left
ventricle by 15% (Cotten and Bay, 1956). Nevertheless, studies of drug
distribution in animals under barbiturate anaesthesia have been reported for
digoxin (Roverge et al., 1970), lignocaine (Branch et al., 1973; Patterson et al.,
1982), procainamide (Weily and Genton, 1972), bupivacaine (Irestedt et al.,
1976; 1978) and bretylium (Anderson et al., 1980).

Apart from their depressant effect on the myocardium, barbiturates can also
impair the circulatory compensatory reflexes by depressing the brain stem
centres and impairing ganglionic transmission (Bowman and Rand, 1980).
Under barbiturate anaesthesia, some local anaesthetics in subconvulsive doses
can cause marked myocardial depression and significant circulatory changes
(Priano et al., 1969; McWhirter et al., 1972; Blair, 1975). It was reported that
four hours after administration, when the blood levels of the barbiturate were
expected to have decreased significantly, depressed cardiovascular function had
not recovered (Bowman and Rand, 1980). This would have implications for
studies of both drug distribution and drug effect. However, the cardiovascular
effects of lignocaine (Austen and Moran, 1965; Liu et al., 1982; Zito et al.,
1981), bupivacaine (Hotvedt et al., 1985), verapamil (Mangiardi et al., 1978),
procainamide (Austen and Moran, 1965), nitrous oxide and pethidiﬁe (Stanley
et al, 1977) have all been studied under pentobarbitone or thiopentone
anaesthesia. The results from these experiments would be expected to be

different to those in conscious animals (Scott et al., 1971).

Furthermore, it has been reported that barbiturate anaesthesia can alter the
proportions of intravascular and interstitial volumes within an organ
(expanding the intravascular and decreasing interstitial volumes). Again, this is

likely to affect drug distribution in these two spaces (Quin and Shannon, 1976),
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and may alter the effects of the drug, depending on whether the drug acts in the

interstitial or intracellular space.

In view of the pharmacokinetic and haemodynamic effects of general
anaesthesia, it seems likely that animals under general anaesthesia will have
different patterns of drug distribution to conscious animals, with high drug
concentrations in organs with relatively preserved perfusion (such as the
myocardium and brain) and low drug clearance due to the decreased perfusion
and extraction in the organs of drug elimination such as the liver and kidney.
This would be qualitatively similar to the effects of mild haemorrhagic shock,
after which high concentrations of digoxin were found in the heart (Lloyd and
Taylor, 1975), the effects of congestive heart failure and the effects of drugs
which induce haemodynamic changes on the pharmacokinetics of

antiarrhythmic agents (Branch et al., 1973; Woosley et al., 1986).

General anaesthesia makes certain procedures much easier, such as serial
tissue samples in pharmacokinetic studies, but the haemodynamic effects of
general anaesthesia on drug disposition should be considered. Studies in
conscious, preferably unrestrained animals are necessary if information is

required on drug disposition under normal physiological conditions.

1.4.2.2 Local anaesthesia

Local anaesthetics can reach relatively high blood concentrations following
infiltration for nerve blocks. During pharmacokinetic studies this can cause
problems if the local anaesthetic competes for binding sites on plasma proteins
or in tissues such as lung and myocardium (Post et al., 1979; Lullmann et al,,
1980; Horowitz et al., 1986). This may also compound drug effects. For
example, plasma concentrations of lignocaine in the antiarrhythmic range (2.9
to 7.1 ug/ml) caused a decrease in cardiac output and a rise of central venous
pressure in patients and dogs under nitrous oxide and halothane anaesthesia

(Scott et al., 1971; McWhirter et al., 1973).
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In another study, although cardiac output was not changed by the intravenous
use of lignocaine, the distribution of cardiac output to different organs and

tissues was altered (Benowitz et al., 1974a).

1.4.3 Drug administration and the frequency of blood sampling

The duration of intravenous drug administration, and the frequency of blood or
tissue sampling greatly influences the results of pharmacokinetic and
pharmacodynamic experiments (Chiou, 1980). Indeed, it has been standard
practice in many studies of bolus kinetics to allow a period of several minutes after
the bolus and before the first blood sample for "initial mixing" (Chiou, 1979;
Horowitz et al,, 1986). These studies only examine the elution and elimination of
the drug, and ignore the important and rapid tissue uptake of the drug in the first
few minutes immediately after the bolus (Hayward et al., 1983). The influence of

these factors on studies of myocardial drug uptake are discussed below.

1.4.3.1 Drug administration regimen

In the pharmacokinetic literature, intravenous drug administration is often
described as an intravenous bolus, but the exact duration and rate of injection
in many cases is not specified. It is known that drug injection rate is one of the
determinants of peak blood drug concentrations following intravenous injection
(Crawford, 1966; Upton et al., 1990b). Variations in injection rate will result in
differences in the time - courses and profiles of arterial drug concentrations,
and in turn differences in myocardial drug disposition with attendant
differences in pharmacodynamics. This fact has been demonstrated by studies
that have designed dose regimens for antiarrhythmic and myocardial inotropic
drugs (Lucchesi et al., 1966; Roverge et al., 1970) and by studies of the central
nervous system toxicity of local anaesthetics (Malagodi et al., 1977; Rutten et
al., 1989). Therefore, the drug injection rates within studies should be kept as

constant as possible.

There has yet to appear in the literature an exact definition of the term " bolus".

The reported rates of "bolus" injection varied from so called "within seconds" to
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a few minutes (Hashimoto et al., 1984; Kates and Jaillion, 1980), or are not
reported at all (Mangiardi et al., 1978; Seltzer et al., 1980; Halpern et al., 1984).
In fact, it may be preferable to consider a bolus as a very short infusion, and in
all pharmacokinetic studies drug injection rates and volumes, as well as the
drug dose, should be stated. This would greatly aid the comparison of different

"bolus" studies.

1.4.3.2 Frequency of blood sampling

A common feature of most studies of drug uptake and elution by the heart is
the need to characterise transient drug concentration - time "peaks” entering or
leaving the heart. An inadequate frequency of blood sampling could cause two
potential problems. Firstly, a lack of understanding of the nature of the drug
uptake and elution process means that a sampling regimen can completely miss
these transient "peaks" which are important in determining the myocardial
pharmacodynamics immediately after drug injection. Secondly, if a peak is
recognised, the frequency of blood or tissue sampling may be inadequate to
accurately describe the true time - course of the "peak”, leading particularly to
errors in the maximum concentration and area under the curve of the peak
(Selden and Neill, 1975). In theory, the blood sampling frequency needed to
accurately describe such peaks could be determined using well - understood

chromatographic data acquisition principles.

These problems are illustrated by the following examples. In one study of
methyldigoxin pharmacokinetics in the human myocardium, the first arterial
and coronary sinus blood samples were taken 10 min after a 5 min intravenous
infusion of methyldigoxin. It was concluded that the rapid myocardial uptake
of methyldigoxin could not be determined using the sampling regimen used
(Hayward et al., 1983). In another study in patients and dogs using the same
method, the paired blood samples were taken at 15 sec intervals. The
myocardial uptake of ouabain was found to have two phases (Selden and Neill,

1975), but the calculated myocardial drug concentrations were lower than the
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measured myocardial drug concentrations from myocardial tissues obtained by
biopsy. It was suggested that the process of estimating the blood ouabain
concentrations prior to the start of blood sampling using back extrapolation
may have under - estimated the area under the ouabain blood concentration
time - curve. Similarily, in studies of the time - course of myocardial drug
concentrations using a high speed boring tool, it was found that by the time the
first myocardial biopsy was obtained, the concentrations of the drugs in the
myocardium had fallen below the peak level (Nattel et al., 1979; Keefe and
Kates, 1982).

The importance of matching the frequency of blood sampling to the
characteristics of the uptake and elution process is also illustrated by studies of

drug uptake by the lung, which is extremely rapid (Junod, 1976).

1.4.4 Intravascular transit

Intravascular transit time through a tissue or an organ (i.e. the time taken for
blood to pass through the organ) can influence some studies which use arterio -
venous drug concentration differences to determine drug uptake and elution.
When the uptake and elution is extremely rapid, the intravascular transit time may
cause an arterio - venous drug concentration difference which is not due to drug
uptake or elution (Upton et al., 1988a). This influence of the intravascular transit
time on myocardial drug uptake seems only to have been considered in two

studies (Selden and Neill, 1975; Upton et al., 1988a) to date.

1.4.5 Assumptions in pharmacokinetic modelling

The description of drug disposition in the body is complicated by the fact that
there are huge differences in the anatomy, physiology and biochemistry of organs
and tissues within the body. For the purpose of pharmacokinetic modelling, this
problem is overcome by making assumptions about the behaviour of drugs in the
body in order to construct a simplified representation of the body. Unfortunately,

some of the assumptions that have been made to model myocardial drug uptake
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are so oversimplified that they are not of use, have not been tested experimentally,

or even worse are at odds with experimental data.

1.4.5.1 Systemic pharmacokinetic models

Although compartmental models (see 1.2.2) have been successfully used to
design dose regimens in clinical medicine, a number of general criticisms are
appropriate. Firstly, the compartments and parameters of the model have no
anatomical or physiological reality (Gerlowski and Jain, 1983; Hull, 1990).
Functionally, this means that virtually any convex or concave concentration
time - curve can be represented by a compartmental model - without any ability
to interpret what the model means. Secondly, the selection of the number of
compartments used in the model is not determined by biological
considerations, but often by the blood sampling regimen used (McAllister et al.,
1977). Thirdly, the assumption of a homogeneous blood pool with no
differences between arterial and venous blood is not valid (Price, 1960;
Benowitz et al,, 1974a; Hinderling and Garret, 1976; Christensen et al., 1982;
Chiou, 1979). Indeed, it has been shown that even Evans blue dye requires as
long as 10 min in order to achieve complete mixing in blood after bolus

injection (Broadbent and Mood, 1954; Chiou, 1989a and 1989b).

The apparent volume of initial distribution is calculated by dividing the bolus
drug dose by the extrapolated plasma concentration at time zero. This is
considered to be the highest plasma concentration attainable after drug
administration. However, at time zero, the actual drug concentration at the
sampling site should be zero (Broadbent and Mood, 1954; Chiou, 1979; Huang
et al., 1991). The peak concentrations of intravenously administered drugs are
usually achieved not instantaneously, but rather relatively gradually. The initial
concentration peaks actually measured may be much higher than those
estimated from data obtained a few minutes after dosing (Selden and Neill,
1975). 'Thus the "true" apparent initial volume of distribution is usually

overestimated using these calculations.
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More specific problems become apparent when compartmental models are
applied to the myocardium. The heart is generally considered to be highly
perfused and in rapid equilibrium with blood in a central compartment, but
during cardiac ischaemia it was found to function as a series of peripheral
compartments (Wenger et al., 1978; 1980; Zito et al., 1981; Horowitz et al.,
1986). Even with the normal myocardium, time is needed for the drug
concentrations in blood and myocardial tissue to reach equilibrium, even after
short - term intravenous drug administration. For example, after the
intravenous administration of bretylium, pseudo - equilibrium between the drug
concentrations in blood and the myocardium was not reached even 12 - 24 h

after administration (Anderson et al., 1980).

As stated previously, the success of systemic physiologically based models is
highly dependent on the suitability of the regional pharmacokinetic models of

which they are composed. These are discussed below.

1.4.5.2 Regional pharmacokinetic models

Most regional pharmacokinetic models can generally be grouped into two
categories: single compartment flow - limited models or membrane limited
models. The former is by far the most commonly used model in the absence of
evidence suggesting the presence of membrane limited kinetics (Gerlowski and

Jain, 1983; Himmelstein and Lutz, 1979).

Single compartment, flow - limited models

In these models it is assumed that drug transport across the capillary wall
and cell membranes of the region is much faster than the rate that blood
flow supplies drug to the region. Thus, a region is represented as one
compartment. The drug concentration in the compartment is determined by
the volume of the compartment, and a partition coefficient relating the

tissue drug concentration to the regional venous drug concentration.
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Generally it is assumed that all highly lipophilic drugs behave in this way.
For example, such models have been established for lignocaine and digoxin
distribution in different organs and tissues in the body such as lung, brain,
muscle, liver, heart, kidneys and the gastro - intestinal tract (Benowitz et al.,
1974a; Harrison and Gibaldi, 1977). Despite this wide - spread assumption,
there is no substantial experimental evidence for these models in the
literature and, indeed, the single compartment approach may not be
applicable in such circumstances. For example, it has been reported that
intra - tissue concentration gradients can be large, as reported for some solid
tumours (Jain et al, 1979). Similarly, lignocaine and bupivacaine
concentrations in the fat of the hindquarters of sheep were not in
equilibrium with blood drug concentrations 180 min after the start of

constant rate drug infusions (Upton et al., 1991b).

Multi - compartment models

In these models, each region is commonly represented as three
compartments each with anatomical significance (usually vascular,
interstitial and intracellular compartments). Physiological (e.g. tissue
volumes, blood flow rates), physicochemical (e.g. binding, lipid solubility,
ionization) and pharmacological (e.g. mechanisms of transport, sites of
action) parameters are incorporated into these models to describe drug
transport between compartments. This makes the model able to
accommodate changes of physiological circumstances such as those which
occur in disease states (Benowitz et al.,, 1974a; 1974b). Despite this, these
multi - compartment models have been little used, and only one instance of
their application to the heart could be found in the literature. In the report,
a conceptual model was proposed, but its solution was not derived
mathematically (Lullmann et al, 1979). In the model, drug could be
associated with either the interstitial space, the plasmalemma, cell water or
cellular binding sites. That such a model is necessary is demonstrated by a

study of ouabain disposition in the heart using the indicator - diffusion
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method (Duran and Yudilevich, 1974). It was found that the ouabain rapidly
distributed into the interstitial space, while the cell wall barrier limited drug

distribution into the myocardial cells.

1.4.6 Limitations of pharmacokinetic - pharmacodynamic models

It has been proposed recently that as some of the assumptions made as part of
compartmental pharmacokinetic modelling of drug kinetics after intravenous
bolus drug injections (see 1.4.5.1) are invalid, these compartmental models are not
appropriate as investigative tools for pharmacokinetic - pharmacodynamic studies
(Hull, 1990). For the same reason, myocardial drug concentration - effect studies
should be based on data from actual experiments to provide a solid background

for any myocardial pharmacokinetic and pharmacodynamic modelling.

1.5 Mass balance principles in the study of regional pharmacokinetics

The "mass balance" approach represents an application of the Law of Conservation
of Matter. While some applications of mass balance principles are fundamental to
most pharmacokinetic methods, the direct application of mass balance principles to
regional pharmacokinetics has been less common. However, over the last 30 years it
has become apparent that the use of mass balance principles provides a simple,
empirical method of calculating the uptake and elution of drugs in tissues in a
relatively noninvasive manner in both animals and humans (Upton et al., 1988a;
Horowitz et al,, 1986). This is usually of interest for one of two reasons. Firstly, the
region in question may influence the whole body pharmacokinetics. For example,
the liver, lung and hindquarter disposition of a drug (Upton et al., 1988a) may affect
the time - course of its myocardial and brain concentrations. Secondly, the region
may be a site of the therapeutic or toxic actions of the drug such as the heart or brain
(Upton et al., 1985; Horowitz et al., 1986; Szeto et al., 1980). In the latter case, it has
been proposed that there is some predictable relationship between regional drug

concentrations and drug effects (Horowitz and Powell, 1986).

The application of mass balance principles in pharmacokinetic studies simply

requires that the total mass of drug entering a region via the arterial blood will be
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equal to the mass of drug leaving the region by the regional venous blood plus the
mass of drug remaining in the region and the mass of drug metabolized in or
eliminated from the region. At times when the arterial drug concentration is higher
than the regional venous drug concentration, the net drug movement is from the
blood into the region. When the venous drug concentration is higher than the
arterial drug concentration, the net drug movement is from the region into the blood.
A few definitions and concepts have been recently established for regional
pharmacokinetic studies using mass balance principles (Upton et al., 1988a; 1990a).
The rate, or the net drug flux (J,¢), of this movement can be calculated by the

following equation:

net = @ x (C3 - C) ... (1.4)

Note that Q is the regional blood flow, and C, and C, are the representative drug
concentrations in arterial and venous blood supplying and draining the region,

respectively.

The total mass of drug remaining in the region after a given time (Mpet) is the

integral of the net drug flux over time:

t t
Mnet = Jo Jnet * dt = Jo Q- (Cy-C,) - dt ...(1.5)

If the mass or volume of the tissue under study is known and no metabolism or
elimination occurs in the tissue, the mean tissue drug concentration can be calculated

by dividing the net drug mass by the tissue mass.

However, a number of important criteria need to be satisfied for any region before
the mass balance principles can be applied (Runciman, 1982; Upton et al., 1988a;
1990a). These are briefly discussed below, with emphasis on factors pertaining to

studies of myocardial pharmacokinetics.
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1. The contribution of the intravascular transit time in the organ or region being
studied must make a negligible contribution to the arterio - venous blood drug
concentration difference across the region. It has been reported that the mean
intravascular transit times for the myocardium (from the ascending aorta to the
coronary sinus) of both dog and sheep were 1.2 - 7 sec and 4 sec respectively (Selden
and Neill, 1975; Upton et al., 1988a). This intravascular transit time is much shorter
than the time difference between equal arterial and venous blood drug
concentrations in most of the studies of myocardial drug uptake and therefore will
make a negligible contribution to the measured arterial and coronary sinus blood

concentration differences.

2. All the unchanged drug must leave the organ via the venous blood vessels. Thus,
the direct diffusion of drug between adjacent organs or tissues, or the removal of
drug by way of lymphatic drainage must be negligible. Gas transfer between organs
by direct diffusion (Perl et al., 1965), and drug transfer through different layers of
skin tissue (Bogaert, 1987; Singh and Roberts, 1990) have been reported. The
transfer by direct diffusion of other substances from the left ventricular myocardium
into adjacent ischaemic myocardium and from the myocardium into the surrounding
medium have also been reported (Watanabe et al., 1963; Jennings et al., 1964; Myers
and Honig, 1966; Watkinson et al., 1979; Hanley et al., 1983). This suggests that the
influence of this phenomenon on mass balance calculations should be determined

before mass balance calculations are used in any particular application.

The influence of the removal of drug from regions by lymph can be estimated from
studies of drug concentrations in the lymph (Verwey and Williams, 1962; Brown,
1964; Garlick and Renkin, 1970). Again, these concentrations and lymph flow rates
are sufficient to suggest that the kinetics of a given drug in lymph should be
determined if the drug is to be studied using mass balance principles. However,
given the slow flow rate of myocardial lymph (Quin and Shannon, 1976; Milnor,
1980), it would be expected that the rate of drug transport from the heart by lymph

would be negligible. However, this has not been confirmed experimentally.
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3. The afferent and efferent blood samples must be representative of blood entering
and leaving the region. Attention must be paid to the anatomy of the blood vessels
of the organ studied when different animal species are used, e.g. the hemiazygos vein
drains into the coronary sinus in several animals, including the sheep (May, 1964;
Nancarrow, 1986). Methods for investigation of the tissue blood supply include
perfusing the specific vessels with pigmented gelatin or india ink (Bond et al., 1973;
Downing et al., 1973)

For calculating regional drug concentrations, the tissue mass perfused and drained by
the blood vessels selected for blood sampling should be identified. However, this
myocardial tissue mass appears not to have been defined in previous studies of

myocardial drug uptake.

4. The arterial and regional venous blood concentration - time curves must be
described using an adequate frequency of blood sampling. This should match the
rate of change of the blood drug concentrations, which is in turn determined by the
drug injection site and rate and the cardiac output (Crawford, 1966; Upton et al.,
1990a). In myocardial pharmacokinetic studies after intravenous bolus injections,
the rapid myocardial drug uptake will not be demonstrated by relatively infrequent
blood sampling immediately after drug administrations (Chiou, 1980; Hayward et al.,
1983). Methods for rapid blood collection from deep vessels such as the pulmonary
artery and aorta are available (Bertler et al., 1978; Roerig et al., 1989). However,
studies of dye dilution curves (Dow, 1958; Sheppard et al., 1959) suggest that the
adequancy of these methods for characterising rapid changes in blood drug

concentrations needs to be questioned.

5. For the calculation of regional drug distribution using mass balance principles, the
regional blood flow must be measured rather than assumed to be a fixed fraction of
cardiac output. In relation to myocardial pharmacokinetic studies, coronary artery

blood flow must be measured.
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6. For the correct use of mass balance principles in studies of regional tissue drug
concentrations, there should be neither metabolism nor elimination of drug in this

region, or, if present, the rate of any such process should be measured.

1.6 Myocardial pharmacokinetics and pharmacodynamics of lignocaine,

procainamide and pethidine in vivo
1.6.1 Lignocaine
Lignocaine is a Class Ib antiarrhythmic drug for the treatment of ventricular
arrhythmias due to acute myocardial ischaemia (Harrison et al., 1963; Gianelly et
al,, 1967; Grossman et al., 1968; Carson et al., 1979; Lucchesi and Patterson, 1984;
Frumin et al.,, 1989), and is also a widely used local anaesthetic agent. At
relatively high blood concentrations, lignocaine can prolong cardiac conduction
times and depress myocardial contractility (Austen and Moran, 1965: Blair, 1975;
Block and Covino, 1981; Liu et al.,, 1982). Extensive clinical use has shown wide
variations in inter - individual responses to lignocaine after intravenous
administration. This has led many researchers to correlate the onset of effective
antiarrhythmic action or myocardial toxicity with blood or myocardial lignocaine
concentrations in order to provide objective criteria for the choice of dose

regimen for different situations.

1.6.1.1 Pharmacokinetics and pharmacodynamics

Like many pharmacokinetic - pharmacodynamic studies, studies on lignocaine
have shown hysteresis between the myocardial effects of the drug and its
concentration in blood. For example, following an intravenous bolus and
infusion of lignocaine in dogs, it was found that the time - course of the
elevated fibrillation threshold after premature ventricular contraction in
normal hearts was parallel to the arterial blood concentrations of lignocaine,
but the peak effects appeared "a few minutes" after peak blood concentrations
of the drug (Gerstenblith et al., 1972). In another study, after intravenous bolus
injections of lignocaine (200 mg and 400 mg) to dogs, it was found that there

was no close temporal relationship between the magnitude of the negative
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inotropic effect and plasma lignocaine levels and that the depressant effects of
lignocaine on myocardial contractility were found to lag behind blood drug

concentrations (Binnion et al., 1969).

There are also inconsistencies in the blood concentrations at which lignocaine
is reported to first have its antiarrythmic effect. In the above report
(Gerstenblith et al, 1972), it was shown that the increase in ventricular
threshold in the normal heart occurred simultaneously with the appearance of
lignocaine in blood (over the range of 0 - 6 ug/ml). However, in a study of the
effects of lignocaine infusion on the ventricular fibrillation threshold after a
premature heart beat in dogs, it was found that there were no measurable
effects when the plasma drug concentrations were below 1.3 - 4 pg/ml
(Schnittger et al., 1978). It was also found that individual animals showed wide
variability in the plasma concentrations at which the onset of measurable
effects on the ventricular threshold were observed. At a given plasma
concentration of the drug, some animals had a considerable increase in the

ventricular threshold, while others had little or no increase.

In another study, lignocaine given to dogs as an intravenous bolus and followed
by an intravenous infusion prolonged the conduction time and the effective
refractory period in the infarcted myocardium at steady state blood
concentrations between 3.1 - 3.3 pg/ml (Kupersmith et al., 1975). This did not
occur in the normal myocardium. The greatest prolongation of the effective
refractory period lagged well behind the peak serum lignocaine concentration,
although the conduction time changes were closely related to the serum
lignocaine concentration. It was suggested that this difference was due to
differences in the time the drug took to reach different parts of myocardial

tissues, such as Purkinje fibres, deep tissue or the infarcted myocardium.

The experiments cited above suggest that different concentrations of lignocaine
might be needed to produce different actions on the myocardium. That is,

conduction changes occur at lower myocardial lignocaine concentrations, while
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an increase in the effective refractory period requires higher concentrations.
Furthermore, it seems that there may be differences between lignocaine

concentrations in normal and infarcted myocardium.

This viewpoint is supported by reports that the antiarrhythmic effect of
lignocaine was dependent on the lignocaine concentrations in ischaemic
myocardium. By comparing venous, arterial, normal and ischaemic myocardial
lignocaine concentrations in dogs and pigs with ligated left anterior descending
coronary arteries, it was shown that the antiarrhythmic effects of lignocaine
were related only to ischaemic myocardial lignocaine concentrations (Davis et

al., 1979; Vogt et al., 1988).

The disposition of lignocaine in ischaemic myocardium and the lateral border
zone was studied in relation to regional blood flow (Patterson et al., 1982). Ten
minutes after the injection of 75 mg of lignocaine to dogs, the myocardial
lignocaine concentration was 0.56 + 0.12 pg/g in normal, and 0.40 £ 0.08 ug/g in
the ischaemic zone, while their respective blood flows were 1.1 + 0.45 ml/g/min
and 0.56 + 0.12 ml/g/min. Although in this study there appeared to be a poor
correlation between regional blood flow and lignocaine concentrations in the
ischaemic myocardium, this conclusion may be different if the time - course of
the blood flow to the region was related to the uptake and elution
characteristics of the drug in different regions of the heart. However, even this
relationship appears to be complex. In a study relating the initial distribution
of lignocaine into the myocardium after a bolus injection with simultaneous
measurement of regional blood flow, it was found that the rate of uptake was
proportional to regional blood flow during the initial 1 - 3 min after the bolus
with correlation coefficients between blood flow and myocardial drug
concentration of 0.81 and 0.85 for ischaemic and normal regions, respectively.
The rate of elution from the ischaemic myocardium was to some degree related

to regional blood flow (Zito et al., 1981). It was also found that the ischaemic
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myocardium reached its peak lignocaine concentration later, and had a slower

rate of elution, than normal zones (Zito et al., 1981).

Another important effect of blood flow on lignocaine distribution was shown in
studies in patients with heart failure, liver disease and renal failure. It was
found that there was an inverse relationship between cardiac index and
lignocaine blood levels. This was attributed to the redistribution of blood flow
in favour of the heart and brain, and the higher lignocaine concentrations in
blood due to decreased hepatic blood flow (and therefore decreased lignocaine
clearance) under these circumstances. Such pathological conditions may result
in accumulation of the drug in the heart and brain which would alter the
therapeutic or toxic effects on these sensitive organs (Thomson et al., 1971;

Stenson et al., 1971).

It can be concluded that conventional monitoring of therapeutic efficacy based
solely on plasma or serum lignocaine concentrations, especially after short term
intravenous use, would not provide insight into blood flow related regional
pharmacokinetic phenomena (Horowitz and Powell, 1986). However, such
phenomena are particularly important to the delivery of antiarrhythmic drugs
such as lignocaine to critically ill patients with arrhythmias from ischaemic

heart disease.

The observation that the efficacy of antiarrhythmic drugs in reverting
tachyarrhythmias is likely to be correlated with drug concentrations within
various regions of the myocardium or mean myocardial concentrations, has
precipitated studies correlating global myocardial lignocaine concentrations

with myocardial effects.

Studies of the peak extraction of lignocaine in the myocardium of pigs after
bolus administration of either 6 mg/kg or 12 mg/kg doses were found to be
dose independent and elution from the heart commenced relatively soon after

injection (Reiz and Nath, 1986).
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The short term myocardial uptake of lignocaine was measured in a study in
patients undergoing diagnostic catheterisation procedures (Horowitz et al.,
1986). By comparing arterial and coronary sinus blood concentration
differences, an initial phase of net lignocaine uptake into the myocardium
followed by one of net elution was shown. The latter phase was not identical to
the simultaneously measured venous lignocaine concentrations, but rather
appeared to correlate well with the relative duration of action of lignocaine.
Compared with conventional pharmacokinetic methods, the mean period of net
lignocaine uptake by myocardium was considerably shorter than the
"distribution half - life" of 1.5 min (Boyes et al., 1971; Benowitz et al,, 1974a),
and the initial drug efflux was considerably more rapid than the "elimination
half - life". On the basis of these findings, lignocaine was suggested to be a
preferred agent for the initial emergency management of ventricular

tachyarrhythmias.

1.6.2 Procainamide

Procainamide is an effective Class Ia antiarrhythmic drug for the control of
ventricular arrhythmias after myocardial infarction or open heart surgery (Mark et
al., 1951; Harris et al., 1952; Lucchesi and Patterson, 1984; Frumin et al., 1989).
In its early years of experimental and clinical use, there were some reports of
cardiotoxicity, including ventricular stand - still and sudden hypotension, although
it was regarded as a promising "suppressor" agent for use in severe ectopic

ventricular tachycardia (Berry et al., 1951; Harris et al., 1952; Epstein, 1953).

The results of early studies on the dose regimen of procainamide were conflicting
and showed a wide variety of inter - subject responses. For example, while one
group reported their safe use of the drug at the rate of 200 mg/5 min
intravenously until either the arrhythmia was interrupted or a total of 1 g had been
used (Giardina et al., 1973), another recommended that procainamide should not
be given intravenously at rates greater than 50 mg/min (Epstein, 1953). Based on

a two compartment model for procainamide disposition, a loading and
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maintenance dose regimen was recommended (Lima et al., 1978). Furthermore,
the administration of procainamide as an intravenous bolus or a rapid infusion has
been associated with a number of troublesome or even dangerous side effects,
including hypotension, tachycardia, A - V block and myocardial depression (Berry

et al,, 1951; Epstein, 1953; Kayden et al., 1957).

1.6.2.1 Pharmacokinetics and pharmacodynamics

It has been recognised that the antiarrhythmic efficacy of procainamide
depends in part on the rapid achievement and maintenance of therapeutic
serum concentrations (Giardina et al., 1973; Lima et al., 1978). In particular,
its apparent narrow therapeutic range, especially after intravenous use, has led
many investigators to examine the range of plasma procainamide
concentrations that controlled ventricular arrhythmias without undesirable
cardiovascular effects. Unfortunately, the results of these studies have been
conflicting (Beelet et al., 1952; Kayden et al., 1957; Bigger and Heissenbuttle,
1969; Koch - Weser et al., 1969; Lima et al., 1978). Some studies refute the
notion that the plasma concentrations of procainamide always reflect the
concentrations of the drug at its site of action (Scheiman et al., 1974; Elson et
al,, 1975). For example, when testing a dose regimen developed on the basis of
clinical experience, intravenous procainamide (100 mg) was given over 2 min
and the dose repeated every 5 min until the arrhythmia was abolished, 1 g of
the drug was given, or untoward drug effects appeared (Giardina et al., 1973).
Although this initially produced a linear increase in the procainamide plasma
concentrations after each dose, and a graded decrease in premature ventricular
depolarizations, the effective plasma procainamide concentrations varied from
4 to 10 pg/ml and the arrhythmias recurred at concentration: between 1.0 and
8.7 pg/ml. It was considered that the differences in the plasma concentrations
at arrhythmia abolition and at recurrence were probably related to hysteresis

between plasma and myocardial concentrations observed in other studies

(Scheiman et al., 1974).
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Another investigation compared the time - courses of venous plasma and saliva
procainamide concentrations and QT interval changes after a 30 min
intravenous infusion of 500 mg of procainamide in healthy volunteers. A
significant degree of hysteresis was found between the QT interval changes and
the plasma procainamide concentrations, but no hysteresis was found for the
saliva procainamide concentrations (Galeazzi, 1976). The delay of the
pharmacological effect of procainamide with respect to its peak plasma
concentration was found to be characterised by a half - time of approximately 7
min. This delay was assumed to be the time required for the procainamide to
penetrate to its site of action in the heart. In another study, the effect of
procainamide on QRS prolongation on the electrocardiogram was found to lag
behind blood procainamide concentration by 3 to 18 min (Liem, 1988). As a
result, the conventional concept of an effective plasma concentration was

challenged and proposed to be meaningless unless defined with respect to time.

Some workers have recognised that a true understanding of the basis of this
hysteresis can only be reached by studying the relationship between the tissue
(in particular myocardial) distribution of procainamide and its pharmacological
effect. However, some aspects of the tissue distribution of procainamide were
documented almost as soon as the drug was introduced (Mark et al., 1951).
One hour after the intravenous infusion of 1.25 g of procainamide to dogs, it
was shown that procainamide concentrations in most organs and tissues were
still considerably higher than plasma drug concentrations. The myocardial drug
content was 81 mg/kg when the blood concentration was 32 mg/L. Studies of
procainamide pharmacokinetics by compartmental modelling showed that
procainamide had a rapid distribution half - life of about 5 min and that it was
extensively bound in organs such as the heart, kidney, liver and lungs (Graffner

et al., 1975; 1977).

Other workers have studied the relationships between physiological variables,

in particular myocardial blood flow, and myocardial procainamide



38

concentrations - principally to determine whether the decreased myocardial
blood flow following myocardial infarction reduces the myocardial
procainamide content and procainamide efficacy. In the normal canine heart,
it was found that the myocardial procainamide concentration normalised for
the plasma concentration was not related to myocardial blood flow (Strauss et
al.,, 1978) after intravenous infusion. The administration of procainamide by
intravenous infusion to dogs following the ligation of their left circumflex
coronary arteries (Wenger et al., 1978; 1980) showed no significant decrease in
the myocardial procainamide concentrations until the blood flow was
compromised to 31 - 40% of control. Even when the myocardial blood flow
was } 0.1 ml/min/g, (approximately 8% of control flow) the myocardial
procainamide concentration was 39 t 4% of control. This was attributed to the
extensive uptake into and slow elution of procainamide in the ischaemic
myocardium. In control regions, the time - course of the myocardial
procainamide concentrations followed the time - course of the plasma
procainamide concentrations, and reached a peak 30 sec after administration.
In the ischaemic region, the relationship was less marked. The accumulation of
procainamide in the ischaemic area was related to the regional myocardial
blood flow, and it was also found that the rate of decline of the procainamide
concentrations was slower in this region. It was concluded that the ischaemic
parts of the myocardium would have significantly different procainamide
kinetics to normally perfused myocardium, and could behave like a "peripheral

compartment” in compartmental pharmacokinetic terms.

1.6.3 Pethidine

Pethidine is a synthetic opioid analgesic (Jaffe and Martin, 1980). Although its
respiratory depressant effect is equal to that of morphine when the two drugs are
compared in equi - analgesic doses, its cardiovascular depressant effect is much
greater (Strauer, 1972; Bovill et al., 1984). This was illustrated in a study in which
the effects of high doses of fentanyl, pethidine and naloxone on the cardiovascular

system were compared in dogs (Freye, 1974). Pethidine was given intravenously in
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bolus doses of between 2.5 and 20 mg/kg. Pethidine reduced left ventricular
pressure, coronary sinus blood flow, mean pulmonary artery blood pressure and
central aortic blood pressure. Higher doses caused greater depression of the
measured haemodynamic parameters. Following doses of greater than 10 mg/kg,
reflex tachycardia appeared frequently, and if the dogs had not previously received
lower doses of pethidine, this dose led to asystole with a sudden drop in mean

pulmonary artery, central aortic and left ventricular pressures.

Similarly, in another study it was shown that when pethidine was given
intravenously to dogs (8 mg/kg over 10 min and followed by infusion at the rate of
4 mg/kg/h for 20 min), it produced a marked decrease in stroke volume, cardiac
output, mean blood pressure, right atrial pressure, mean pulmonary artery
pressure and systemic vascular resistance, but no significant change in heart rate

(Stanley et al., 1977).

The influence of pethidine on myocardial contractility in intact dogs both before
and after sympathetic blockade and atropinisation has also been investigated
(Sugioka et al., 1957). Pethidine at a dose of 5 mg/kg reduced myocardial
contractility by 26% after sympathetic blockade. It was found that the circulatory
response to intravenously administered pethidine was proportional to the dose

and the rate of administration.

In a study in patients anaesthetised with N,O and pethidine (2 mg/kg for
induction and 1 mg/kg intravenously for maintenance), a marked reduction in
cardiac output of 49%, decreased stroke volume, blood pressure and an increase

in pulmonary vascular resistance was observed (Stanley and Liu, 1977).

However, recently a positive inotropic effect of pethidine on the myocardium was
reported (Helgesin and Refsum, 1987; Helgesin et al., 1990); no mechanism was

proposed.
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1.6.3.1 Pharmacokinetics and pharmacodynamics

Many pharmacokinetic studies have been focused on the clinical
pharmacokinetics and analgesic efficacy of pethidine (Mather and Meffin,
1978; Glynn and Mather, 1982). Two compartment pharmacokinetic models
have been used to described pethidine distribution in young and old dogs
(Waterman et al., 1990). It was found that after intravenous administration,
blood drug concentrations declined in two phases with a rapid distribution half
- life of approximately 2 min and a terminal elimination half - life of
approximately 60 min. Pethidine pharmacokinetics were also studied in the
pregnant rat and described by a physiological flow model (Gabrielsson et al.,
1986). It was found that pethidine was rapidly distributed into highly perfused

organs such as the brain and lungs.

In vitro studies suggest that the magnitude of myocardial depression caused by
pethidine is proportional to the concentration of pethidine acting directly on
the myocardium. For example, right ventricular papillary muscles from cats in
solutions of 0.1, 1, 10, and 100 pg/ml of pethidine showed depression of a
number of measurements of muscle mechanics at pethidine concentrations
greater than 1 ug/ml. The depressant effects were concentration dependent,
and at equi - analgesic doses, pethidine had a 100 - 200 fold greater effect in
depressing the contractility of the myocardium than morphine, fentanyl and

piritramide (Strauer, 1972).

Pethidine distribution in the tissues of different species has been reported. In
man, dog and rat, the organs with the highest concentrations are the lungs,
liver, kidneys and brain (May and Adler, 1962). The partition coefficient of
pethidine between heart and blood of the near term sheep fetus was found to
be approximately 2, and was significantly different from that in the immature
fetus (Morishima et al., 1984). There were no toxic effects on blood pressure or

heart rate when pethidine plasma concentrations were below 100 pg/ml.
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In another study, it was found that after intravenous administration of pethidine
(2.5 mg/kg) to pregnant sheep, a positive arterio - venous pethidine
concentration gradient was present across the fetal brain for approximately 10
min (Szeto et al.,, 1980). This time required for plasma - brain equilibration
may explain the poor correlation between pethidine concentrations in the

umbilical cord and fetal respiratory depression.

In general, although pethidine can have quite profound effects on the
myocardium, little is known about the kinetics of its uptake and elution in the

heart.

1.7 Aims of the research

The central hypothesis of this thesis is that the time - course of myocardial drug
concentrations is a major determinant of the time - course of the magnitude of
myocardial drug effects. There have been few in vivo studies in either animals or
man which have appropriately addressed this hypothesis. From the literature review
it is apparent that the existing methods for in vivo myocardial drug pharmacokinetic
and pharmacodynamic studies and modelling have involved many factors which
influence myocardial drug disposition and drug effect, and have used many over -
simplified assumptions. The most successful studies to date have used methods
based on arterial and coronary sinus blood sampling and mass balance principles to
determine myocardial drug uptake and elution (Selden and Neill, 1975; Horowitz et

al., 1986).

Methods based on mass balance principles for the study of myocardial
pharmacokinetics are relatively non - invasive and thus permit the simultaneous
study of pharmacodynamics in subjects whose physiological status has not been
altered excessively by interventions such as anaesthesia. The overall aim of the
research work described in this thesis was to define the myocardial pharmacokinetics
of selected drugs and to correlate these with simultaneously determined

pharmacodynamics in conscious, unrestrained sheep.
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The specific aims were:

1. To validate the method for regional pharmacokinetic studies by experimentally

examining some prerequisites for the use of mass balance principles;

2. To use mass balance principles to study myocardial pharmacokinetics and the
relationship between myocardial pharmacokinetics and pharmacodynamics after the
short term intravenous use of drugs in conscious, unrestrained sheep. Three drugs,
lignocaine, procainamide and pethidine were chosen for study because of their wide
clinical use (1.6) as well as their physiochemical properties. Lignocaine is a basic
amine with a pKa of 7.9 and intermediate lipophilicity; procainamide is also a basic
amine with a pKa of 9.2 and low lipophilicity and pethidine has a similar pKa to

procainamide but a high lipophilicity.



Figure 1.1 The effect of time differences between the measured drug concentration
and the measured drug effect when the cc.)ncentration - effect relationship is linear.

For the purposes of illustration, a hypothetical time - course of drug concentrations
was simulated in which the drug concentrations rapidly rose and fell in a manner
similar to that which occurs in organs such as the heart after an intravenous bolus of
a drug. In this instance a symmetrical peak was produced based on a binomial
distribution, although in vivo organ drug concentrations after an intravenous drug

bolus often rise at a greater rate than they fall (Upton et al., 1988a; 1990b).

Five alternative relationships between the time - course of drug effect and the drug
concentrations described above were simulated. The simplest was a direct linear
relationship between drug concentration and drug effect (relationship C), with the
units of drug effect arbitrarily assigned as one half of the units of drug concentration.
In relationships A and B, in addition to this linear relationship the drug
concentrations lagged behind the drug effect by a long and short time interval,
respectively. In relationships D and E, the drug effect lagged behind the drug

concentrations by a short and long time interval, respectively.

The upper panel of this figure shows the time - cou- ,es of the drug concentrations
and the 5 relationships governing drug effect. The lower panels marked A - E show
plots of drug effect versus drug concentration for the S relationships described above,

respectively. These are summarised below:

(A) Linear relationship - long lag between effect and concentration.
(B) Linear relationship - short lag between effect and concentration.
(C) Linear concentration - effect relationship.

(D) Linear relationship - short lag between concentration and effect.

(E) Linear relationship - long lag between concentration and effect.
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Figure 1.2 The effect of time differences between the measured drug concentration
and the measured drug effect when the concentration - effect relationship is
nonlinear.

As in Figure 1.1, a hypothetical time - course of drug concentrations was simulated in
which the drug concentrations rapidly rose and fell. Five alternative relationships
between the time - course of drug effect and the drug concentrations described above
were simulated. In relationship C there were no time - differences between the drug
concentration and drug effect, but the concentration - effect relationship was based

on a maximum effect model:

Effect = Emax X C /(ESO + C)

where Ep,, was the maximum drug effect (arbitrarily assigned as one half of the
units of drug concentration in this case), E5 was the drug concentration at which the
effect was half of E,,y, and C was the drug concentration. In relationships A and B,
in addition to this nonlinear relationship the drug concentrations lagged behind the
drug effect by a long and short time interval, respectively. In relationships D and E,
the drug effect lagged behind the drug concentrations by a short and long time

interval, respectively.

The upper panel of this figure shows the time - courses of the drug concentrations
and the 5 relationships governing drug effect. The lower panels marked A - E show
plots of drug effect versus drug concentration for the 5 relationships described above,

respectively. These are summarised below:

(A) Nonlinear relationship - long lag between effect and concentration.
(B) Nonlinear relationship - short lag between effect and concentration,
(C) Nonlinear concentration - effect relationship.

(D) Nonlinear relationship - short lag between concentration and effect.

(E) Nonlinear relationship - long lag between concentration and effect.
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SECTION II: VALIDATION OF THE USE OF MASS BALANCE PRINCIPLES
FOR REGIONAL PHARMACOKINETIC STUDIES IN THE SHEEP.

Introduction

From Chapter 1, it is apparent that the use of mass balance principles constitutes an
indirect method for calculating regional drug disposition and requires a number of
assumptions or criteria to be met (Upton et al.,, 1988a). In this section of the thesis,
two previous inadequately validated assumptions were tested experimentally: 1. that
all drug enters and leaves the region via vascular transport. 2. that after intravenous
bolus drug administration, the time - course of the afferent and efferent drug
concentrations of a region may be accurately characterised by a rapid blood sampling

technique.

The general materials and methods used for studies in sheep and for the drug assays
are presented in Chapter 2. The first assumption described above was tested in
Chapters 3 and 4. In Chapter 3, the rate of non - vascular drug transport from the
surfaces of organs of anaesthetised sheep was determined. In Chapter 4 the rate of
drug transport from a region by the lymphatic system was determined, and the use of
drug concentrations in lymph to provide insight into interstitial concentrations of
drugs was discussed. The second assumption was tested in Chapter 5 in which the
ability of several commonly used rapid blood sampling methods to characterise
rapidly changing blood drug concentrations was examined, and a new rapid blood

sampling method was described.
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CHAPTER 2: GENERAL MATERIALS AND METHODS FOR STUDIES IN THE
SHEEP.

2.1 Animal selection

Sheep were used because they were readily available, could be easily tamed and are
relatively large compared to other commonly used experimental animals. The
chronically catheterised sheep preparation was used as developed by Runciman et
al.,, (Runciman, 1982; Runciman et al., 1984a; 1984b; 1984c) and as used for studies
of systemic pharmacokinetics and regional pharmacokinetics and pharmacodynamics
(Runciman et al.,, 1984b; 1984c; Nancarrow et al., 1987; Upton et al., 1988b; Rutten
et al., 1990). Sheep have proven to be tolerant of the anaesthesia and surgery
necessary for the catheterisation of multiple blood vessels, and it has been found that
catheters can be satisfactorily maintained for up to three months, allowing multiple
studies to be carried in conscious, unrestrained animals. Furthermore, sheep can be
easily approached during experiments for drug administration, blood sample
collection and the measurement of physiological parameters, and have sufficient
blood volume for repeated blood sample collection during pharmacokinetic studies
without significant decreases in their haemoglobin levels or alterations in their

haemodynamic or pharmacodynamic status.

Whenever animals are used for experimentation, question arises as to what extent
the pharmacokinetic and pharmacodynamic data (and conclusions) can be directly
extrapolated to the human situation. Although the rates and routes of drug
elimination differ between sheep and other species (Kao et al., 1978; 1979), it may
nevertheless be argued that the basic mechanisms of drug distribution are a function
of physiological processes (e.g. perfusion, diffusion and binding) that are essentially
the same in all vertebrates. These processes are sufficiently poorly understood to
justify detailed basic research in animals such as sheep. A solid knowledge of these
basic mechanisms will provide a strong foundation from which to plan further
research in humnns, and may ultimately allow prediction of aspects of drug

disposition in one species from data of another, or even from in vitro studies.
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2.2 Preparation and catheterisation of sheep

Healthy, parasite free, female Merino sheep between 1 and 2 years old and weighing
between 40 - 50 kg were supplied from a constant breeding stock by Mortlock Farm
of the University of Adelaide. Prior to purchase, the haemoglobin types of the sheep
were determined using the gel electrophoresis technique (Nancarrow, 1986). Only
sheep of haemoglobin type A were used because these sheep have very similar

oxyhaemoglobin dissociation characteristics to humans (Huisman and Kitchen,
1968).

Sheep were placed in mobile metabolic crates (Fig. 2.1) 1 to 2 days before the initial

surgery, and were fasted on the day before surgery.

2.2.1 Anaesthesia

Procedures for anaesthetising sheep were the same for both the surgical
placement of long - term blood vessel catheters and the acute experiments. The
method used has been reported previously in detail (Runciman et al., 1984a).
Briefly, anaesthesia was induced with sodium thiopentone (20 mg/kg) via a left
jugular vein cannula (1) placed percutaneously just before the induction. Sheep
were then intubated with a cuffed endotracheal tube (2). Anaesthesia was
maintained with 1.5% halothane in 40% oxygen (balance nitrogen). Artificial
respiration was kept at 20 breaths/min using a Mark 7 ventilator (3) and a circle
system. The end expired carbon dioxide was monitored by an infrared carbon
dioxide analyser (4) and maintained between 4 and 4.5%. An intravenous
infusion of 0.9% saline (approximately 100 ml/h) was maintained through the left

jugular vein cannula during the entire period of anaesthesia and surgery.

1 14G, Intracath, Deseret Medical Inc., Sandy, UT, USA
2 Size 9; Portex Ltd., Hythe, England
3 Bird, Palm Springs, CA, USA

4 Normocap, Datex Instrumentarium Corp, Finland
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2.2.2 Catheterisation

Catheters were placed for the purposes of drug administration, blood sample
collection and the measurement of myocardial function and haemodynamic status.
The general method of blood vessel catheterisation has been described in detail
previously (Runciman, 1982; Runciman et al., 1984a). A brief description is given
below. More details of specific methods for the catheterisation of blood vessels,
such as the aorta, inferior vena cava, right atrium, pulmonary artery, and coronary

sinus, will be described in the methods sections of the appropriate chapters.

Briefly, the neck was shorn and the right carotid artery and jugular vein were
exposed using sterile technique through a right - sided longitudinal neck incision.
Up to 3 catheters of various sizes, depending on the requirements for different
studies, were inserted into the carotid artery using the Seldinger technique and
advanced under fluoroscopic control until their tips were approximately 2 cm
above the aortic valve. The same method was used to introduce catheters into the
jugular vein, from which their tips were further advanced into one of the vessels of
the venous system described below as appropriate: the inferior vena cava, midway
between the level of entry of the renal veins and the confluence of the iliac veins
(IVC catheter); the right atrium (RA catheter); the pulmonary artery (7F balloon
tipped thermodilution catheter (5)). This catheter was used in conjunction with a
cardiac output computer (6) for the measurement of cardiac output and the blood

temperature of the sheep.

In all cases, the positions of the catheter tips were confirmed by fluoroscopic
monitoring, often with the aid of the injection of radio - opaque dye (7) down the

catheter to visualise the catheterised blood vessel.

5 Swan - Ganz, Edwards Laboratories, Irvine, California, USA
6 Model 9520A4, Edwards Laboratories Inc., Irvine, California, USA
7 Conray 420 (70% iothalamate), May and Baker Ltd., Dagenham, UK
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In chronically catheterised sheep, catheters were secured using the method of
Runciman et al., (1984a; 1984b). After the sheep had recovered from anaesthesia,
they were extubated and transferred into their metabolic crates (Fig. 2.1). The
catheters were connected through three - way stopcocks (8), extension lines and
continuous flushing devices (9) to a gas powered flushing system which allowed
each catheter to be flushed with heparinised 0.9% saline (5 i.u./ml) at a rate of 3
ml/hr.  This prevented the blocking of the catheters due to local blood
coagulation at their tips (Runciman et al., 1984a). This dose of heparin did not
systemically heparinise the animals (Runciman, 1982). Methadone 10 mg in 1 ml
was given subcutaneously for post - operative pain management. The chronically
catheterised sheep were usually able to stand in their crates and begin eating and
drinking 1 - 2 hr after surgery. Their food and water consumption usually

returned to pre - catheterisation values 2 - 3 days after surgery.

2.2.3 Sheep maintenance and handling

After catheterisation, sheep were inspected at least once a day. They had free
access to food and water, except during experiments. Their food and water
consumption and urine output (separated from faeces by a wire mesh and
collected in containers beneath the crate (Fig. 2.1)) were recorded. The flushing
system was checked and catheters were given rapid flushes with heparinised 0.9%
saline daily via the fast flush devices of the pressure infusors (Fig. 2.1 and
Runciman et al, 1984a). Most catheters remained patent during the
catheterisation period. If a catheter was found to be blocked, it was repcatedly
flushed with sterile heparinised 0.9% saline using a 1 ml syringe (10). If this failed
to unblock the catheter, a guide wire (11) was inserted down the lumen of the

catheter, using sterile technique, until it was estimated that 1 - 2 cm of the wire

8 Viggo Products, Helsingborg, Sweden

9 Intraflo, Abbott Laboratories, North Chicago, USA

10 Terumo, Melbourne, VIC, AUS

11 TSF - 38 - 145 - X, Cook Inc., Bloomington, IN, USA
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had emerged from the tip of the catheter. If this failed, the sheep was no longer

used for studies and was given a fatal dose of pentobarbitone intravenously.

Healthy sheep ate, on average, 1 kg of lucerne chaff a day and were alert. If an
animal became ill, as evidenced by a drop in food intake and urine output and by
a lethargic, miserable appearance or by a blood temperatures over 40°C, a blood
sample was taken for bacterial culture. Arterial blood (10 ml) was collected using
sterile technique and 5 ml of blood was injected into Bactec NR 6A and 7A
bottles (12) for blood in vitro aerobic and anaerobic bacterial culture by the
Department of Microbiology, Flinders Medical Centre. Sheep with positive blood
cultures that failed to respond quickly to selective antibiotic therapy were also

given a fatal dose of pentobarbitone intravenously.

Except for acute studies, chronically catheterised sheep in their metabolic crates
were brought into the laboratory on the experimental days. Before any
experiment, at least 20 min were permitted for them to adapt to the laboratory
environment. It was shown in previous investigations (Runciman et al., 1982;
1984a) that the; did not appear to be distressed during studies, generally showing

no change in cardiac output, heart rate or blood pressure.

2.3 Drug studies
Lignocaine, procainamide and pethidine were selected for study. They were chosen
mainly on the basis of their physicochemical properties and their therapeutic or toxic

effects on the heart (see Chapter 1).

Drugs in their commercial forms for intravenous (i.v.) use (1% lignocaine
hydrochloride (13), 10% procainamide hydrochloride (14) and pethidine

hydrochloride (15)) were obtained from the Pharmacy Department of Flinders

12 Becton Dickinson Diagnostic Instrument Systems, Towson, MD, USA
13 Xylocard, Astra Pharmaceuticals Pty Ltd, Sydney, NSW, AUS

14 Pronestyl, E.R Squibb and Sons, Noble Park, VIC, AUS

15 David Bull Laboratories, Mulgrave, VIC, AUS
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Medical Centre. They were diluted in sterile mixing bottles to the desired
concentrations with 0.9% NaCl for iv. injection (16) immediately before drug
administration and then withdrawn into 50 ml glass syringes (17). The syringes were
connected to the infusion catheter using a 3 - way stopcock (18) and a 75 cm
extension line (19) in acute studies. In chronically catheterised sheep, the extension

lines were arterial pressure tubing (20) and a 75 cm extension line (19).

A Harvard single channel infusion pump (21) was used for all drug infusions. Before
the start of an infusion, the catheter dead space was filled with the drug solution with
a 2 ml syringe (10). After each experiment, the exact infusion rate was calculated

from the total volume of drug solution delivered and the infusion time.

2.4 Blood sample handling

Blood samples from different sites were collected through the appropriate
intravascular catheters. In acute studies, a three - way stopcock (22) was connected
to the catheter. At the time of sampling, 2.5 ml of blood was withdrawn into a 5 ml
syringe (10) to account for 1.2 ml of catheter dead space. Next, 0.5 ml of blood for
drug assay was taken using a 1 ml syringe. Depending on the requirement of the
assay, this blood was transferred into 1.5 ml Eppendorf microtubes (23) or 10 ml soda
glass tubes (24) both of which contained 25 pl of heparin (1000 i.u./ml).

For studies in chronically catheterised sheep, blood samples were drawn from the

intravascular catheters through a 75 cm extension line (19) and double stopcock (the

16 Travenol Laboratories Pty. Ltd.,, NSW, AUS

17 "Top" Brand, Tokyo, Japan

18 Viggo Products, Helsingborg, Sweden

19 50 - 305, Tuta Laboratories, Sydney, NSW, AUS

20 91 cm, Sorenson Research, 4455 Atherton Drive, Salt Lake City, Utah, USA
21 Series 9024, Harvard Apparatus, Millis, MA, USA

22 Cobe Laboratories, Lakewood, CO, USA

23 Micro Test - tubes 3810, Eppendorf, Hamburg, FRG

24 GS10/W/Z/C, Johns Products, Oakleigh, VIC, AUS
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"two stopcock” method). A volume (5 ml) was taken to account for the catheter and
extension tube dead - space (2.5 ml). Blood samples for drug assay were taken from

the proximal stopcock using a 1 ml syringe.

The development of a rapid sampling method for characterising the changes in blood

drug concentration after i.v. bolus drug injection will be described in Chapter 5.

2.5 Drug assays

All samples were stored at -20°C until assayed.

2.5.1 Analytical equipment

Lignocaine and pethidine were assayed using an Hewlett Packard Model 5710A
gas chromatograph (GC) with a nitrogen - phosphorous detector (25).
Procainamide was assayed using an high pressure liquid chromatograph (HPLC)
with a Waters Model 6000A pump, a Waters U6K injector, a Waters C18 reverse
phase column, and either <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>