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INTRODUCTION

The subject of the present thesis is the validation of a nonlinear (or compartmental)

model of the kinetie behaviour of radiolabelled L-3,4-dihydroxyphenylalanine CL-dopa) in

living brain. Several such models describing the cerebral uptake and metabolism of

radiolabelled L-dopa analogs. including [3H]dopa and L-6-[18F]fluorodopa. have been

developed in recent years. Chromatographie identification of radiolabelled metabolites in

brain tissue samples established qualitatively the biological accuracy of the models.

However. the work presented in this thesis represents their first quantitative validation.

The article in Chapter II (Deep et al.. 1997a) is the first comparison of radiolabelled

L-dopa metabolite fractions calculated by a compartmental model with corresponding

fractions measured analytically by chromatography in rat brain. The results of this study led

to the development of a model describing the vesicular uptake of radiolabelled dopamine in

vi VO. Rate constants describing the distribution ofradiolabelled dopamine between cytosolic

and vesicular compartments are now estimated; previous models omitted vesicular storage.

Modelling of tissue radioactivities measured from a series of statie cerebral

autoradiograms in rats had been previously performed following injection of radiolabelled

deoxyglucose (Sokoloff et al.. 1977), but the article in Chapter III (Deep et al., 1997b)

outlines the first attempt at modelling radioactivities derived from radiolabelled L-dopa in

rat brai n by an analogous autoradiographie technique. Furthermore. in comparing

autoradiographie results from right cerebral hemispheres with corresponding analytic results

obtained previously based on chromatographie fractionation of radiolabelled L-dopa

metabolites in the left cerebral hemispheres of the same rats, we seek to establish the first

direct empirical validation of compartmental modelling of autoradiographie data for

quantitative assays of radiolabelled L-dopa uptake and metabolism in living brain.

A comprehensive general review of the pertinent literature is presented in Chapter

1. The overall conclusions from the results of the different studies ofthis thesis are discussed

in Chapter IV, while a complete set of references is listed alphabetieally in Chapter V. An

appendix containing the derivations of important equations and mathematical terms

appearing in the two original articles is provided in Chapter VI. Finally, the thesis concludes

with a second appendix that contains publisher reprints of these articles in Chapter VII.
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ABSTRACT

This research details two experiments that together establish the legitimacy of a

compartmental model which describes the cerebral uptake and metabolism of radiolabelled

L-dopa in vi vo. First. tissue radioactivities calculated with the model were compared with

corresponding radioactivities measured previously by chromatographie fractionation of 18F_

labelled metabolites in striatal tissue extracts from rats given intravenous injections of L-6­

CXF]tluorodopa. Second. kinetic constants estimated by model fitting to measured

radioactivities from combined metabolite pools in a time-series ofstatic autoradiograms from

right cerebral hemispheres of rats administered [3H]dopa. were compared to corresponding

previously published estimates basedon analyses ofmeasured radioactivities from individual

metabolite pools separated by chromatographie fractionation of 3H-labelled metabolites in

the left cerebral hemispheres of the same rats. These comparisons confinned quantitatively

the biological accuracy of the model. thus validating the compartmental modelling of

autoradiographie data for investigations of the kinetic behaviour of radiolabelled L-dopa in

living brain.
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RÉsUMÉ

Cette thèse détaille deux expérimentations effectuées pour établir la légitimité d'un

modèle compartimentai utilisé pour décrire la captation cérébrale et le métabolisme in vivo

de la L-dopa marqueé avec un radioélément. Tout d'abord, les concentrations radioactives

tissulaires calculées avec le modèle furent comparées aves les radioactivités correspondantes

mesurées précédemment par fragmentation chromatographique des métabolites marqués au

IljF. Deuxièmement, les constantes cinétiques estimées par l'ajustement d'un modèle aux

mesures radioactives faites à partir de pools combinées de métabolites d'autoradiogrammes

statiques de l'hémisphère cérébral droit de rats administrés avec du eH]dopa. furent

comparées avec les estimations correspondantes publiées basées sur la fractionation

chromatographique de métabolites marqués au JH dans l'hémisphère gauche des mêmes rats.

Ces comparaisons permirent de confirmer quantitativement lajustesse biologique du modèle,

validant ainsi la modélisation compartimentale de données autoradiographiques dans

l"investigation du comportement cinétique in vivo de la L-dopa marquée avec un

radioélément dans le cerveau humain.
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REVIEW OF THE LITERATURE

l. Introduction

The present researeh is intended to validate quantitatively the biological aceuraey of

a nonlinear (or eompartmental) model deseribing the kinetie behaviour of radiolabelled L­

3.4-dihydroxyphenylalanine (L-dopa) in living brain. Analogs of the endogenous large

neutral amino acid L-dopa incorporating positron-emitting isotopes (Ile and 18F) have been

used to obtain qualitative images of radiolabelled L-dopa uptake in the conscious human

brain by positron emission tomography, adynamie autoradiographie technique. The cerebral

radioactivities so measured are analysed by compartmental modelling to yield estimates of

kinetic constants that could otherwise only be assayed analytically in the autopsied brain.

These constants define the rates of relevant physiological processes whieh are assumed to

follow first-order kinetics, including the unidirectional transferof radiolabelled L-dopaacross

the blood-brain barrier, and its subsequent in situ decarboxylation to radiolabelled dopamine

by the cytosolie enzyme dopa deearboxylase. Of particular c1inical importance is the

measurement of dopa decarboxylase activity, since the magnitude of this value reflects the

functional state of the nigrostriatal dopaminergic pathway; comparisons with corresponding

mean values obtained in neurologically nonnal populations reveal the neurochemical basis

of subcortical motor disorders such as Parkinson 's disease. The present topic is introduced

with a review of the literature describing the several techniques, chemical eompounds. and

mathematical models associated with the analysis ofcerebral radioactivities measured in vivo

by positron emission tomography following the peripheral administration of radiolabelled

L-dopa analogs.

The review begins with an elucidation of the anatomical components of the striatum

and the nigrostriatal dopaminergie pathway (section 2). The physiological steps involved in

the synthesis, storage, and metabolism of dopamine in the striatum of living mammalian

brain are detailed (section 3). This leads to a discussion of the etiology, neurochemieal

pathology, and phannacological treatmentofParkinson's disease, achronie and progressive

disorder of the central nervous system caused by deficits in dopamine neurotransmission
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(section 4). The physicaJ and chemical characteristics ofseveral radiolabelled analogs of the

dopamine precursor. L-dopa, are then presented (section 5). The availability of these

compounds permits in vivo studies ofcerebral dopamine synthesis and metabolism. and led

to the development ofautoradiographic methods for external detection of radiotracer in brain.

notably positron emission lomography (section 6). This is followed by an overview of the

standard models, both linear and compartmental, that are applied to tissue radioactivities

measured by autoradiography for the estimation of kinetic constants describing the cerebral

uptake and metabolism of radiolabelled L-dopa in living brain (section 7). The review

concludes with a brief summary of altemate tracers suitable for sludying cerebral

dopaminergic systems. such as radiolabelled analogs of rn-tyrosine (section 8).

2. Dopamine in mammalian brain

2.1. The detection ofdopamine in nervous tissue

The endogenous catecholamine 3,4-dihydroxyphenylethylamine (dopamine) is a

chemicaI transmitter in many neuronal pathways of the mammalian central nervous system.

Dopamine was first identified in situ nearly fortY years ago. In post rnortem studies on

patients without neurological disorders. fractionation of the autopsied brains by liquid

chromatography or alumina extraction, followed by fluorimetric analysis of the resulting

tissue extracts, revealed significant concentrations (in the J.lg gol range) of dopamine (Sano

et al., 1959; Ehringer and Homykiewicz. 1960; Bertler, 1961; Bernheirner et al.. 1963;

Homykiewicz. 1963) and its major metabolite in humans. homovanillic acid (Bernheimer.

1963; Sharman, 1963; Homykiewicz et al., (968). Dopamine was similarly found in the

brains of other mammals such as rats, guinea pigs, rabbits, cats, dogs. pigs. and sheep

(Bertler and Rosengren, 1959). [n aIl cases, the highest concentrations of dopamine and

homovanill ie acid were observed in the striaturn, a component of the basal ganglia (see

section 2.2). Dopamine is also widely distributed in peripheral tissues, but is localized

mainly in ehromaffin cells of the lung, liver, and small intestine (Bertler et aL, 1959). Based

on the oxidative potential ofdopamine and its metabolites, the analysis ofthese compounds
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In brain tissue has been facilitated by the availability of high-perfonnance Iiquid

chromatography with electrochemical detection (Felice et al.~ 1978; Cheng and Wooten~

1982).

The discovery of the detailed anatomical distribution of dopaminergic neurons and

their tenninals was facilitated by the development of the fluorescent histochemical method

for the visualization of biogenic amines (Falck. 1962; Falck et al.~ (962). This technique is

based upon the conversion of biogenic amines in freeze-dried tissue sections to derivatives

that tluoresce with a bright green colour after exposure to dry formaldehyde vapour at 60-80

oC. Swedish researchers used this method to identify several distinct groups of aminergic

neurons in the brainstem and diencephalon (Dahlstrom and Fuxe, 1964; see Hillarp et al..

(966); they adopted the nomenclature AI-AI2 forcatecholaminergic groups and 8 1-89 for

serotonergic groups. Under the fluorescent microscope, ail parts of the catecholaminergic

neuron can be visualized; the concentration of dopamine is relatively low in cell bodies and

axons. and high in tenninals. Historically, this fluorescence method is very important

because it represents one of the first tools for the demonstration of neurochemical

heterogeneity of specifie groups of neurons.

2.2. Tile striatum: a component ofthe hasal ganglia

The basal ganglia consist of fi ve extensively interconnected. subcortical gray matter

nuclei located in the telencephalon: the caudate nucleus. putamen. globus pallidus,

subthalamic nucleus, and substantia nigra (see Côté and Crutcher, (991). In commenting

that the basal ganglia have the "characteristics of basements, viz. darkness", the neurologist

Kinnier Wilson was perhaps referring to the location of these structures deep beneath the

outer layers of the cerebral cortex, or to the uncertainties still surrounding sorne of their

functions, which include sensorimotor aspects of movement programming, conditional

aspects of planning movements, program selection, and motof memory and retrieval (see

Graybiel. 1990).

An important functional component of the basal ganglia is the neostriatum (or

striatum), so named because of its stripy or striated appearance due to the presence of white
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corticofugal fibres. The striatum serves as the input center for the basal ganglia. In the

rodent the striatum is a single structure, but in primates (see Albin et aL. 1989; see Netter.

1997) it consists of the caudate nucleus medially and the putamen laterally, divided by a

cIuster of fibres of the corona radiata caIled the internai capsule. There is also a ventral

component of the striatum defined as the nucleus accumbens (Walaas, 198 1; see Heimer et

al.. 1982) which is functionally and anatomically connected to limbic brain structures.

The majority of cells in the striatum are medium-sized neurons with dendrites that

are densely covered with spines. These cells, first described by the anatomist Ramon y Cajal

in 1911 using the Golgi staining method, were identified as the main projection neurons of

the striatum with axons that discharge the inhibitory neurotransmitter gamma-amino-butyric

acid (GABA) al terminals in the substantia nigra (Somogyi and Smith, (979) and globus

pallidus. The remaining striatal neurons are larger in size and do not have any axons that exit

the striatum; these serve as local interneurons containing acetylcholine (see Groves, 1983),

or peptides such as somatostatin or neuropeptide Y (Aosaki et al., 1995; Figueredo-Cardenas

et al., 1997). A detailed description of the neuronal connections between the striatum and

other components of the basal ganglia is provided in section 4.4.

2.3. Tlle nigrostriatal dopaminergic pathway

Dopaminergic terminais in the striatum accur as a dense innervation of fibres from

two specifie groups of neurons in the brainstem (Dahlstrom and Fuxe, 1964; see Hillarp et

al.. 1966; see Fuxe et aL, (970); neurons with cell bodies in the ventral tegmentum (group

A8) project to the nucleus accumbens and olfactory tubercle, while those with cell bodies in

the pars compacta of the substantia nigra (group A9) project primarily to the putamen and

the caudate. Together, the tegmental and nigral afferents constitute the nigrostriatal

dopaminergic pathways. First identified in human brain. the presence of nigrostriatal

dopaminergic pathways was similarly observed in rat brain (Andén et aL, 1964, (965). The

substantia nigra, or 'black substance' , is so named for its high concentration ofneuromelanin,

a black pigment derived from L-tyrosine, similar to the pigment found in hair and skin (see

Zubay. 1993). Loss of these pigmented neurons was recognized as one of the two key
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pathological findings in Parkinson's disease (see section 4.2); the other hallmark histological

observation on microscopie analysis of the parkinsonian brain is the presence ofLewy bodies

(Fomo, 1969), described as eosinophilic, intracytoplasmic inclusions composed of fine

filaments that are round primarily in surviving neurons of the substantia nigra and basal

nucleus of Meynert (see Cotran et al., 1994).

Nigrostriatal dopaminergic neurons display two firing patterns with frequencies of

approximately six spikes per second (Freeman et al., 1985): single spike activity, and a

bursting mode with spikes of progressively decreasing amplitude within a burst. A

quantitative study of nigrostriatal dopaminergic neurons counted about 3500 cell bodies on

one side of the rat brain (Andén et al., 1966); the average amount of dopamine in each cell

body was 2.5 f.1g with a concentration of approximately 200 f.1g1g striatum. Further

calculations suggested that the terminal system of each dopaminergic neuron was about 65

cm in length and contained an average of 500,000 varicosities, illustrating the high degree

of divergence in the innervation pattern. Functionally. this indicates that the activity in one

nigrostriatal dopaminergic neuron can influence a large number of target nerve cells.

3. The metabolic pathway of dopamine in the striatum

3.1. Rate constants measured in vitro

The physiological steps involved in the metabolic pathway ofstriatal dopamine. from

the synthesis and blood-brain uptake of its amine acid precursors to the clearance of its acidic

metabolites into cerebrospinal fluid, have been extensively studied and characterized

quantitatively. However, a more complete understanding of dopamine neurochemistry (or

any other biochemical system) also requires quantitative kinetic information about the rates

of relevant physiological processes. Therefore, the present discussion begins with a brief

description of the fundamental concept of a rate constant, and the conventional method of

its measurement in vitro.

According to classical Michaelis-Menten kinetics. and assuming first-order kinetic

behaviour, the velocity of a chemical reaction Cv) is given by,



• v =

[- 6

(1)

where C is the substrate concentration, Vmax is the maximal reaction velocity, and Km is the

substrate concentration at which the reaction velocity is half-maximal. In vitro

measurements of v are made under standard conditions of pH and temperature. and with the

necessary enzymatic co-factors. A common method of estimating Vmax and Km is with a

Lineweaver-Burk plot. also called a double-reciprocal plot, in which llv is plotted as a

function of I/C. The resulting straight line has a slope of KmlVmax' an ordinate intercept of

l/Vmax • and an abscissa intercept of -l/Km • By definition, the fractional first-order rate

constant (k, min-I) is equal to vIC. Therefore, substitution of the expression for v (Eq. 1)

yields k in tenns of measurable parameters,

For reactions in which the substrate concentration is orders of magnitude lower than Km (i.e.

reactions involving an exogenously administered radiolabelled tracer compound such as

[-'H]dopa or L-6-[ IMF]fluorodopa; see section 5), then Eq. 2 reduces to,

•
k = (2)

(3)

•

3.2. Enzymes that regulate the synthesis ofstrilltal dopamine

3.2.1. Tyrosine hydroxylase

The catecholamine pathway begins with the conversion of the essential amino acid

L-phenylalanine to L-tyrosine, catalyzed by phenylalanine 4-monooxygenase (EC 1.14.16.1)

in the Iiver. L-Tyrosine is subsequently converted to L-dopa by tyrosine hydroxylase (EC

1.14.13.2). This enzyme is found in catecholaminergic neurons and adrenal chromaffin cells.

Tyrosine hydroxylase is stereospecific and has a high specificity for L-tyrosine, a1though L-
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phenylalanine is also a substrate. D-Tyrosine, tyramine, and L-tryptophan are Dot substrates

for this enzyme. Molecular °2, Fe2
+ ions, and a tetrahydrobiopterin co-factor are required

for the oxidative activity of tyrosine hydroxylase. The apparent Km value for the conversion

of L-tyrosine to L-dopa is about 4 pM in a preparation of brain synaptosomes (see Cooper

et al.. 1991), while the steady-state concentration of L-tyrosine in rat brain is an order of

magnitude larger (30 pM; Cumming et al., 1998a). This indicates that tyrosine hydroxylase

is nearly saturated with L-tyrosine in vivo, and therefore may he rate-limiting with respect

to catecholamine synthesis.

3.2.2. Dopa decarboxylase

The ultimate enzyme in the pathway for dopamine synthesis is dopa decarboxylase

(Ee 4.1.1.28), which decarboxylates L-dopa to fonn dopamine (Srinivasan and Awapara,

1978~ Borri-Voltattomi et aL, 1983). This stereospecific enzyme has a moderate affinity for

several aromatic L-amino acids, including L-histidine, L-tyrosine, L-tryptophan and L­

phenylalanine, and is therefore more properly referred to as aromatic L-amino acid

decarboxylase. The activity of dopa decarboxylase requires pyroxidal phosphate (vitamin

B6 , also known as co-decarboxylase) as a co-factor. Like many amino acid decarboxylases,

this enzyme is found in the cytoplasm of certain peripheral tissues, with the highest activities

in liver, kidney, and adrenal glands (Rahman et aL, (980). The efficient peripheral

decarboxylation of L-dopa in the gastrointestinal tract contributes to a low concentration of

circulating L-dopa in human blood (l0-8 M; Hansson et aL, (978). The slightly higher

concentrations ofL-dopa in venous blood compared to arteriaI blood suggests that circulating

L-dopa is not derived exclusively from the diet, but rather is released from sympathetic nerve

endings, or the central nervous system. to reach the general circulation (Goldstein et al.,

1987). In vitro assays of post mortem brain tissue samples from rats (Rahman et al., 1980),

patients without neurological disorders (Lloyd and Homykiewicz, 1972; Mackay et al.,

1977), and patients with Parkinson' s disease (Lloyd and Homykiewicz, 1970; Lloyd et al.,

197Sa) revealed the highest concentrations ofdopa decarboxylase in dopamine-rich regions,

such as striatum and olfactory tubercle.
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In rat brain, the apparent Km value for the conversion of L-dopa to dopamine (100

IJ M; Cumming et aL, 1988) is over two orders of magnitude larger than the steady-state

concentration of L-dopa « 1.uM; Cumming et aL, 1998a). Therefore. dopa decarboxylase

is far from saturated with L-dopa in vivo. The saturation of tyrosine hydroxylase coupled

with the non-saturation of dopa decarboxylase has led to the suggestion that the activity of

the latter enzyme does not contribute to the regulation ofdopamine synthesis. In living brain,

the decarboxylation of L-dopa in the axonal cytoplasm occurs in competition with at least

two other processes: the elimination of L-dopa from brain to venous blood (Goldstein et al..

(987). and the methylation of L-dopa (see section 3.2.3), indicating that L-dopa in brain is

not committed to dopamine synthesis (Cumming et aL, 1998a). In this context, the fraction

of L-dopa which is decarboxylated, rather than the fraction eliminated by other processes,

influences the synthesis of dopamine in brain (Gjedde et aL, 1993; see Opacka-Juffry and

Brooks. 1995; see Gjedde, 1996).

It is unknown if optimal conditions for dopa decarboxylase activity prevail in vivo.

The activities of dopa decarboxylase estimated in living brain of rat and primate (0.01-0.30

min- I
; see section 7.3) are much lowerthan the relative dopadecarboxylase activity predicted

from in vitro measurements of Michaelis-Menten constants (Vma/Km=3 min- I
; Cumming et

al.. (988), consistent with substantial inactivation of the enzyme in vivo. Indeed, much

experimental evidence indicates that the activity of dopa decarboxylase is highly regulated.

The activity of dopa decarboxylase in rat striatum measured ex vivo is regulated by

dopamine receptors (Zhu et aL, 1992; Hadjiconstantinou et al., 1993) and by glutamate

receptors (Hadjiconstantinou et al., 1995). Similarly, dopamine receptor occupancy by

antagonists (Cumming et aL, 1997a) and possibly dopamine concentration (Cumming et al..

1995(/) regulate the activity of dopa decarboxylase measured in living rat brain. In vitro, up­

regulation of dopa decarboxylase gene expression in rat pheochromocytoma cells was

observed following administration of the dopa decarboxylase inhibitor N50-1 0 15 (Li et aL,

(993). Furthermore, the activation of adenylate cyclase in vitro transiently increased dopa

decarboxylase activity, suggesting that dopa decarboxylase activity can be modulated by a

cyclic AMP-dependent process (Young et al., 1993). Dopamine levels in the adult human
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striatum decrease during aging, white dopa decarboxylase protein levels rernain relatively

constant. suggesting a cornpensatory up-regulation of dopa decarboxylase activity in

surviving dopaminergic neurons (Kish et aL, 1995).

3.2.3. Catechol-O-methyltransferase

In the periphery and in brain, L-dopa is aIso a substrate for catechol-O­

methyltransferase (EC 2.1.1.6), which yields O-methyl-L-dopa (see Guldberg and Marsden,

1975: Gordonsmith et aI., 1982). The fonnation of O-methyl-L-dopa, which can now be

blocked by specific catechol-O-methyltransferase inhibitors (see section 4.5.2), reduces the

rate of cerebral dopamine synthesis from exogenous L-dopa by decreasing the concentration

of plasma L-dopa available for decarboxylation in brain. Catechol-O-rnethyltransferase is

a relatively nonspecific enzyme; it catalyzes the transfer of methyl groups from a co­

substrate, S-adenosyl methionine, to the meta-hydroxyl group of catecholamines and other

catechol compounds. The activity of catechol-O-methyltransferase also requires Mi+ as a

co-factor. Like dopa decarboxylase, catechol-O-methyltransferase is found in the cytoplasm

of several peripheral tissues, including even the blood vesseI wall of human dental pulp

(Nomura et aL, 1996), with the highest concentrations in liver, kidney, and spleen (Rivett et

al.. (983). Both membrane-bound and soluble forms ofcatechol-O-methyltransferase occur

in brain, with the former displaying a lOO-fold higher affinity for catecholamines (see Roth,

(992). In vitro assays of post rnortem brain tissue samples from rats (Broch and Fonnum,

1972; Rivett et al., 1983; see Roth, 1992), patients without neurological disorders (Robinson

et al., 1977), and patients with Parkinson's disease (Lloyd et aL, 1975a), revealed that

catechol-O-methyltransferase displays a relatively homogenous distribution throughout brain.

Fluorescence immunohistochemical analysis of rat brain extracts indicates that this enzyme

is not located in dopaminergic fibres, but is instead concentrated extraneuronally (Kaplan et

al., 1979). This conclusion is supported by the finding that the activity ofstriatal catechol-O­

methyltransferase is unchanged following electrolytic lesions of the substantia nigra in rats

(Francis et aL, 1987).
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3.3. Blood-brain uptake ofL-dopa and dopamine

The blood-brain transporter of large neutral amino acids is a hydrophillic molecule

that occurs in the tight endothelium of the cerebrovascular bed that constitutes the blood­

brain barrier. This compound has nine endogenous substrates. the affinities of which vary

greatly. Overall. the carrier is 90% saturated with respect to its substrates in plasma (Gjedde

and Bodsch. 1987). The transporter is Na·-independent and functions by binding its

substrate in a manner analogous to a receptor-Iigand interaction. In this way. it is responsible

for mediating the transport ofL-tyrosine. L-dopa. and O-methyl-L-dopa into and out ofbrain

by facilitated diffusion (Wade and Katzman, 1975; Oldendorf and Szabo. 1976; see Smith,

(991). The transport of L-dopa into brain occurs at a velocity of approximately 64 nM gol

min-I. with an apparent Km value of 0.44 ,uM (Pardridge and Oldendorf, 1975). Since this

transport process is passive as opposed to active. there exists no gradient for tissue uptake

and hence the equilibrium distribution volumes of large neutral amino acids cannot in general

exceed the ratio of water contents between brain tissue and plasma (close to unity);

measurements in the rat confirm this postulate (Gjedde and Bodsch. 1987; Paetsch and

Greenshaw. 1991). The stereoselectivity of the transporter is illustrated by the fact that

concentrations ofexogenous D-dopa are much lowerthan those ofL-dopa in rat brain (Andén

et aL. 1972). Competition for transporter binding sites with O-rnethyl-L-dopa can decrease

the rate of L-dopa entry intro brain (Wade and Katzrnan. 1975). and may in sorne

circumstances contribute to lirniting the rate of cerebral dopamine synthesis.

Unlike L-dopa. circulating rnonoarnines do not enter the brain to an appreciable

extent. except in regions lacking a morphological blood-brain barrier such as the choroid

plexus. median eminence, and area postrema (Bertler et aL, 1963. 1966; Fuxe and Owman.

1965). Indeed, fluorescence microscopy of rat brain extracts following the peripheral

administration of large doses ofdopamine (500 mg kg'l) revealed intense fluorescence in the

lumen of brain capillaries but liule or no fluorescence in capillary walls (Berder et al.. 1963,

1966), indicating that dopamine is not transported from blood to the brain parenchyma. The

presence of dopa decarboxylase in brain capillary walls (Owman and Rosengren. 1967;

Hardebo et aL, 1980) therefore acts as an enzymatic trapping mechanism for L-dopa. The
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walls of mammalian brain microvessels also contain monoamine oxidase (Hardebo et al..

1980: Kalaria and Harik. 1987), the enzyme primarily responsible for dopamine metabolism

(see section 3.5), such that the small fraction ofdopamine that may pass from the lumen into

endothel ial cells is rapidly deaminated. Therefore, at the vascular level there exist both

physical and enzymatic barriers that effectively regulate the concentration ofneurotransmitter

monoamines entering into mammalian brain (see Hardebo and Owman, 1980).

3.4. Vesicular storage olstriatal dopamine

Dopamine formed in living striatal neurons by the decarboxylation of L-dopa is

rapidly sequestered in synaptic storage vesicles (Buu. 1989; Leviel et al.. 1989) at a

concentration gradient of 1O'~-lOS-fold. due to free energy derived from an ATP-driven proton

pump that provides an acidic electrochemical gradient within the vesicle. It is sPeculated that

L-dopa too undergoes vesicular storage and acts as a neurotransmitter (see Opacka-Juffrey

and Brooks. 1995), but this remains unconfirmed. Vesicular dopamine is released

exocytotically (Koshimura et al.. 1992) in a quantal fashion (Pothos et al., 1996). The

cytosolic concentration ofdopamine is unknown in mammalian brain, but has been estimated

at 2% of total dopamine in a giant dopaminergic neuron of the snail Planorbis comells

(Chien et al.. 1990). The steady-state distribution of dopamine between cytosolic and

vesicular pools in rat brain is investigated in Chapter II (Deep et al., 1997a) of the present

thesis.

Centrifugation of rat brain homogenates revealed two distinct fractions of dopamine

(Gutman and Weil-Malherbe, 1967): a dense particulate fraction (the pellet) in which

dopamine is bound to subcellular structures, and a liquid soluble fraction (the supematant).

lt seems reasonable that vesicular dopamine contributes to the former fraction. while

dopamine in the cytosol may contribute to both fractions. The concentration of dopamine

in the cytosol can be increased pharmacologically with the peripheral administration of

reserpine. an alkaloid extracted primarily from the foots of trees and shrubs of the rauwolfia

genus. that blocks the uptake of catecholamines ioto synaptic vesicles (see Carlsson, 1966;

Guldberg and Broch, 1971). Dopamine not protected by vesicular storage is rapidly broken
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down, as shown by the decreased dopamine concentrations and increased homovanillic acid

concentrations measured in rat striatum following reserpine treatment (Guldberg and Broch.

1971 ).

3.5. Metabolism ofstriatal dopamine

Free dopamine in the striatum is a substrate for enzYmatic degradation by catechol-O­

methyltransferase and monoamine oxidase (Ee 1.4.3.4). which yield 3-methoxytyramine and

3.4-dihydroxyphenylacetic acid (dopac), respectively. The two isoforms ofthe latterenzyme

(A and B) have markedly different abundances and distributions in brain (Saura et al.• 1992);

in vitro studies indicate that the A fonn contributes significantly more to the deamination of

dopamine (Fowler and Benedetti, 1983; Garrett and Soares-da-Silva, (990). Both 3­

methoxytyramine and dopac are precursors of homovanillic acid. but the majority of

homovanillic acid is derived from the latter compound (80-95%; Westerink and Spaan.

1982a: see Westerink. 1985; Cumming et al .• 1992). The concentrations of dopamine and

its two acidic metabolites. dopac and homovanillic acid. in slices of rat striatum increase

rostrocaudally (Widmann and Sperk. 1986), indicating that the striatum is not chemically

homogenous with respect to dopamine metabolism.

The results of numerous pharmacological experiments indicate that 3­

methoxytyramine is derived mainly from extraneuronal dopamine, while dopac is likely

formed intraneuronally prior to the release of newly-formed dopamine or subsequent to re­

uptake. Forexample, the dopamine re-uptake blockers quipazine and nomifensine increased

the striatal concentration of 3-methoxytyramine, while a decrease in dopamine release

induced by the dopamine agonist piribedil decreased 3-methoxytyramine concentrations

(Ponzio et al.. (981). Local infusion of nomifensine into the striatum enhanced extracellular

concentrations of dopamine. but did not change extracellular levels of dopac (Zetterstrom et

al., 1988). Reductions in the firing of nigrostriatal dopaminergic neurons following

treatment with reserpine and y-butyrolactone. which blocks the impulse-dependant release

of dopamine. decreased the concentration of 3-methoxytyramine but increased that ofdopac

in striatum (Westerink and Spaan. 1982b). The increase in striatal dopac concentration
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following treatment with the dopamine antagonist sulpiride was not attenuated by the

dopamine re-uptake blocker benztropine (Soares-da-Silv~ 1987), suggesting that

deamination occurs inside nigrostriatal dopaminergic neurons. Following inhibition of

tyrosine hydroxylase with a-methyl-p-tyrosine, the rate ofdisappearance ofdopac was faster

than that of dopamine, indicating that most of the dopac originates from a newly-synthesized

pool of dopamine that has not been released (Soares-da-Silva and Garrett, 1990).

Furthermore, as mentioned above (see section 3.2.3), the enzyme responsible for the

conversion of dopamine to 3-methoxytyramine, catechol-O-methyltransferase, is located

extraneuronally. Therefore, the interstitial concentration of 3-methoxytyramine measured

by cerebral microdialysis can he used as an index of dopamine release. while the synthesis

of dopac is sensitive to the exposure of dopamine to an intraneuronal compartment

containing monoamine oxidase.

Dopac and homovanillic acid diffuse out of living brain tissue into cerebrospinal

tluid, as indicated by the significant concentrations of these compounds measured in samples

ofcerebrospinal f1uid obtained by puncture of the cisterna magna in rats (Chung et al.. (993),

sheep (Joseph and Walker, 1994), and monkeys (Ferguson et al., (993), and by lumbar

puncture in healthy human volunteers (Eklundh et al., (996), patients with Parkinson's

disease (Chia et al., 1993; Eldrup et al., 1995), patients with Huntington' s disease (Garrett

and Soares-da-Silva, 1992), patients with Menkes disease (Kaler et al., (993), and patients

with late onset and alcoholic ataxias (Kaakkola et al., (993). Efflux ofthe acidic metabolites

of dopamine out ofbrain occurs by su1foconjugation catalyzed by phenolsulfotransferase (EC

2.8.2.1) and/or probenecid-sensitive transpon (Dedek et al., 1979; Cumming et al., (992),

and is inhibited by a variety of centrally acting drugs (Moleman et al., 1978; Westerink and

Kikkert. (986). Therefore, steady-state concentrations of acidic metabolites in brain and

cerebrospinal f1uid are determined by the rate of decomposition of cytosolic dopamine, and

by the rate of elimination of the metabolites from brain.
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4. Parkinson's disease

4.1. A briefhistory

Parkinson's disease is a chronic and progressive disease of the central nervous system

which afflicts over 500.000 people in Canada and the United States alone (see Youdim and

Riederer. 1997). Parkinson's disease generally strikes late in Iife; the mean age of onset in

a group of 270 patients from the McGill Movement Disorder CHnie was 58 ± 10 years

(Gauthier and Gauthier. 1987). Individuals with Parkinson's disease display acharacteristic

triad of primary symptoms (see Homykiewicz. 1975): (i) tremor of limbs at reste which

usually ceases when the affected limb is moved voluntarily. (ii) rigidity of the skeletal

muscles. and (iiO akinesia, or difficulty in initiating movements or modifying ongoing motor

activity. Secondary symptoms include subtle mask-like facies and autonomie disturbances,

such as increased sweating. Individuals in the late stages of Parkinson's disease often

experience psychological problems such as c1inical depression or demenlia. Symptoms of

Parkinson's disease are readily observed in public figures such as Muhammad Ali and Pope

John Paul II.

The recorded history of Parkinson's disease goes back nearly two centuries. when in

1817 the British physician James Parkinson, referring to the writings of the late-Roman

physician Galen, documented the c1inical manifestations of several patients with what he

described as 'shaking paisy'. This tenn was subsequently translated to the Latin 'paralysis

agitans'. and eventually given the name 'Parkinson's disease' by the French neurologist

Charcot. The decade-long epidemic of von Economo's encephalitis that began in Vienna in

1917 was accompanied by a high incidence of parkinsonism. a syndrome resembling

Parkinson's disease, among recovered patients (see Mizuno et aL, 1997). This led to

speculation that a virus was responsible for initiating the disease. In fact, cases of

parkinsonism have been reported after other encephalitis infections. including Japanese B

encephalitis, Western equine encephalitis, Coxsackie B type 2 encephalitis, and central

European tick-borne encephalitis. However, the parkinsonism following these infections is

usually non-progressive, in contrast to idiopathie Parkinson's disease. Furthermore, a

pandemie of influenza occurred simultaneously with Economo's encephalitis from 1918 to
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1919. These outbreaks prompted research into a possible relationship between viral

infections and idiopathie Parkinson 's disease, although none could he established. Therefore,

it is unlikely that encephalitis or influenza play any etiologic role in Parkinson's disease.

4.2. Neurochemical basis

The nigrostriatal dopaminergic pathway has a critical role in the coordination of

motor control. It follows that a deficit in the numher of nigrostriatal dopaminergic neurons

would disrupt the proper functioning of this system and therefore produce erratic motor

behaviour in the affected individual. Indeed, a reduced neuronal count is characteristic of

Parkinson's disease, as demonstrated by post mortem studies of parkinsonian brains which

revealed depigmentation and loss of dopaminergic neurons in the pars compacta of the

substantia nigra (Forno, 1966, 1969; Earle, 1968; Bernheimer et al., (973). The direct

consequences of this neuronal degeneration are concomitant reductions in the striatal

concentrations of dopamine and homovanillic acid (Ehringer and Hornykiewicz, 1960;

Bernheimer et al., 1963, 1973; Homykiewicz, 1963; Bernheimer and Hornykiewicz. 1965;

Hornykiewicz et al.. 1968; Lloyd et al.. 1975a). Within divisions of the parkinsonian

striatum, there is regional heterogeneity with respect to the extent of dopamine depletion.

Specifically, dopamine concentrations measured in vitro in brain tissue samples from eight

patients wi th Parkinson' s disease were reduced by 8 1% in caudate and 98% in putamen (Kish

et aL. 1988).

Another prominent neurochemical feature of Parkinson's disease is a massive

reduction in the activities of the enzymes responsible for dopamine synthesis. A pair of

studies by one group reported decreases in the activity of dopa decarboxylase activity of 85­

91% in caudate and 94-96% in putamen ofpatients relative to neurologically nonnal controls

(Lloyd and Homykiewicz. 1970; Lloyd et al., 1975a), consistent with the striatal distribution

of dopamine in Parkinson's disease; these in vitro results together indicate a more

pronounced degeneration of the putamen in the pathological state. Conversely. the same

group found the reduction in the activity of tyrosine hydroxylase to he homogenous

throughout the parkinsonian striatum, with decreases of83% in caudate and 82% in putamen
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(Lloyd et al., 1975a).

It has been proposed that the activity of L-glutamic acid decarboxylase, the enzyme

that converts L-glutamic acid to GABA, is decreased in the striatum of patients with

Parkinson's disease. Forexample, one study based on in vitro analysis of post mortem brain

tissue samples reported reductions ln enzyme activity of51 % in caudate and 53% in putamen

ofpatients relative to neurologically normal controls (Lloyd and Homykiewicz. 1973), while

a similar investigation by the same group reported less pronounced reductions of 25% in

caudate and 30% in putamen (Lloyd et al., 1975b). However, both of these studies suffered

from a small number of subjects (two and three, respectively), and thus it may he difficult

ta draw firm conclusions from their results. Furthennore, other in vitro studies noted no

significant difference in striatal enzyme activity between patients and neurologically normal

contrais CLaaksonen et al., 1978; Perry et al., 1983). Therefore, it remains unclear whether

the activity of L-glutamic acid decarboxylase is altered in the parkinsonian striatum.

The neurochemical changes associated with Parkinson's disease are not restricted to

the components of the nigrostriatal dopaminergic pathway. Many areas of the brain

degenerate during Parkinson's disease (see Jellinger, 1991), including Ci) mesocortical

dapaminergic systems of the ventral tegmental area, ventral mesencephalon, limbic areas.

and neocartex, (ii) noradrenergic systems ofthe locus coeruleus. motor vagal nucleus.limbic

areas, and neocortex, (iii) serotonergic systems of the dorsal raphe nuclei. striatum, and

neocortex, (iv) cholinergie systems of the basal nucleus of Meynert, hippocampus, nucleus

tegmenti pedunculopontinus, Edinger-Westphal nucleus, and neocortex, and Cv) peptidergic

systems of the striatum, medulla, hippocampus, brainstem, and cortex. The depletion of

dopaminergic innervation to the motor cortex is laminar specifie, with the most significant

reductions observed in layers 1and fi; the innervation to layers V and VI is relatively spared

(Gaspar et al., 1991). This result suggests the presence of two separate mesocortical

dopaminergic pathways in humans, with the one projecting to the upper corticallayers being

preferentially involved in Parkinson's disease. Patients with Parkinson's disease also display

a selective reduction in the activity ofcomplex 1(NADH COQI reductase; EC 1.6.5.3) of the

mitochondrial electron transport chain in platelets (Parker et al., 1989; Benecke et al., 1993)



•

•

•

1 - 17

and the substantia nigra (Schapira et al.. 1990), suggesting that a breakdown of cellular

respiration may contribute to the onset ofParkinson 's disease. Therefore, Parkinson ts disease

displays an extremely complex pathology that affects numerous neurotransmitter and

neuropeptide systems of the mammalian brain.

4.3. MPTP: a model ofParkinson's disease

Experimental models of Parkinson's disease can be produced by midbrain lesions

resulting in degeneration of nigrostriatal dopaminergic neurons. Electrolytic lesions in cats

cause neurochemical changes comparable to those observed in post mortem parkinsonian

brains (Hockman et al., 1971). Selective neurotoxic lesions can a1so produce symptoms of

Parkinson 's disease. A compound displaying selective nigral toxicity was discovered under

tragic circumstances in the summer of 1982, V/hen several young adults in southern

Califomia mysteriously developed chronic and severe parkinsonism following repeated

intravenous use of what they believed was the synthetic opiate meperidine (Langston et al.,

1983; Langston and Ballard, 1984; Ballard et al., (985). Analysis of the injected substance

revealed primarily 1-methyl-4-phenyl-I.2,5,6-tetrahydropyridine (MPTP). a by-product in

the synthesis of meperidine. Administration of MPTP in mice (Heikkila et al.. 1984;

Heikkila and Sonsalla, (987) and monkeys (Langston et al., 1984; Bankiewicz et al., 1986;

Brooks et al.. 1987) produced cell loss in the pars compacta of the substantia nigra (group

A9) and substantially decreased striatal concentrations of dopamine and its metabolites.

Motor symptoms resulting from the neurotoxic effects of MPTP administration can be

divided into distinct acute, subacute, and chronic phases (see Langston. 1984).

The selective neurotoxicity of MPTP results from its conversion in glia, serotonergic

nerve terminais. or histaminergic nerve terminais to the ionic species I-methyl-4­

phenylpyridine (MPP"') by monoamine oxidase B (Chiba et al., 1984; see Snyder and

D'Amato. (986). Nigrostriatal dopaminergic neurons actively accumulate MPP'" (Chiba et

al.. 1985; Javitch et al., 1985a) since it is a substrate for the plasma membrane dopamine

transporter (Ricaurte et al., 1985). Intraneuronally, MPP'" appears to exert its toxic effects

by inhi biting complex lof the mitochondrial electron transport chain (Mizuno et al.. 1987a),
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probably due to its structural similarity to the dehydrogenaseco-factor NAD-+-. The inhibition

of mitochondrial respiration decreases the rate of oxidative phosphorylation and the cellular

concentration of ATP (Mizuno et al., 1987b), which may he fatal to cells when ATP pools

faIl below a certain critical level. Energy crisis therefore appears to he one of the most

important factors of neuronal degeneration in MPTP-induced parkinsonism. Therefore,

MPTP is a patent and selective nigral neurotoxin that produces behavioural and

neurochemical changes consistent with the pathophysiology of Parkinson 's disease.

Although MPTP is not implicated in the etiology of idiopathie Parkinson 's disease, the

elucidation of its mechanism of action has provided many insights into the degeneration of

nigrostriatal dopaminergic neurons.

4.4. Neuronal circuilry ofthe basal ganglÛl

Having established the central role of dopamine in the presentation of Parkinson 's

disease. researchers investigated the apparent relationship hetween a decrease in striatal

dopamine content and the associated loss of coordinated motor control. The explanation is

provided by examining the major neuronal connections hetween the regions of the basal

ganglia (see Albin et al., 1989; see Jellinger, 1991; see Heimer, 1995; see Wooten, 1997).

[n addition to dopamine, the striatum contains a high concentration of GABA, and

acetylcholine, which is a transmitter of large striatal intemeurons (see Groves, 1983).

Dopaminergic projections from the pars compacta of the substantia nigra are inhibitory to

striatal cholinergie intemeurons, which themselves are excitatory to GABAergic neurons that

project from the striatum to both the lateral globus pallidus and the pars reticulata of the

substantia nigra. The lateral globus pallidus sends GABAergie projections to the

subthalamic nucleus, which in tum sends excitatory glutamatergic projections to the medial

globus pail idus and the pars reticulata of the substantia nigra. These two output nuclei of the

basal ganglia project GABAergic connections to the ventrolateral thalamus, which in tum

sends excitatory projections to motor regions of the cerebral cortex. Finally, the circuit

closes with excitatory glutamatergic projections from the cortex back to the striatum. The

striatum receives inputs from theentire cortical mantle, a1though inputs from specific cortical
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regions are segregated with respect to target zones (see Côté and Crutcher, 1991). For

example, the entorhinal cortex and amygdala project to the nucleus accumbens, while the

prefrontal (motor) cortex projects to the dorsal striatum.

In Parkinson's disease, the loss of dopaminergic input to the striatum disinhibits

striatal acetylcholine and so increases inhibitory output to the subthalamic nucleus. The

ultimate result is increased activity of excitatory thalamocortical and corticostriatal

projections, which manifest physically as parkinsonian symptoms. The proper functioning

of the nigrostriatal dopaminergic pathway therefore requires a delicate balance between

dopaminergic and cholinergie systems; the loss ofdopamine in Parkinson's disease shifts this

balance in favour of acetylcholine and disrupts coordinated motor control.

4.5. Phannacological treatments

4.5.1. Exogenous L-dopa

The in vitro observation of decreased dopamine levels in the parkinsonian brain led

to the logical hypothesis that replenishing lost stores of dopamine would alleviate the

symptoms of Parkinson's disease. However. as discussed earlier (see section 3.3), direct

administration of dopamine is not a viable method of treatment because it does not cross the

blood-brain barrier. But L-dopa readily enters the brain, and 50 it could compensate for a

deficiency ofstriatal dopamine. There nonetheless remained the question of how therapeutic

doses of L-dopa could compensate for the massive reduction in striatal dopaminergic

innervation that characterizes Parkinson's disease, if dopamine synthesis could occur only

in the few remaining nigrostriatal dopaminergic neurons. Severallines of evidence provide

a rationale for a potential anti-parkinsonian action of L-dopa. First. the turnover of

dopamine, as measured by the ratio of homovanillic acid to dopamine concentrations, is

increased in the parkinsonian striatum (Bernheimerand Homykiewicz. 1965). suggesting that

the activity of surviving nigrostriatal dopaminergic neurons is up-regulated as if to

compensate for the reduced dopaminergic innervation. Second, the activity of dopa

decarboxylase in the parkinsonian striatum. though reduced by 80%. is sufficient to account

for the local formation of dopamine (Lloyd and Homykiewicz. 1970). Third. the
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pharmacologic effects ofL-dopa are not solely related to striatal dopamine concentration; the

tuming behaviour induced by L-dopa therapy in rats with unilateral nigrallesions persisted

long after striatal dopamine concentrations returned to controllevels (Spencer and Wooten.

(984). Fourth, the high degree ofdivergence of the dopaminergic fibres projecting from the

substantia nigra to the striatum (Andén et al.. 1966) implies that only the loss of extensive

portions of this innervation would prevent functional compensation by the surviving up­

regulated nigrostriatal dopaminergic neurons. These factors together form the basis for the

efficacy of L-dopa as the primary phannacological therapy in the treatment of Parkinson's

disease (see Homykiewicz. 1974). Indeed. preliminary clinicat trials revealed that the

administration of L-dopa (Birkmayer and Hornykiewicz. 1961; Cotzias et al.. 1969) and DL­

dopa (Cotzias et al.. 1967) relieves rigidity and tremor, but it nevertheless remains

predominantly a symptomatic and transient treatment. The efficacy of L-dopa tends to

decline with use. especially after a decade or more of treatment (Gauthier and Gauthier.

(987). Furthermore, chronic. high-dose use of L-dopa causes sorne undesirable side effects•

such as nausea. vomiting, and choreiform hyperkinesias. One explanation for this latter

effect is that high doses of exogenous L-dopa result in the accumulation of supra-optimal

amounts of dopamine in the striatum, which May ultimately Interfere with the proper

functioning of the striatum as a coordinating center of extrapyramidal motor control.

Post mortem analysis revealed significantly highertissue concentrations ofdopamine

and homovanillic acid in the striatum of patients with Parkinson's disease who were taking

L-dopa prior to death (Davidson et al., 1971). In healthy rat striatum, the formation of

dopamine from exogenous L-dopa occurs mainly in synaptic dopamine terminais. with a

small contribution from striatal intemeurons and efferent neurons (Hefti et al.. 1981;

Melamed et al.. 1981). From this circumstantial evidence it was assumed that the c1inical

benefits of exogenous L-dopa in Parkinson's disease were in fact due. as initially postulated.

to ilS enzymatic conversion to dopamine, a reaction which would partially compensate for

the deficient neurotransmission in the nigrostriatal pathway. This was subsequently

confirmed by demonstrating that pharmacologie blockade of cerebral dopa decarboxylase

suppressed the L-dopa-induced circling response of rats with unilateral nigral lesions
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(Melamed et al.. 1984). Experiments such as these refuted the suggestion that L-dopa itself.

and not its decarboxylated product. is responsible for alleviating parkinsonian symptoms,

perhaps by direct stimulation of striatal dopamine receptors.

4.5.2. Adjunct tizerapelltic agents

L-Dopa is often administered adjunctly with a secondary therapeutic agent that either

(i) potentiates the effects of L-dopa, or (iO itself exhibits anti-parkinsonian properties.

Important members of the first category are compounds designed to increase the

bioavailability of L-dopa, such as inhibitors of dopa decarboxylase and catechol-O­

methyi transferase. The plasma concentration ofan exogenously administered dose of L-dopa

is reduced by 50% within 5-30 min of oral intake (Nutt et aL, 1985), due to the rapid

redistri bution of L-dopa from plasma to peripheral tissues. This initial phase of plasma

clearance, combined with a second phase corresponding to metabolism, ultimately result in

only a very small fraction of an oral dose of L-dopa reaching the brain unchanged. Co­

administration ofextracerebral dopa decarboxylase inhibitors such as carbidopa increase the

amount of dopamine formed in brain by eliminating the peripheral decarboxylation of L­

dopa. A mixture of L-dopa and carbidopa (commercially available as Sinernet@) was

significantly more effective in alleviating trernor and rigidity in a group of 50 patients with

Parkinson 's disease than L-dopa alone (Lieberman et al., 1975). Carbidopa also reduced by

50% the infusion rate of L-dopa required to produce a clinical response (Nutt et aL, 1985).

A series ofcatechol-O-methyltransferase inhibitors have been tested in cornbination

with L-dopa, with varying degrees of success. The first such experiment was performed in

a group of ten patients with Parkinson 's disease using N-butyl gallate (GPA 1714; Ericsson,

1971). While this agent improved symptoms, including dyskinesias, and decreased the dose

of L-dopa required for a clinicat response, its use was discontinued due to toxicity.

Nitecapone (OR-462), an inhibitor of peripheral catechol-O-methyltransferase, significantly

improved markers of c1inical disability in seven patients with Parkinson's disease but

produced none of the side effects associated with N-butyl gallate (Teravainen et aL, 1990).

Plasma concentrations of O-methyl-L-dopa were reduced by 40-60% following nitecapone
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administration in monkeys (Cedarbaum et al., (990) and healthy human volunteers (Gordin

et al.. 1990). In rats, the central catechol-O-methyltransferase inhibitor Ro 40-7592

increased striatal concentrations of dopac, but had no effect on dopamine concentration

(Acquas et al., 1992). Another biochemical study with Ro 40-7592 found increased

concentrations of both dopac and dopamine in rat striatum, coupled with significantly

reduced concentrations of O-methyl-L-dopa (Kaakola and Wurtman, 1993). Therefore,

compounds that inhibit the activities of dopa decarboxylase and catechol-O­

methyltransferase alleviate parkinsonian symptoms by increasing the fraction ofexogenous

L-dopa that rernains available for conversion to dopamine in the striatum.

Dopamine agonists are a class of compounds employed in the treatment of

Parkinson's disease because of their ability to stimulate post-synaptic dopamine Dl and O2

receptors. One of the first such agents that proved clinically useful was bromocriptine

(Parlodel@: Caine et al., 1974), an ergot derivative with a high affinity for D2 receptors that

was originally developed to treat certain endocrine disorders such as hyperprolactinemia. A

six month study in 77 patients revealed that bromocriptine was as effective as L-dopa in

alleviating functional and neurological deficits in Parkinson's disease (Riopelle, (987),

suggesting a role for bromocriptine as de novo therapy. A review of several previous clinicat

studies concluded that the optimum symptomatic control ofParkinson 's disease was achieved

with a mixture of L-dopa, carbidopa, and bromocriptine (see Bouchard, (987).

The pharmacokinetic and c1inical properties ofseveral newer dopamine agonists have

been reviewed (see Lang, 1987; see OOOso et al., 1987). Four such compounds, the O2

agonists lergotrile, lisuride, and mesulergine, and the rnixed 0/02 agonist pergolide, were

tested in a group of 278 patients with Parkinson's disease; ail displayed levels of efficacy

similar to that ofbromocriptine. but individual patients often responded betterto a particular

agent (Lieberman et al., 1987). Oral administration of cabergol ine, another ergot deri vative

that acts at O2 receptors, to 18 patients resulted in a 50% decrease in Parkinson' s disease

severity ratings, and a reduction in the daily dose of Sinemet~ from liDO mg to 700 mg (see

Lera et al., 1990). A similar long-term study in 36 patients with Parkinson' s disease revealed

increased dyskinesias in 23 patients after 17 months of daily cabergoline treatment CLera et
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aL 1993). The most common drawback associated with the administration of dopamine

agonists is the induction of gastrointestinaJ disturbances resulting in anorexia~ nausea, and

vomiting (see Aminoff, 1998).

The earl iest pharmacotherapy for Parkinson's disease was discovered by accident.

Over a century ago, Ordenstein (1867) wrote in his doctoral thesis on Parkinson' s disease

that HM. Charcot prescrit chaque jour deux ou trois granules d'hyocyamine". This was the

fi rst publ ished observation that compounds extracted frorn the belladonna plant eased certain

parkinsonian symptoms. Later studies revealed that these belladonna aJkaloids worked by

inhibiting the activity of striatal cholinergic intemeurons through blockade of post-synaptic

muscarinic receptors; nicotinic receptors are not implicated in the etiology of Parkinson' s

disease (see Caine. 1970). This discovery led to the developrnent of several potent anti­

muscarinic agents; while these drugs have liUle effect on the akinetic symptoms of

Parkinson's disease. they have proved beneficial in a1leviating trernor and rigidity_

Intravenous administration of biperidin (Akineton@) in ten patients with Parkinson' s disease

resulted in an acceleration of operating time and improvernents of mood (Schneider et al..

1975). An investigation of the synthetic ester KR 339 (Sonnodren@) in 44 patients revealed

a selecti ve action of the drug on tremor and the autonomie symptoms of Parkinson' s disease

(Ascher. 1976). However, the effieaey of musearinic antagonists is tempered by several

unpleasant and common side effeets that manifest in a wide range of bodily systems.

including sedation and delirium, dryness of the mouth, blurring of vision, urinary retention,

nausea and vomiting, constipation, tachycardia, tachypnea, increased intraocular pressure,

palpitations. and cardiac arrhythmias (see Aminoff, (998).

Another drug that has gained acceptance in the treatment of Parkinson' s disease is

the tricyclic amine amantadine (Symmetrel@). The physiological mechanism underlying the

therapeutic effects of amantadine in vivo remains elusive; a recent positron emission

tomography study revealed that sub-chronic amantadine treatment does not result in

significant up-regulation of dopa decarboxylase activity in living brain of healthy human

volunteers (Deep et al., (998). However, studies carried out in vitro suggest that the anti­

parkinsonian properties ofamantadine may be attributed to (i) enhanced release ofdopamine
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from centra] catecholamine nerve endings (Stromberg et al .• 1970; Heikkila and Cohen.

1972; Jackisch et aL, 1992; Stoof et al., 1992; Takahashi et al., 1996). (ii) inhibition of the

re-uptake ofdopamine by central catecholamine nerve endings (Hetcher and Redfem, 1970;

Heikki la and Cohen, 1972; Mizoguchi et aL. 1994). (iii) inhibition of the release of

acetylcholine from central cholinergie nerve endings (Stoof et al., 1992; Feuerstein, 1994),

or (iv) non-competitive antagonism of MK-801 binding sites at N-methyl-D-aspartate

(NMDA)-receptor-gated cation channels of excitatory glutamatergic receptors (Kornhuber

et al., 1991; Mizoguchi et al., 1994). The c1inical efficacy of this latter mechanism ofaction

is based on inhibition of the NMDA-evoked release of acetylcholine from striatal

intemeurons (see Starr, 1995), thereby re-establishing the balance between cholinergie and

dopaminergie neurotransmission in the striatum (see section 4.4). Indeed, glutamate receptor

antagonists such as amantadine and memantine are useful in the treatment of several

conditions characterized by overactive corticostriatal glutamatergie projections, including

akinetic hyperthermie parkinsonian crisis, neuroleptic malignant syndrome, and dopamine

agonist withdrawal states (see Kornhuber et aL. 1993).

The first clinical use of amantadine was as an anti-viral agent in the treatment of

influenza A (100-300 mg, p.o.: Council on Drugs. 1967; Togo et al.. (968). Serendipitously,

it was observed in April 1968 that a woman with Parkinson's disease experienced a marked

remission in symptoms while taking amantadine to prevent the flu; this case led to controlled

clinical trials of amantadine trealment in Parkinson's disease (Schwab et al, 1969: Dallos et

al.. 1970). Amantadine treatment has been shown recently to he an independent predictor

of improved survival in Parkinson's disease (Uitti et aL. 1996). Although minor side effects

associated with ilS anti-cholinergie actions, such as dry mouth and constipation. are relatively

common, the major side effects ofamantadine use are due to its psychotomimetic properties.

A healthy 35-year old woman was diagnosed with acute psychosis manifested by visual

hallucinations and delirium following an overdose of amantadine (1.2 g over a 24-hour

period; Snoey and Bessen. 1990). In patients with schizophrenia. amantadine treatment can

exacerbate established psychotic symptoms (Nestelbaum et al., 1986; Kornhuber and Weiler,

1993). Low doses of amantadine (200-300 mg, p.o.) inàuced visual hallucinations and
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delirium in 13 elderly patients. 12 of whom had Parkinson's disease (Postma and van

Tilburg. 1975). Treatment with amantadine forthree weeks atdoses ranging from 100-400

mg (p.o.) reduced dopa-dyskinesia scores by 60% in a group of 14 patients with advanced

Parkinson' s disease (Verhagen-Metman et al .• 1998), but three of these patients experienced

mi Id confusion or hallucinations at high doses. Therefore, the psychological state of patients

should be carefu Ily evaluated prior to administration of glutamate receptor antagonists such

as amantadine.

5. Radiolabelled analogs of L-dopa

5.1. Introduction

In vitro studies provided important infonnation on the distribution of dopamine in

mammalian brain and the specifie neurochemical mechanisms underlying its behaviour in

situ; however. these results could not he automatical1y extrapolated to living brain. In vivo

methods for studying dopamine synthesis and metabolism were developed using

radiolabelled analogs (tracers) its brain-penetrating precursor. L-dopa. The concept of

labelling L-dopa with a radioactive isotope is based on the assumption (and subsequent

verification) that the analog behaves analogously to endogenous L-dopa in vivo. A tracer of

L-dopa would therefore have to display the characteristics ofreversible blood-brain transport.

and decarboxylation and trapping in the striatum.

5.2. lH_ and uC-labelled L-dopa: beta emitters

Sorne of the first such tracers were prepared by replacing hydrogen atoms eH) on the

catechol ring of L-dopa with radioactive tritium atoms eH). Tritium is produced by cosmic

ray bombardment of water in the atmosphere (see Kotz and Purcell, 1987), and more recently

from the testing of hydrogen bombs. Tritium ernits beta particles (high-speed electrons) to

forrn an isotope of helium eHe) that has a half-Iife of 12.3 years (CRC Press, (981).

Another beta-emitter suitable for radiolabelling is the naturally occurring isotope I-lC.

However, I-lC has a half-life of 5730 years (CRC Press, 1981), which puts limitations on the
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specifie radioactivity that can be attained during an in vivo experiment. Notwithstanding an

excess of neutrons, both of these analogs are structurally identical to endogenous L-dopa.

Beta particles have extremely low penetrating power: a sheet of paper is sufficient

ta black their transit. Cansequently, 3H and 14C injected into living subjects cannot pass

thraugh the body to be detected extemally (see section 6.2). However, the radioactivities of

these isotopes in dissected portions of brain tissue from experimental animais can be assayed

by scintillation spectroscopy. Chemical fractionation of the radiolabelled compounds in

these tissue samples by chromatographie techniques can then be used to identify individual

metabalite fractions. This principle was used in the first studies with radiolabelled L-dopa

in living mammals. Following intraperitoneal or intravenous injection of 3H_ and/or 14C_

labelled precursors of dopamine (L-phenylalanine, L-tyrosine, and L-dopa), the decline of

specific radioactivity in dissected tissue samples was used to estimate the rate of turnover of

catecholamines in the adrenal gland (Udenfriend and Wyngaarden, 1956), peripheral

sympathetic organs (Burack and Drask6czy, 1964) and brain (Burack and Drask6czy, 1964;

Iversen and Glowinski, (966) of rats, and in the brain of guinea pigs (Udenfriend and

Zaltzman-Nirenberg, 1963). Analogous experiments to investigate the peripheral and

cerebral metabolism of C4e]dopa were perfonned in mice (Wurtman et al., 1970) and rats

(Bartholini and Pletscher. 1968; Guldberg and Broch. 1971). The disposition of dopamine

in living rat brain was similarly studied with [3H]dopa (Glowinski and Iversen, 1966); the

preferential accumulation of radioactivity in the striatum confirmed the post mortem

observation of high striatal dopamine content. The specific radioactivities of 3H-labelled 3­

methoxytyramine and dopac measured in rat striatum after administration of eH]tyrosine are

much higher that those of their physiological precursor, suggesting a multiple

compartmentalization of dopamine in nigrostriatal dopaminergic neurons (Groppetti et al.,

1977).

5.3. /le_ and IsF-label'ed L-dopa: positron eminers

A dramatic breakthrough for in vivo studies ofdopamine synthesis was achieved with

the introduction of positron-emitting analogs of L-dopa. The short-lived isotope 1le is
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produced by thermal neutron bombardment of Nz gas to yield IIC02; this compound served

as a source of radiolabelled carbon that was incorporated into the P-position of the L-dopa

catechol ring to yield [IIC]dopa (Reiffers et al.. 1977). Like eH]dopa and [1.JC]dopa,

[IIC]dopa differs from the endogenous amino acid only in possible isotope effects. which are

insignificant with respect to metabolic pathways. Another positron-emitting isotope is 18F.

first produced by neutron bombardment of enriched lithium carbonate. and subsequently

incorporated into L-dopa to yield DL-5-C8F]fluorodopa (Fimau et aL. 1973a.b). A few years

later. aromatic f1uorination reactions with xenon ditluoride (Fimau et al., 1980a. (981) or

CIi F]f1uorine gas (Fimau et al.. 1984; Chirakal et al., 1986) were used to produce L-6­

CIiF]tluorodopa. Several othermethods for the production ofL-6-[18F]fluorodopahave since

been developed. and are reviewed elsewhere (see Fimau et aL. 1986; see Luxen et al., 1992).

Like beta particles. positrons have low penetrating power and cannot themselves be

detected extemally. However. the high-energy photons produced by the collisions between

emitted positrons and electrons in vivo do indeed pass through the body. and thus fonn the

basis for the use of IIC_ and lI~F-labelled compounds in autoradiography with external

detection of the signal (i.e. positron emission tomography; see section 6.3.1). The half-Iife

of IIC is short (20 min; CRC Press. (981), and so the utility of CIC]dopa for tracing

processes near the end of the dopamine metabolic pathway. such as the clearance of acidic

metabolites, may be compromised. However, the half-life of 18F (110 min; CRC Press, (981)

is sufficiently long to pennit L-6-[18F]fluorodopa to trace ail the steps involved in dopamine

synthesis and metabolism.

5.4. Qualitative validation ofradiolabelled L-dopa analogs

5.4.1. Metabolism

In vitro. DL-5-[18F]f1uorodopa is a substrate for dopa decarboxylase (Fimau et al..

1975), and radioactivity accumulates in brain following its intravenous injection in mice and

baboons (Fimau et aL, (976) and monkeys (Gamett et aL, 1980). Furthennore.

decarboxylation of L-6-[IIlF]fluorodopa yields 6-[18F]fluorodopamine in vivo. as confinned

by chromatographie identification of 18F-labelled metabolites in rat striatum (Cumming et
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al.. 1987a,b, 1988). Therefore. radiofluorinated L-dopa is not biochemically distinguished

from the endogenous amino acid in the irreversible trapping step.

The introduction of the 18F atom into the aromatic ring can alter the kinetic properties

of the amino acid. The possible sites of '8F-Iabelling of L-dopa are in the 2-, 5-, and 6­

positions of the aromatic ring. In vitro, the O-methylation of the 6- isomer is decreased

compared to that ofunlabelled L-dopa. while the 2- and 5- isomers display an aecelerated rate

of methylation due to the electron-withdrawing effeet of the electronegative 1HF atom on the

adjacent hydroxyI group (Creveling and Kirk, 1985; Fimau et aL, 1980b, 1988; see Firnau

et al.. 1986). Furthennore. the 2-isomer is a poor substrate for dopa decarboxylase in vitro

and is not deearboxylated in living rat striatum (Cumming et al .• 1988). These observations

led to the use of L-6-[18F]f1uorodopa as the preferred radiofluorinated tracer of intracerebral

dopamine.

Using high-perfonnance liquid chromatography or sol id phase alumina extraction

techniques, ehemical fractionation of radiolabelled compounds in plasma and brain extracts

from rats (Cumming et al.. 1987a,b, 1988. 1994a, 1995a; Melega et al., 1990a,b: J Reith et

al.. 1990) and monkeys (Melega et al., 1990b, 199Ia,b), and plasma extracts from healthy

human volunteers(Boyesetal., 1986; Firnauetal.• 1987. 1988; MelegaetaL. 1990b, 1991b:

Chan et aL. 1992; Cumming et al., (993) demonstrated unequivocally that L-6­

CSF]fIuorodopa in vivo is metabolized in a manner analogous to endogenous L-dopa; its

major rnetabolites are '8F-Iabelled O-methyl-L-dopa. dopamine, dopac. and homovanillic

acid. Chromatographic studies in rat brain yielded corresponding qualitative results for 3H_

Iabelled metabolites fonned following intravenous injection of [3H]tyrosine (Cumming et al.,

1994b. 1997a. (998) and [3H]dopa (Cumming et aL, 1995a,b). and for IlC-labelled

metabolites fonned following intravenous injection of [11C]dopa (Tsukada et al., 1994).

Furthermore, L-6-[18F]f1uorodopa is transported into brain by the same carrier system as

endogenous L-dopa, as demonstrated by the reduced uptake ofL-6-[18F]fluorodopa following

peripheral administration of large neutral amino acids (Leenders et al., 1986a). Like

endogenous dopac and homovanillic acid, the acidic metabolites of 6-[18F]fluorodopamine

are c1eared from brain into cerebrospinal f1uid (Hammerstad et aL, (993).
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5.4.2. Vesicular storage

There is considerable evidence to suggest that, Iike endogenous dopamine.

[3H]dopamine and 6-[18F]f1uorodopamine are stored in synaptic vesicles. For example.

dopaminergic nerve endings were visualized by electron microscopy after

intracerebroventricular injection of [3H]dopamine (Descarries et al., 1980). The apparent in

vitro affinities of 6-[18F]f1uorodopamine for the pre-synaptic dopamine uptake transporter

and chromaffin granule amine transporter (Endres et al., 1997), and [3H]dopamine (MEA

Reith et aL, 1990) and 6-eSF]f1uorodopamine (Barrio et al., (995) for the synaptic vesicle

amine transporter, are similar to that of dopamine. An examination of nerve-ending

microsacs, isolated from guinea pig striatum and incubated with fluorinated amines, by 19F

nuclear magnetic resonance spectroscopy detected a strong signal corresponding to 6­

[IXF]fluorodoparnine, with a minor signal corresponding to its deaminated metabolite (Diffley

et al.. 1983). Depolarization of dopaminergic nerve terminais by potassium releases 6­

CXF]fluorodopamine along with dopamine (Chiueh et al., (983). Furthermore, reserpine

treatment reduces striatal 18Fradioactivity. presumably derived from 6-[18F]fluorodopamine,

which has accumulated following L-6-[18F]f1uorodopa injection (Firnau et al., 1976; Gamett

et al.. 1983a). New evidence for the vesicular storage of 6-[18F]fluorodopamine in vivo is

also provided in Chapter II (Deep et al.. 1997a) of the present thesis.

Based on this abundance of direct physical evidence, it is concluded that [3H]dopa.

[IIC]dopa. and L-6-C 8F]fluorodopa follow the same metabolic pathway as endogenous L­

dopa. and are therefore accurate qualitative tracers of the amino acid in vivo (see Barrio et

al.. 1997).

6. Visualization of cerebral dopaminergic innervation in vivo

6.1. Quantitative autoradiography

Quantitative autoradiographie techniques. both statÎC (see section 6.2) and dynamic

(see section 6.3), measure the total radioactivity in living tissues due to regional

accumulation over time of an injected tracer and its radiolabelled metabolites. The
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radiochemical composition ofthis radioactivity is due to severa! product and precursor pools.

the nature of which are not explicitly known unless tissue samples are available for

chromatographie fractionation. Each metabolite pool is assumed to reflect an individual

compartment. occupying a spatially homogenous region in brain.

6.2. Static autoradiograms with radiolabelled L-dopa

Autoradiograms made by exposing seriai brain sections from experimental animais,

together with autoradiographie standards on high-sensitivity film, measure the tissue

radioactivity at a specifie time following tracer injection. and therefore yield statie images.

This autoradiographie technique is suitable for weak beta-emitters such as JH and 14C. the

low penetrating power of which excludes their use in quantitative autoradiographie

techniques with external detection of the signal (i.e. positron emission tomography; see

section 6.3.1). The fact that statie autoradiograms are produced following sacrifice of the

animal means that the signais are subject to potential degradation due to post mortem

changes in regional enzyme activities or receptor densities.

In rats, cerebral autoradiograms acquired following intravenous injection of [3H]dopa

(Liskowsky and Potter, 1985; Cumming et ai .• 1995a, 1997b) or C4C]dopa (Wooten and

Home. 1982; Home et al., 1984) revealed preferential uptake of radioactivity in the basal

ganglia. due to trapping of the radiolabelled decarboxylated products in situ. Statie

autoradiograms have also been used to measure the concentrations of dopamine re-uptake

sites. which represent a pre-synaptie marker of the integrity of dopaminergie innervations.

The radiolabelled dopamine uptake inhibitors [3H]mazindol (Javitch et al., 1985b) and

CZ5I]RTI-55 (Cumming et al.. 1997b) revealed the highest concentrations of dopamine re­

uptake sites in the target zones of the A8 and A9 neuron groups: the striatum. nucleus

accumbens. and olfactory tubercle.
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6.3. Dynamic autoradiograms with radiolabe"ed L-dopa

6.3.1. Positron emission lomography

Positron emission tomography measures tissue radioactivitYconcentrations over time

following tracer injection, and therefore yields dynamie signais. It is an extremely sensitive

autoradiographie technique which can detect concentrations of high specifie radioactivity

tracers in brain as low as the subpicomolarrange (10-12 M; see Farde, 1996). The mechanism

of detection is based upon the annihilation ofemitted positrons with electrons in brain water,

and the subsequent release of energy in the fonn of two high-energy photons (511 keV) at

very nearly 180 degrees. Coincidence circuitry registers an annihilation (event) when

photons simultaneously arrive at two diametrically opposed detectors. The accumulation of

many millions of such coincidence events allows the reconstruction of dynamic images in

two dimensions (2D) or three dimensions (3D). Specific cerebral structures in positron

emission tomographie images are now accurately identified by aligning the reconstructed

image to the same stereotaxie coordinates as the corresponding magnetic resonance image

using a semi-automated computer registration algorithm (Woods et al., 1993).

The limited spatial resolution of tomographs results in measured signais that are

contaminated by the spillover of radioactivity from and into adjacent tissues, phenomena

which are known as partial volume effects. The result is a systematic under-estimation of

radioacti vities measured in gray matter regions such as caudate and putamen. However. a

semi-automated computer method ofcorrection for the recovery of true tissue radioactivities

measured in 2D mode has been developed recently in this laboratory. Simulation studies

using plastic brain phantoms filled with aqueous solutions of IIC and UIF have validated the

correction algorithm for accuracy and precision, and demonstrated it to be independent of

tracer levels (Rousset et aL, 1993a.b, 1996, 1998a). Indeed. correction for partial volume

effects greatly increases the amplitudes oftime-activity curves recorded in the human basal

gangl ia and cerebral cortex following injection of [lIC]-{S)nicotine (Yokoi et aL, 1997) and

L-6-[ 18F]fluorodopa (Rousset et aL, 1998b), but at the cast of reduced signal-to-noise ratios.

The magnitude of the partial volume effects is dependant on the size (Hoffman et al., (979),

shape (Mazziotta et al., (981), and contrast (Kessler et aL, (984) of the region of interest.
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Ali imaging systems experience quantitative measurement inaccuracies when object size is

Iess than the spatial resolution of the tomograph (measured as full-width half-maximum of

a line source)~ therefore. small. c1osely-spaced structures are particularly sensitive to

contamination by spillover. Present 3D tomographs for use with primates, such as the ECAT

HR+ (Seimens) at the McConnell Brain Imaging Centre of the Montreal Neurological

Institute, have a resolution of 4 mm. while tomographs recently developed for studies in

small animais achieve resolutions of 2-3 mm (Torres et al., 1995~ Hume et aL, 1996).

Compared to 2D tomographs, the improved resolution of 3D tomographs may he expected

to reduce the effects of partial volume phenomena. but the recovery of true radioactivities

may be inhibited by the accentuation of positron scatter during acquisitions in 3D mode.

6.3.2. AccwrluiatiolZ ofradioactivity ilZ the conscious primate brain

The first visualization of the regional distribution of a neurotransmitter in the

conscious primate brain was achieved with positron emission tomography~ the

neurotransmitter was dopamine. Radioactivity derived from L-6-[l8F]fluorodopa

accumulates primarily in the striatum of monkeys (Garnett et al., 1983a), healthy human

volunteers (Gamett et aL, 1983b), patients with Parkinson's disease (Gamett et aL, 1984.

1987: Nahmias et al., 1985: Leenders et aL, 1986b), and patients with primary dystonia

(Gamett et al., 1987) during positron emission tomography scans. These imaging studies

also revealed significant accumulation of l!lF radioactivity in the anteriorcingulate cortex and

frontal cortex, with minimal uptake in the occipital cortex, consistent with the cortical

distribution of dopamine measured in vitro in the post mortem primate brain (see Berger et

aL, 1991).

In patients with Parkinson's disease, the striatal accumulation of radioactivity is

significantly reduced, with the putamen generally displaying less uptake than the caudate.

This result is consistent with the post mortem observation of a more pronounced

degeneration of the putamen. particularly its caudal portions, in the parkinsonian brain (Kish

et al., 1988; see section 4.2). In ten cases ofhemiparkinsonism, the reduction in radioactivity

was greater in the striatum contralateral to the affected side of the body (Gamettet al., 1984),
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as expected due to the crossing of corticospinal motor fibres at the level of the brainstem.

Corresponding qualitative results were obtained with eIC]dopa in living brain of monkeys

(Tedroff et al.. 1992a. 1997; Hartvig et al., 1993), healthy human volunteers (Hartvig et aL,

1991). and patients with Parkinson's disease (Tedroff et aL, 1992h). Therefore, positron

emission tomography with radiolabelled L-dopa yields qualitative images of dopaminergic

innervation which accurately reflect the extent and regional heterogeneity of dopamine

depletion in the parkinsonian striatum.

7. Kinetic modelling of radiolabelled L-dopa autoradiographie data

7.1. Introduction

Autoradiography yields images of the distribution of tracer and its metabolites in

vivo. but does not immediately yield quantitative kinetic dataconceming tracer synthesis and

metaholism. Such information can only be obtained by modelling the total cerebral

radioactivities measured by statÎC autoradiograms ordynamic positron emission tomograms.

The process invol ves the development ofa mathematical model that accurately describes the

physiological behaviour of the tracer in living tissue. The model is then fit by least-squares

regression to measured radioactivities to estimate a finite set ofkinetic constants defining the

rates of relevant physiological processes.

For the calculation of tissue radioactivities in a region of interest [M(n], ail models

require an input function. which in most cases corresponds to the radioactivity of precursor

in arterial plasma [Ca(n]. For radiolabelled L-dopa, a power function derived empirically

(see Appendix # 1) has been shown to accurately describe arterial radioactivities as a function

of circulation time (Wong et aL, 1986; Cumming et al., 1997a, 1998); this function is of the

form CaCn = ATh. where A is an arbitrary constant chosen to best fit the observed

radioactivities, and bis a decay constant (see Chapter ID, Deep et aL, 1997b). To detennine

radiolabelled L-dopa radioactivities analytically, the total arterial curve must he corrected for

the presence of brain-penetrating Metabolites, such as radiolabelled O-methyl-L-dopa, by

chromatographie fractionation of plasma samples (see section 8.1) .
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7.2. Tire plasma slope-intercept plot: a linear model

The plasma slope-intercept plot is a Iinear graphical method for measuring the net

influx of tracer From blood to tissue (or net blood-tissue clearance) that is based on the

assumption of irreversible trapping of radioactivity in situ (Gjedde 1981, 1982; Pat1ak et al.,

1983: Patlak and Blasberg, 1985). The algebraic difference between the radioactivity

measured in the region of interest and in a reference region devoid of specific accumulation

[MdC])) is assumed to equa1 the amount of product in the region of interest. The distribution

volume of tissue product relative to plasma precursor radioactivity {[M(D-Wf(D)/Ca(D}

is then plotted as a linear function of the nonnalized time-concentration integral of plasma

precursor radioactivity [e(1)=f CaCt)dtICa(1)). Since the method is based on linear

regression, it is computationally simple, and yields a single kinetic constant that is the

composite of tracer influx, efflux, and trapping.

With respect to radiolabelled L-dop~ the region of interest is generally the striatum.

while the reference region is one that displays negligible doparninergic innervation. such as

white matter. occipital cortex, or cerebellum (Tedroff et al., 1992a,b; Hartvig et aL, 1993;

Hoshi et aL. 1993). Subtracting the reference radioactivity from that in the striatum partially

corrects for the presence of radiolabelled O-methyl-L-dop~which is nearly homogeneously

distributed throughout brain following tracer injection (see section 8.3). The trapping

process for radiolabelled L-dopa corresponds to decarboxylation. While decarboxylation is

itself an irreversible step, the trapping of radioactivity is reversible since the radioactivity

derived from radiolabelled dopamine is c1eared from brain by efflux of its acidic metabolites.

This fact accounts for the validity of the method over a Iimited temporal range « 90 min),

corresponding to times before significant clearance of acids from brain has occurred. Sorne

deviation from linearity of the uptake plot at early times « 15 min) may reflect initially

greater unidirectional clearance of large neutrai amino acids into the reference region.

The linear method has been used to estimate the net influx of L-6-esF]f1uorodopa

from blood to living brain (K,FDOPA
, ml go' min-') of rats (Hume et al., 1996), heaithy monkeys

(Hoffman et aL, 1992; Pate et aL, 1993), monkeys on chronic amphetamine treatment

(Melega et aL, 1996a), monkeys with MPTP-induced hemiparkinsonism (Melega et al.,
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1996b), healthy human volunteers (Martin et al., 1989; Gjedde et al., 1990; Sawle et al.,

1990: Huang et al.. 1991; Eidelberg et al., 1993; Shiraishi et al., 1996), healthy human

volunteers administered subchronic levels of amantadine (Deep et al., 1998), patients with

Parkinson's disease (Leenders et al., 1990; Hoshi et al., 1993; Snow et al., 1993; Sawle et

al.. 1994; Antonini et al., 1995; Eidelberg et al., 1995; Barrio et al.. 1996; Boecker et al.,

1996: Dhawan et al., 1996; Holden et al., 1996; Ishikawa et al.. 1996a.b; Morrish et al .•

1996: Vingerhoets et al.. 1996), patients with multiple system atrophy (Antonini et al.. 1997),

patients with schizophrenia (Hietala et al.. 1995), patients with Alzheimer' s disease (Meguro

et al.. 1997). and patients with developmental stuuering (Wu et al., 1997). Comprehensive

tables summarizing model estimates of Kj
FDOPA in living mammalian brain under various

physiological and pathological conditions are presented elsewhere (see Cumming and

Gjedde. 1998).

The significantly lowerestimates ofKj
FOOPA observed in the living parkinsonian brain

compared to neurologically normal controls is consistent with the reduced dopa

decarboxylase activity associated with Parkinson's disease. The magnitude of KtTXJPA

correlates with quantitative disease severity ratings (Ishikawa et al., 1996a), and is thus a

useful clinicat measure for detecting the stage of progression of disease. The magnitude of

KtDoPA also correlates with the number and size of nigrostriatal dopaminergic neurons.

striatal levels of dopamine, total catecholamines, and the activities of tyrosine hydroxylase

and dopa decarboxylase (Pate et al.. 1993; Snow et al.. 1993). It is therefore concluded that

linear measurements using positron emission tomography with L-6-C8F]f1uorodopa provide

a reliable index of the integrity of the nigrostriatal dopaminergic pathway.

7.3. Tile compartmental model

A major limitation of linear methods for the analysis of tracer uptake is that they are

uninformative of the relative proportions of each radiolabelled metabolite compartment in

brain. This information requires more complex, compartmental models that incorporate

kinetic tenns for the major physiological processes underlying tracer uptake, metabolism, and

clearance. Fitting ofthese models to measured radioactivities yields a set ofkinetic constants
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describing the flux of mass between individual radiolabelled metabolite compartments. In

general. these compartments are physically resolvable only through chromatographie

fractionation of brain tissue samples.

A compartmental model describing the cerebral utilization ofo-glucose was validated

with radioactivities measured by autoradiograms in brains of rats administered

['-lC]deoxyglucose (Sokoloff et al., 1977), a tracer which, like endogenous glucose (Gjedde

et al.. 1980; Gjedde, 1981), is transferred from blood to brain by facilitated diffusion. In this

case. the accumulation of radioactivity in situ is due to trapping of the phosphorylated

metabolite by hexokinase, the rate-limiting enzyme of the glycolytic pathway.

Deoxyglucose. unlike D-glucose, is not further metabolized past the phosphorylation

reaction. and so is essentially trapped irreversibly in brain as a function of the cerebral

metabolic rate of D-glucose.

Methods for modelling the uptake and metabolism of radiolabelled L-dopa in living

brain have been developed which, in formai tenns, resemble the [1-lC]deoxyglucose method.

The systematic investigation of the validity of the several compartmental models for

radiolabelled L-dopa (see Cumming et al., 1997c; see Cumming and Gjedde, 1998) is a major

objective of the present thesis (see Chapter m, Deep et al., 1997b). These models differ with

respect to the number and nature of the tissue compartments in brain; application of each

distinct model ta the same data set cao therefore yield a unique set of resuIts. For derivations

of model equations, see Appendix #1.

Nonlinear regression of compartmental models to total cerebral radioactivities

measured by positron emission tomography has yielded sets of blood-brain transfer

coefficients for L-6-[11IF]fluorodopa and its O-methylated derivative, and regional activities

of dopa decarboxylase with respect to L-6-esF]fluorodopa (k3FDOPA. min·1
), in living brain of

pigs (Brust et al., 1997; Danielsen et al., 1997), monkeys (Gameu et al., 1980; Barrio et al.,

1990, 1996; Doudet et al., 1991a; Guuman et al., 1992. 1993; Léger et al.. 1998), heaIthy

human volunteers (Huang et al., 1989, 1991; Gjedde et al .• 1990, 1991, 1995; Yu et al., 1990;

Léger et al., 1992; Kuwabara et al., 1992, 1993; Wahl et al., 1993, 1994; Vontobel et al.,

1996). healthy human volunteers administered subchronic levels of amantadine (Deep et al.,
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1998), patients with Parkinson 's disease (Hoshi et al.. 1992, 1993; Kuwabara et al.. 1995;

Dhawan et aL, 1996; Ishikawa et al.• 1996a.b; Wahl and Nahmias. 1996a.b), and patients

with psychosis (Reith et al.. 1994). Corresponding models for [3H]dopa have been tested in

the rat (Deep et al., 1996, 1997c; Reith et al .• 1998). Comprehensive tables summarizing

model estimates of k3FDOPA in living mammalian brain under various physiological and

pathological conditions are presented elsewhere (see Cumming and Gjedde. 1998).

In agreement with post mortem in vitro assays of dopa decarboxylase activity. in

vivo estimates of dopa decarboxylase activity were significantly lower in the parkinsonian

brain than in neurologically normal controls. Conversely, estimates of dopa decarboxylase

activity in living brain of psychotic individuals were increased relative to control values.

indicating enzyme up-regulation consistent with the theory of suppressed tonie release of

dopamine in striatum of patients with diseases displaying episodic psychosis sueh as

schizophrenia (see Grace. 1991). Estimates of dopa decarboxylase activity in volunteers

taking amantadine were not signifieantly different from control values. suggesting that the

anti-parkinsonian action ofamantadine (see section 4.5.2) is not due to a direct up-regulation

of striatal dopa decarboxylase. Therefore, compartmental modelling of total cerebral

radioactivities measured by positron emission tomography following L-6-[18F]fluorodopa

administration pennits the quantification ofdopadecarboxylase activity in living brain under

various physiological and pathological conditions.

7.4. Pllysiological constraints

The presence of multiple fates in the metabolic pathway of radiolabelled L-dopa and

its decarboxylated derivative require models with several compartments to account for ail

major metabolic products. Consequently. the compartmental models are sometimes defined

in terms of more parameters than can be estimated in a single study in which only the total

arterial and brain tissue radioactivities are known. This results in non-convergence of

regression fits to measured data. Furthennore, the inherent problem of noisy data may

interfere with the isolation of parameters. In principle. individual parameters could he

estimated by separate experiments, but this process is not practical in terms oftime, money,
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or radiation dosimetry.

To reduce the number of model parameters to a dimension solvable in a single study.

sorne groups have omitted certain companments. such as that corresponding to the acidic

metabolites of radiolabelled dopamine (Gjedde et al., 1991; Wahl and Nahmias, 1996a,b).

The costs of such omissions are reduced biological accuracy of the model, and potential bias

in estimates of kinetic constants. Altematively. to preserve biological accuracy. a series of

four physiological constraints have been incorporated into the models: i) a unifonn value

throughout brain of the tracerequilibrium distribution volume (V~DOPA, ml g-I; Gjeddeet al..

1991 ). defined as the ratio KI DOPA/kzOOPA where kzOOPA (min- l ) is the rate constant for the

clearance of radiolabelled L-dopa from brain to plasma; ii) omission of cerebral catechol-O­

methyltransferase activity (Gjedde et al.. 1991); iii) a fixed ratio of the rate constants for the

formation and clearance of the acidic metabolites of radiolabelled dopamine (Kuwabara et

al.. 1993): and iv) a fixed ratio of the unidirectional blood-brain clearances of radiolabelled

L-dopa and O-methyl-L-dopa (1 Reith et al.. (990). The validity of the Iast constraint is

supported by arguments based on the penneability oflarge neutral amino acids (Crone. 1963:

see Appendix #1). The omission of catechol-O-methyltransferase activity from brain is of

particular concem because it might result in a significant and systematic underestimation of

estirnates of dopa decarboxylase activity, the measure of most interest in studies of striatal

function. The mathematical and physiologicaJ justifiability of sorne of these constraints in

the rat has been presented elsewhere (Deep et al .• 1997c).

8. The presence in brain of radiolabelled O-methyl-L-dopa

8.1. MetlJods ofcorrection

A major difficulty associated with using radiolabelled L-dopa as a tracer of dopa

decarboxylase activity in vivo is the rapid formation in plasmaofhigh concentrations of the

brain-penetrating O-methylated metabolite, as observed in rats (Cumming et al., 1987a.b.

1988. 1994a. 1995a; Melega et al., 1990a,b; 1 Reith et al.. 1990). monkeys (Melega et al ..

1990b, 1991a,b), and heaJthy human volunteers (Boyes et al., 1986; Melega et al.. 1990b.
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1991 b: Cumming et al., 1993). These same studies also revealed that the formation of other

radiolabelled L-dopa metabolites, such as radiolabelled dopamine and dopac, in the periphery

is of minor concem since their concentrations are negligible following pre-treatment with

carbidopa.

The peripheral activity of catechol-O-methyltransferase reduces the availability of

radiolabelled L-dopa for brain dopamine synthesis, and also requires correction of tissue

radioacti vities for the presence of the O-methylated compound, which does not contribute

to dopamine synthesis. Accounting for radiolabelled O-methyl-L-dopa in plasma and brain

requires fractionation of metabolites in samples of arterial plasma either by liquid

chromatography or solid phase extraction. The solid phase separation of plasma

radioactivities is based on the absorption of radiolabelled L-dopa, but not its methylated

product. to basic alumina (Boyes et aL, 1986; Chan et al., 1992). The main disadvantage of

these techniques is the requirement ofan invasive arterial catheter for the collection of blood

samples. The temporal changes so measured in the arterial radioactivities ofthis amino acid

pair can be used to estimate rate constants for (i) the peripheral O-methylation of

radiolabelled L-dopa to O-methyl-L-dopa by catechol-O-methyltransferase, and (ii) the

elimination of radiolabelled O-methyl-L-dopa from plasma, with a simple linear graphical

method (Cumming et al., 1993; see Cumming et al., 1998b).

Various efforts have been directed towards eliminating the need to correct for the

presence of brain-penetrating radiolabelled metabolites. The entry of radiolabelled 0­

methyl-L-dopa into monkey brain was blocked by saturating the transporter of large neutral

amino acids with unlabelled L-phenylalanine, 15 min after L-6-['8F]f1uorodopa injection

(Daudet et al., 1991b). This approach assumes that most of the radiolabelled dopamine

synthesis in brain occurs within the first 15 min following tracer administration.

Altematively, based on the promising results of combining catechol-O-methyltransferase

inhibition with exogenous L-dopa therapy (see section 4.5.2), specific enzyme inhibitors have

been used to minimize the formation of radiolabelled O-methyl-L-dopa. In rats, the

competitive catechol-O-methyltransferase inhibitor U-052 1increased the availability ofL-6­

C8F]fluorodopa in plasma by 50% after 15 min, with a concomitant 50% increase in striatal
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6-[ 1sF] fIuorodopamine concentrations at 30-90 minutes following tracer injection (Cumming

et al.. 1987b): the concentration offluorinated O-methyl-L-dopa in striatum was reduced by

30% during that time.

The effects of catechol-O-methyltransferase inhibitors on L-6-[18F]f1uorodopa

metabolism have also been studied in living primate brain with positron emission

tomography. Co-administration with L-6-[ '8F]f1uorodopa of peripherally acting compounds

such as nitecapone (Comi et aL, 1990; Léger et al .• 1998). and centrally acting compounds

such as entacapone (OR-611; Guttman et al.. 1993; Sawle et aL, 1994; Günther et al .• 1995;

Léger et al.. 1998), and CGP 28014 and Ro 40-7592 (Günther et aL, 1995), qualitatively

improved the contrast hetween striatum and surrounding tissues in tomographie images.

However, pre-treatment with entacapone resulted in 30-50% decreases in estimates of dopa

decarboxylase activity, obtained by compartmental modelling, in the putamen of monkeys

(Guttman et al.. 1993; Léger et aL, 1998) and patients with Parkinson's disease (lshikawa et

al., 1996b). This effect may he due to a direct action such as inhibition of cerebral dopa

decarboxylase, or an indirect action such as activation ofdopamine autoreceptor. Therefore,

the full range of actions catechol-O-methyltransferase inhibitors in vivo must he elucidated

before the results of such experiments cao he interpreted with confidence.

8.2. Radiolabelled analogs of L-m-tyrosine

A promising new approach for positron emission studies of dopa decarboxylase

activity is the use of dopa decarboxylase substrates which are not substrates for catechol-O­

methyltransferase. Endogenous L-m-tyrosine lacks a catechol moiety and so is not

methylated by catechol-O-methyltransferase (Guldberg and Marsden. 1975). However. like

L-dopa. L-m-tyrosine is transported into brain and subsequently decarboxylated (Srinivasan

and Awapara, 1978; Borri-Voltattomi et al .• 1983) to yield m-tyramine. which cao act as a

false dopamine neurotransmitter by stimulating dopamine receptors (Ungerstedt et al .• 1973).

These physiological characteristics of L-m-tyrosine provided the rationale for the

preparation of several radiolabelled analogs. including L-6-rSBr]bromo-m-tyrosine (DeJesus

and MukheIjee. 1988), the 2-,4-. and 6- isomers of L-[18F]f1uoro-m-tyrosine (Melega et al..
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1989; DeJesus et al.. 1990a. 1997; Perlmuuer et al.. 1990; Chirakal et al., 1991; Fimau et al..

199Ia.b: Namavari et al.. 1993; Hayase et al.. 1994: Nahmias et al.. 1995; Barrio et al.•

1996). and 6-[18F]fluoro-p-fluoromethylene-m-tyrosine (DeJesus et al.. 1990b, 199Ia.b.

1992. 1997: Reddy et al.. 1990; Holden et al.. 1991; Murali et al.. 1992). The decarboxylated

product of6-[HIF]fluoro-p-fiuoromethylene-m-tyrosine. Iike that of its unlabelled counterpart

(Palfreyman et al., 1985), is a suicide substrate of monoamine oxidase. a unique property

among these tracers that further simplifies their metabolic pathway. Ali of these analogs

enter the striatum and are decarboxylated, and consequently may he used as synaptic

dopaminergic probes to estimate striatal dopa decarboxylase activity in living brain by

positron emission tomography.

8.3. Advanlages and disadvantages ofL_['6Flfluoro-m-tyrosines

The resistance ofL-[18F]fluoro-m-tyrosine compounds to O-methylation confers upon

them. in principle, several advantages compared to L-6-[ISF]f1uorodopa. First. L-[ISF]fluoro­

m-tyrosines offer a non-phannacological alternative to catechol-O-methyltransferase

inhibitors. which themselves may alter the kinetic properties of L-6-esF]fluorodopa in vivo

when administered adjunctly. Second. the metabolic pathways. and by extension the

associated compartmental models. of L-[18F]fluoro-m-tyrosines are markedly simpler (Le.

more linear) than that of L-6-['sF]fluorodopa. Third. whereas significant quantities of

radiofluorinated O-methyl-L-dopa are detected in plasma following L-6-[ISF]fluorodopa

injection (Melega et al., 1991a.b), no methylated products are observed following injection

of L-[IHF]f1uoro-m-tyrosines.

The uptake of radiofluorinated O-methyl-L-dopa is nearly unifonn througllout living

brain of monkeys (Doudet et al., 1991a). healthy human volunteers (Wahl et aL, 1994), and

patients with Parkinson's disease (Wahl and Nahmias, 1996a.b), and thus contributes a

homogenous layer of non-specifie background radioactivity which contaminates the signal

in regions of specifie L-6-rsF]f1uorodopa uptake such as the striatum. Conversely, the major

peripheral metabolite of L-[18F]f1uoro-m-tyrosines. [18F]fluorohydroxyphenylacetic acid

(Fimau et aL. 1991 a). does not cross the blood-brain barrier and consequently does not
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contribute significantly to tissue radioactivities (Fimau et al .• 1991b). Therefore, the lack of

brain-penetrating peripheral metabolites associated with L-['8F]fluoro-m-tyrosines results in

increased availability of the tracer for tissue uptake. and reduced levels of background

radioactivity in situ. Accordingly, the specific striatal radioactivity following administration

ofL-['8F]fluoro-m-tyrosines is greater than that associated with L-6-['8F]fluorodopa (Hayase

et al., 1994; Nahmias et al., 1995), ultimately resulting in higher signal-to-noise ratios.

improved contrast in positron emission tomography images. and more accurate delineation

of the striatum and surrounding regions.

There remains sorne uncertainty regarding the fate of the metabolic products of L­

CSF]fluoro-m-tyrosines in living brain. In vitro. the decarboxylation product [18F]f1uoro-m­

tyramine is a substrate for the synaptic vesicle amine transporter (Barrio et al.. 1995), and the

chromaffin granule amine transporter and pre-synaptic dopamine uptake transporter (Endres

et al .. 1997), but no such results have been demonstrated in vivo. For ail three transporters,

the transport rates for [18F]tluoro-m-tyramine were significantly lower than those estimated

for 6-C8F]tluorodopamine. suggesting that the intravesicular and intraneuronal uptake of

catecholamines is significantly dependant on the catechol moiety. Furthennore, the method

ofclearance of ['8F]fluorohydroxyphenylacetic acid, fonned by the sequential actions ofdopa

decarboxylase and monoamine oxidase, across the neuronal membrane is unknown. The

very slow clearance of ['8F]fluorohydroxyphenylacetic acid, which likely contributes to the

trapping of 'HF radioactivity over the time frame of a positron emission tomography study,

may result from a combination of slow brain egress, slow sulfoconjugation, and slow brain

egress of the sulfoconjugate (DeJesus et al., 1997).
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FIRST ARTICLE

The objective of this work was to investigate the biological accuracy of a

compartmental model of the uptake and metabolism of L-6-[18F]fluorodopa in living rat

brain. The model consisted of a series of first-order differential equations. describing two

plasma compartments and five brain tissue compartments. A simulated plasma L-6­

['xF]fluorodopa input function. along with kinetic constants previously estimated in rat

following intravenous injection of L-6-C8F]tluorodopa. were used as inputs to calculate the

radioactivities ofL-6-['8F]fluorodopa and its severa) radiolabelled metabolites (O-methyl-L­

6-[ ISF]f1uorodopa. 6-['8F]fluorodopamine. L-3,4-dihydroxy-6-['8F]fluorophenylacetic acid,

and 6-[ '8F]tluorohomovanillic acid) for tracer circulation times up to 120 min. Calculated

metabolite radioactivities were expressed as fractions of total radioactivity to correct for

individual variations in the amount of injected tracer. Calculated metabolite fractions were

then compared with corresponding analytic measurements obtained in vivo in living rat brain

based on chromatographie fractionation of radiolabelled metabolites in striatal tissue

extracts. In so doing. we found evidence to suggest the sequestration of 6­

['SF]fluorodopamine in synaptic storage vesicles of living rat brain. We therefore attempted

ta model the distribution of6-[18F]fluorodopamine between the cytosol and a vesicular pool.

a campartment hitherto absent from biological models of L-6-[18F]fluorodopa metabolism.

This article. entitled "On the accliracy ofan l'xFjFDOPA compartmental model:

evidencefor vesiclIiar storage ofl'HF]j1uorodopamine in vivo" by Paul Deep, Albert Gjedde.

and Paul Cumming, has been published in the Journal of Neuroscience Methods (76: 157­

165. 1997).
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Abstract

The biological accuracy of a nonlinear compartmental model describing the in vivo

kinetics of L-3.4-dihydroxy-6-['lSF]f1uorophenylalanine ([18F]FDOPA) metabolism was

investigated. Tissue activities for [18F]FDOPA and its labelled metabolites 3-0-methyl­

CSF]FDOPA (['sF]OMFD), 6-[,sF]fluorodopamine ([18F]FDA). L-3.4-dihydroxy-6­

CSF]fluorophenylacetic acid ([18F]FDOPAC), and 6-['8F]fluorohomovanillic acid

(['sF]FHVA) were caIculated using a plasma ['8F]FDOPA input function, and kinetic

constants estimated previously by chromatographie fraetionation of 18F-labelled compounds

in plasma and brain extracts from rat. Present data accurately reflected the measured

radiochemical composition in rat brain for tracer circulation times past 10 min. We

formulated the hypothesis that the discrepaney between calculated and measured fractions

of ['sF]FDOPA and the deaminated melabolile ['sF]FDOPAC at limes earlier than 10 min

reflected storage of ['sF]FDA in vesicles without monoamine oxidase. This hypothesis

explained the initially rapid appearance of [18F]FDOPAC in striatum by delayed transfer of

CSF]FDA from cytosol into vesicles. We conclude that the simpler model of [18F]FDOPA

compartmentation is accurate when the cytosolie and vesicular fractions of ['sF]FDA are at

steady-state: the approaeh to equilibrium has a lime constant of 15-30 min. The present

model is valid for positron emission tomography studies of ['sF]FDOPA metabolism in

living brain.
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1. Introduction

Positron emission tomography (PET) following intravenous injection of L-3.4­

dihydroxy-6-[l8F]tluorophenylalanine ([18F]FDOPA), a radiolabelled analog of the

endogenous amino acid L-3.4-dihydroxyphenylalanine (L-DOPA), reveals a time-dependent

and specifie accumulation of radioactivity in the basal ganglia (Gamett et aL, 1983b).

ModeIs of tracer uptake and metabolism are fitted to measured activity data to estimate

kinetic constants of physiological processes in vivo. Assuming irreversible trapping of

radioactivity in brain, a uni linear graphical method (Gjedde. 1981, 1982; Patlak et al., 1983~

Patlak and Blasberg, 1985) has been used to determine the net influx of [18F]FDOPA into

brain (Martin et aL, 1989; Sawle et al., 1990). Alternatively, multilinear or nonlinear

regression methods (Gjedde et al., 1991; Huang et al., 1991; Kuwabara et aL, 1993; Wahl

and Nahmias, 1996a) have yielded sets of blood-brain transfer coefficients for [18F]FDOPA

and 3-0-methyl-[18F]FDOPA ([18F]OMFD), and regional activities of L-DOPA

decarboxylase (DOC; EC 4.1.1.28), the enzyme that converts ['8F]FDOPA to 6­

[18F]f1uorodopamine ([18F]FDA~ Fimau et aL, 1975).

Multilinear or nonlinear regression to [18F]FDOPA activity data is computationally

demanding but yields kinetic constants of several physiological processes. Conversely, the

unilinear method is computationally simple, but valid only within certain times (- 10-90

min) because of its unilinearity. It yields a single kinetic constant that is the composite of

[18F]FDOPA influx. efflux, and decarboxylation. The choice of method depends on the

duration of tracer circulation and the desired kinetic information. but in ail cases, the validity

of the method cao only be substantiated by the agreement between predicted and measured

metabolite concentrations.

[18F]FDOPA has metabolites analogous to those of the endogenous amino acid, as

shown by high-perfonnance liquid chromatography (HPLC) fractionation of 18F-Iabelled

compounds in plasma and brain extracts, from rat (Cumming et aL, 1987a,b, 1988. 1994a,

1995b; Melega et aL, 1990a,b; Reith et aL, 1990) and primate (Boyes et al., 1986; Fimau

et aL. 1987, 1988; Melega et aL, 1990b, 1991 a,b; Cumming et al., 1993). Therefore,

[18F]FDOPA is a tracer of L-DOPA in vivo, whose tissue disposition can he predicted by
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models which incorporate the major physiological processes responsible for L-DOPA uptake,

metabol ism and clearance.

The goal of this study is to test the validity of the present nonlinear compartmental

model for kinetic analysis of [18F]FDOPA activity data measured by PET in living brain, by

demonstrating that it accurately predicts the concentrations of [18F]FDOPA and its several

labelled metabolites measured in vivo in rat by HPLC.

2. Materials and methods

2.1. [IIJF]FDOPA compartmental Model

The in vivo metabolic pathway for [18F]FDOPA. including the associated kinetic

constants, is summarized in Fig. 1. Following injection into the venous circulation.

[18F]FDOPA is O-methylated (koFOOPA, min- ' ) by catechol-O-methyltransferase (COMT; EC

2.1.1.6) to form its principal metabolite [18F]OMFD. Renal elimination clears [18F]FDOPA

and CSF]üMFD from the circulation as afirst-orderprocess (k_1
FDOPA and k_ I

OMFD
, min- ' ). The

transporter of large neutral amino acids brings both tracers into brain (KI FDOPA and K[OMFD.

ml g-I per min) and out of brain (k2
FDOPA and kzOMFD, min-I) by facilitated diffusion. (n brain.

CSF]FDüPA is O-methylated by COMT (kS
FDOPA

, min-') to fonn ['sF]üMFD. or

decarboxylated by DOC (k] FDOPA, min-I) to form CSF]FDA, which is not directly cleared from

brain. C8 F]FDA is sequestered in vesicles (circle) where it is protected from catabolism. ln

the cytosol, [l8F]FDA is deaminated (k/DA
', min-I) by monoamine oxidase (MAO; EC

1.4.3.4) to yield L-3,4-dihydroxy-6-['8F]f1uorophenylacetic acid (['8F]FDOPAC), which is

O-methylated by COMT (kllFDOPAC, min- ' ) to form 6-['8F]f1uorohomovanillic acid

([l8F]FHVA). The acidic metabolites [18F]FDOPAC (k9:lFDOPAC, min- ') and [18F]FHVA

(k9bFHVA. min-') diffuse out of brain int.o cerebrospinal f1uid (Hammerstad et al., 1993), and

back into the venous circulation.

The present model thus identifies two plasma compartments ([l8F]FDOPA and

[,xF]OMFD) and five brain compartments ([18F]FDOPA, [18F]OMFO, [l8F]FDA,

[l8F]FDOPAC, and ['8F]FHVA). Estimates of brain kinetic constants (Table 1; Cumming
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et al., 1994a ) were obtained from striatum, since nigrostriatal dopaminergic tenninals are the

primary site of L-DOPA uptake and metabolism (Hefti et al.. 1981; Melamed et al., 1981).

2.2. Plasma [18FIFDDPA activity

The plasma rSF]FDOPA activity [CaFDOPA(n; dpm JlI- I
] served as the input function

for the subsequent calculation of metabolite activities in brain (see below). It was calculated

as a single power function (Matlab, © The MathWorks, Natick, MA, USA),

(1)

•

where A is an arbitrary scaling constant (1000 dprn JlI-1min-I), Tis the tracer circulation time

(min: defined as the time elapsed following tracer injection), and a is a dimensionless

constant (2.2; Deep et al., 1997b) obtained as the linear regression slope of a plot of

pharmacokinetic circulation time versus T for a population of rats administered [3H]DOPA

(Cumming et aL, 1995a). A straight line between zero activity at injection time and peak

activity at 0.5 min described the rapid increase in plasma [18F]FDOPA concentration

immediately after tracer injection.

2.3. Plasma [18FIDMFD and brain tissue activities

Assuming first-order kinetics and instantequilibration between the sites ofmetabolite

formation and clearance, the plasma [18F]OMFD activity (CaOMFD(D; dpm JlI-I] and the brain

tissue activities (dpm mg-l) of (18F]FDOPA [MfDOPA(n], [18F]OMFD [kf>MFD(n], [18F]FDA

[MFDA(n], [lsF]FDOPAC [~PAC(n], and [18F]FHVA [~vA(D]' ail change with time

according to the general compartmental equation,

(2)

•
where Zj(t) is the time-activity curve of the metabolite, Zi_l m(t} is the time-activity curve of

the rnth precursor compound. kinmis the kinetic constant of the process that converts the mth
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precursor into metabolite. and kour
D is the kinetic constant of the nth process that removes the

metabolite from the compartment. Using Ca
FDOPA(1) (Eq. (1» as the input function.

integration of Eq. (2) for each metabolite compartment yielded the following activities,

(3)

MFDOPA(I) (4)

• FDA 1 T _(I..FIJOPAC • "FlJOPAC)(T_f)
k:, f~ FDA(t)e "'lu l( dt

(6)

(7)

(8)

Total activity in plasma [CarObl(T)) was calculated as the sum of Eqs. (1) and (3),

(9)

•

The omission of plasma compartments for [18F]FDA~ [18F]FDOPAC, and ['8F]FHVA is

consistent with the results of HPLC fractionations of '8F-Iabelled compounds in plasma

extracts from rats (Cumming et aL, 1987a,b, 1988, 1994a, 1995b; Melega et al., 1990a,b;

Reith et al.. 1990) and primates (Boyes et al., 1986; Melega et al., 1990b, 1991 a.b;

Cumming et al., (993) treated with carbidopa, a pcripheral DOC inhibitor. which failed to
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detect significant amounts of these compounds.

Total activity in striatum [M°taJCn] was calculated as the sum of Eqs. 4-8.

Mf/Jllllcn = MFDOPAcn + M OMFD(1) + MFDAcn + MFDOPAC(n +

MFHVA(n + V:DOPAc:DOP\n + VoOMFDc::MFD(n (10)

No brain compartment for labelled 3-methoxytyramine. a precursor of [18F]FHVA fonned

by O-methylation of ['8F]FDA. was included because the majority of HVA in rat brain is

derived From DOPAC (Westerink and Spaan. 1982a; Cumminget aL. 1992). The final two

terms in Eq. (10) account for the vascularcomponents of tissue activity. where VoFDOPA and

""IOMFD are the volumes of the vascular compartments of [18F]FDOPA and [18F]OMFD.

respectively.

Ali metabolite activities were calculated for 120 min of tracer circulation. using the

kinetic constants estimated for [18F]FDOPA in rat (Cumming et al., 1994a; Table 1). with

the following assumptions:

• V/DOPA and Vo
OMFD were set to O. since the rat brains were assumed to be devoid of

blood prior to HPLC fractionation.

• k9aFDOPAC was assumed to he equal to the estimate of k9bFHVA (0.12 min-I).

• k') FDOPA was assumed to be equal to the corresponding estimate for [3H]DOPA in rat

(0.06 min- I; Cumming et al .. 1995a). which was the average of estimates from five

brain regions. assuming a homogenous distribution ofCOMT activity throughout rat

brain (Broch and Fonnum. 1972; Rivett et al.. 1983; Roth, 1992).

2.4. Fractional metabolite activities

The calculated plasma metabolite activities (Eqs. (1) and (3» were expressed as

fractions of total plasma activity by division by Eq. (9); the calculated striatal metabolite

activities (Eqs. (4)-(8» were expressed as fractions of total striatal activity bydivision by Eq.

( 10). The resulting metabolite fractions facilitated comparison of present estimates with

literature results. Absolute metabolite activities could not be compared because of varying

amounts of injected ['8F]FDOPA.
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3. Results

The calculated metabolite activities and fractions in plasma and striatum are shown

in Fig. 2. In striatum, the activities of ['sF]FDOPA, [ISF]OMFD, (18F]FDA, [18F]FDOPAC.

and [lllF]FHVA peaked at 3, 89, 21. 28, and 39 min, respectively.

The present calculations predicted 18F-labelled metabolite fractions to within 10% of

thase measured by HPLC in 83 out of 96 comparisons with the Iiterature (Cumming et aL,

1987a.b. 1988~ Melega et aL. 1990a.b; Table 2). The largest discrepancies between

calculated and measured data occurred at early time points: the calculations over-estirnated

striatal ['SF]FDOPA by 33% at 5 min and 14% at 10 min. and under-estimated striatal

[1l\F]FDOPAC by 29% at 5 min.

4. Discussion

4.1. Model applicability

[n the compartmental model, species differences between rat and human with respect

to the handling of [18F]FDOPA will be reflected in the magnitudes of kinetic constant

estimates (Table 1). Since [18F]FDOPA follows the same in vivo metabolic pathways (Fig.

1) in rat and primate. activity data measured in the two species reflect the same

compartments. albeit of different sizes. Therefore, we propose that the present model can

be used with equal accuracy in analyzing activity data from rat and human. We have

confirmed this by successfully fitting the model to eH]DOPA autoradiographie data in rats

(Deep et al.. 1997b) and [18F]FDOPAIPET data in humans (Gjedde et aL, 1991; Kuwabara

et al.. 1993).

4.2. Comparison ofcalculated and measured data

ln general, qualitative and quantitative profiles of [ISF]FDOPA metabolite fractions

calculated by the present model were in close agreement with those measured by HPLC

analyses of labelled plasma and brain extracts in rat, for circulation times past 10 min. The

relative time of the peak activity of [18F]OMFD does not retlect its formation in vivo before
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[
18F]FDüPAC or [18F]FHVA, since the striatal [18F]üMFD activity (Eq. (4» is the SUffi of

two components: one originating in the transfer of plasma [18F]OMFD into brain. and the

other originating from COMT activity in brain. The time courses of metabolite fractions

(Fig. 2) in plasma and striatum agreed excellently with corresponding measurements in rat

(Cumming et aL. 1987a; Melega et al.. 1990a).

Uncertainty about the estimate of COMT actl Vlty in brain with respect to

[lsF]FDÜPA (ksFDOPA). which was set equal to the corresponding estimate for [3H]DOPA

(0.06 min-'; Cumming et al.. 1995a), may explain the consistent over-estimation of the

calculated striatal [18F]OMFD activities (Table 2). Fluorination of L-DOPA significantly

reduces its affinity for COMT in vitro (Creveling and Kirk. 1985; Fimau et aL, 1988), so

k/:OOPA may be lower for ['8F]FDOPA than [3H]DOPA. Other significant discrepancies (>

10%) between calculated and measured metabolite fractions likely reflect the simplicity of

the biological model. compared to real brain. The present model excludes two known brain

compartments, corresponding to (i) ['8F]FDA-sulfate. which has been detected at

concentrations comparable to those of [18F]FDOPAC and [18F]FHVA in both rat (Melega et

al.. 1990a,b) and primate (Melegaet aL. 1990b. 199Ia,b), and (ii) the vesicular fraction of

[,xF]FDA. There is considerable evidence to suggest that ['8F]FDA. like endogenous

dopamine (Leviel et aL, 1989; Pothos et al.. 1996) and perhaps L-DOPA (Opacka-Juffry and

Brooks, 1995), is stored in vesicles. An I~ nuclear magnetic resonance examination of

nerve-ending microsacs. isolated from guinea pig striatum and incubated with fluorinated

amines. detected a strong signal corresponding to ['8F]FDA. with a minor signal

corresponding to ["~F]FDOPAC (Diffley et al., 1983). ['8F] FDA is released from

dopaminergic nerve terminaIs along with dopamine following depolarization by potassium

(Chiueh et al., 1983). Furthennore, depletion of striatal activity was observed by

CXF]FDOPNPET in monkeys treated with reserpine (Gamett et al., 1983a). a drug known

to discharge dopamine from pre-synaptic storage vesicles. We therefore attempted to model

the vesicular fraction of [18F]FDA in vivo.
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4.3. Modelling the vesicularfraction oft8F]FDA

By definition, the apparent MAO activity measured in vivo assuming a homogeneous

distribution of [18F]FDA in brain [k?FDA'(1)] is proportional to the fraction of ['8F]FDA in the

cytosol (Cumming et al., 1995a),

1 MFDAcn
k FDA Cn = [ (:yr ] "-7FDA

7 FDA FDA
Meyt (1) + M ves (n

(11)

•

where Mq1FDA(]) is the concentration of [18F]FDA in the cytosolic compartment. M vesFDA(n

is the concentration of [18F]FDA in the vesicular compartment, and k/OA is the true MAO

activity in vivo assuming a homogenous distribution of [18F]FDA within the compartment

containing MAO. Eq. (II) predicts that apparent MAO activity is not constant during a

tracer experiment: at early times prior to vesicular trapping of [18F]FDA, "-7FOA'(D equals

k7FDA, The magnitude of k/OA'CD then declines as [18F]FDA is sequestered in vesicles, until

equilibrium between the cytosolic and vesicular compartments is reached.

According to Eq. (2), the activities of the cytosolic and vesicular ['!lF]FDA

compartments are given by,

d[M,:.'r
D
,,\t)]. = kFDOPAMFDOPA + kFDAMFDA _ (lr FDA + k.FDA)MFDA (12)

dt 3 oUI l'es "'7 ln cyr

FDA
d[Ml,t:s (t)]

dt
FDA FDA FDA FDA

kiTi M cyr - kout Ml·t:s (13)

•

where kmFOA is the rate constant for transfer of C!lF]FDA into vesicles, and koutFOA is the rate

constant for release of [18F]FDA from vesicles back into the cytosolic compartment. At late

tracer circulation times, CSF]FDA synthesis declines toward zero and the system approaches

equilibrium (T=Teq ), in which case Eq. (13) reduces to,
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(14)

The magnitudes of kinFUA and kou/:OA therefore detennine the relative proportions of [11lF]FDA

in the cytosolic and vesicular compartments in vivo at equilibrium. To our knowledge the

only measurement of this ratio to date was made in vitro by Chien et al. (1990) in a giant

dopamine neuron ofthe snail Planorbis comellS; voltametric techniques detected that at least

98% of intracellular dopamine is bound and not directly exchangeable with dopamine in the

cytoplasm at equilibrium. lt is currently unknown if a similar distribution occurs in

dopamine neurons of the rat.

To obtain the first in vivo estimates of kin
FDA and kOUIFDA, we integrated Eqs. 12-13.

•
M

FDA n = kFDAfTUFDA(t) -k.:':A(T-ndt"es ( ln ~ .... cyl e

(lS)

(16)

•

The sum of Eqs. (15) and (16). equal to total [18F]FDA activity in brain. was fitted by least­

squares nonlinear regression to [18F]FDA activities measured in rat striatum (Cumming et

al.. 1987a: Table 2), with the striatal [18F]FDOPA curve as the input function. To solve for

k~FDOP\ kmFDA. and kOUIFDA, it was necessary to fix the magnitude of k7FDA to reduce

parameterization. However, the magnitude of k7FDA in vivo in striatal dopamine neurons is

unknown, so we varied k7FDA over a range of fixed input values. At k7
FDA > 0.6 min-l, fits did

not converge; complete results of these analyses are summarized in Table 3.

Present estimates of kOUIFDA were not significantly different from zero. But transfer

of dopamine from cytosol to vesicles in vivo is not irreversible (Leviel et al., 1989), so kOUIFDA

must have a small positive value. With fixed k-,FDA values between 0.1-0.4 min- I
• inclusion
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of the vesicular compartment accounted for the large discrepancies between measured and

calculated data at early times. In this range, estimates of DOC activity (k3FDOPA) were

increased by 12-35%, relative to the HPLC estimate (0.17 min- ' : Cumming et al., 1994a).

By under-estimating k3FDOPA, the exclusion of vesicular storage of [18F]FDA from the present

model may contribute to the over-estimation of [18F]FDOPA concentrations in striatum at

early times (Table 2). The magnitude of kinFDA suggests that newly-fonned CSF]FDA is

transferred to the vesicular compartment with a half-Iife of 12-34 min (calculated as

O.6931km FDA). Therefore at early times, the majority of [18F]FDA is in the cytosolic

compartment and so unprotected from metabolism by MAO, accounting for the high

proportion of CSF]FDOPAC measured at 5 min (31 %, Table 2). Previous estimates of

apparent MAO activity (Table 1) are several-fold lower than the valid range ofk/DA input

values, consistent with the initial under-estimation of [18F]FDOPAC concentrations, which

became insignificant at times after 10 min (Table 2).

5. Conclusion

The present study compared the time courses of [18F]FDOPA metabolite fractions

calculated by a compartmental model of [lsF]FDOPA blood-brain transfer and metabolism,

with those measured in vivo bychromatographic fractionation of 'SF-labelled compounds in

plasma and striatal tissue extracts in rat. Based on the general agreement between calculated

and measured data, we conclude that the model is biologically accurate and therefore valid

for analysis of CSF]FDOPA activity data measured in living brain by PET. The large

discrepancies between calculated and measured data at early times « 10 min) couId be

explained by incorporation of a vesicular compartment for [18F]FDA into the model, thereby

providing indirect evidence for vesicular storage of [lsF]FDA in vivo. Present data and

methods were insufficient to independently estimate ail kinetic constants associated with the

distribution of [lsF]FDA between the cytosol and vesicles. However, it is likely that the

exclusion ofvesicular storage from the model does not greatly alter the magnitudes of kinetic

constants estimated by regression analysis of PET data, because the long duration of PET

studies perrnits near-equilibration of cytosolic and vesicular (18F]FDA.
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Fig. 1. Schematic summary of [18F]FDOPA blood-brain transfer and metabolism, including
the associated kinetic constants. [18F]FDOPA injected intravenously into the circulation is
O-methylated (koFDOPA) by COMT to form [18F]OMFD. Both tracers are subsequently cleared
from circulation by renal elimination (k_1

FDOPA and k.1
0MfD

). Both tracers are transferred into
brain (KtDOPA and K1

0MFD) and out of brain (kzFDOPA and kzOMFD) by facilitated diffusion.
CSF]FDüPA in brain is O-methylated (k/DOPA

) by COMT to form [18F]OMFD. In brain,
[lsF]FDüPA is decarboxylated by DOC Ck)FDOPA) to form [18F]FDA, which is not cleared
directly from braio. [18F]FDA is sequestered in vesicles (circle) or undergoes oxidative
deamination Ck,FDA) by MAO to forro [18F]FDOPAC, which is then O-methylated (kilFDOPAC)

by CüMT to yield [18F]FHVA. Both [18F]FDOPAC (kC);).FDOPAC) and [18F]FHVA (k9bFHVA) are
cleared from brain inta cerebrospinal f1uid and then back ioto the circulation.



II - 57• Plasma Striatum

-- 400-1

OJJ,-
t:::

300
l==
~

"'0-- 200
>-.....
:>.- 100....
u

--<
0

--~ 100-->-.....
:> 75.-....
u
~

ë; 50....
0-• '-
0

= 25
0.-....
u
~
;.., 0
~

0 30 60 90 120 0 30 60 90 120

Tracer circulation time (min)

Fig. 2. Calculated activities and fractions in plasma and striatum for [18F]FDOPA (.),
CXF]OMFD (0), [18F]FDA (.~), eSF]FDOPAC (~), and [18F]FHVA (X) during 120 min of
tracer circulation in rat. Plasma [18F]FDOPA activities were calculated with a power
function: ail other activities were calculated by integration of first-order differential
equations. with previous estimates of kinetic constants (Table 1) as inputs. Metabolite
fractions were obtained by dividing calculated metabolite activities by total calculated
activity.

•
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Estirnates of eSF]FDOPA kinetic constants in rat

Kinelic constant Definition Units Estimate

V. FDOPA Vascular volume of [llIF]FDOPA mlg-' 0.037a
0

V. OMFD Vascular volume of [lllF]OMFD mlg- '"
!.;,FDOPA Rate constant for conversion of minot 0.055

[lllF]FDOPA to [11lF]OMFD in plasma
k O~IFD Rate constant for clearance of min·' 0.01-1

[llIF]OMFD from plasma
K FDOPA Unidirectional blood-brain ml g.' per min 0.071

clearance of [11lF]FDOPA
K OMFD Unidirectional blood-brain ml g-I per min 0.081

clearance of [llIF]OMFD
k1FDOPA Rate constant for clearance of min-' 0.10

[lllF]FDOPA from brain
k:O~IFD Rate constant for clearance of min- ' 0.11

[11lF]OMFD from brain

kt
DOPA Rate constant for conversion of min- I 0.17

• ellF]FDOPA to [llIF]FDA in brain

k5
FDOPA Rate constant for conversion of min-'

CllF]FDOPA to [lllF]OMFD in brain
k;FD,'- Rate constant for conversion of minot 0.055

[lllF]FDA to [IKF]FDOPAC in brain

kil
FDOPAC Rate constant for conversion of minot 0.083

['lIF]FDOPAC to CKF]FHVA in brain
~~FDOPAC Rate constant for clearance of min-·

[lllF]FDOPAC [rom brain
le. AlVA Rate constant for clearance of min-' 0.12Ih

[llIF]FHVA from brain

Ali kinetic constants were estirnated by chromatographie fractionation of 18F-Iabelled
compounds in plasma extracts and striatal tissue following bolus i.v. injection of
['xF]FDOPA (Cumrning et al., 1994a). Sorne estimates were unavailable (-); see Section 2
for explanations.

Il Cumrning et al., 1995b.

•
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['8F]FDOPA metabolite fractions in plasma and striatum of rat

TimeCmin)

Metabolite Reference 2.5 5 10 15 20 25 30 45 60 75 90 120

Plasma ['"F)FDOPA present sludy 84 70 52 42 35 31 27 21 18 16 15 13

Cumming el al.• 1988 37 9

Melcga et al .• 1990a 80 62 42 24 14

Mc:lega el al.. 1990b 24

Plasma ('"F)OMFD presenl slUdy 16 30 48 58 65 69 73 79 82 84 85 87

Cumming el al .• 1988 45 72

Melcga et al.. i 990a 20 38 58 72 81

Melega el al.. 1990b 70

Stnatal ('"F)FDOPA presenl sludy 62 42 22 14 10 8 7 5 4 4 4 3

Cumming el al .. 1987u II 8 10 5 6 3 7 5 4 3

Cummingel al .. 1987b .; 4 4

Cumming el al.. 1988 12 3

Mclega el al.• 1990a 7 2 2

Melega el al.. 1990b 2

Stn:ltal ['"F)OMFD present sludy 12 23 36 42 47 51 54 62 67 71 74 77

• Cumming el al.• 1987a 18 32 37 36 41 45 50 50 49 58 69

Cumming et al.• 1987b 50 53 73

Cumming et al.. 1988 31 52

Mdega el al.. 1990a 40 50 51

Mc:lega el al.. 1990b 49

Stn:llal ['"F]FDA presenl slUdy 16 26 33 32 30 27 25 21 17 15 14 12

Cumming el al .. 1987a 23 24 25 20 19 21 18 21 17 15 7

Cumming el al.• 1987b 20 18 II

Melega el al.• 1990a 37 33 36

Melega el al.. 1990b 29

Striatal ["F]FDOPAC presenl slUdy 2 5 7 7 7 7 6 5 4 .; 3

Cumming el al.• 1987a 31 10 10 8 9 8 II 6 5 5 3

Cumming el al.. 1987b 6 5 .;

Mdcga el al .• 1990a 5 5 4

Mdcga el al.. 1990b 7

Smalal ['"F]FHVA present sludy 0 0 2 3 4 4 4 4 3 3 2

Melega el al .• 1990a '1 5 '1

Melega el al .• 1990b 7

Ali results are percentages, detennined as [esF metabolite activity) 1(total regional
tl'\F activity) x 100]. A dash (-) indicates that the metabolite fraction was not given or could
not he calculated with the given data at that lime point.

•
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Table 3
Estimates of rate constants (min-' ) for the distribution of cerebral [18F]FDA between

cytosolic and vesicular compartments, as a function of MAO activity ("=7FDA)

k..,FDA k/DOPA k FDA k'JlJI

l'DA
m

0.1 0.19 ~ 0.01 0.02 ± 0.01 0.06 ~0.O7

0.2 0.24 ~ 0.02 0.04 ±0.02 0.05 ± 0.07

0.3 0.23 ~0.03 0.05 ±0.02 0.04 ~0.05

0.4 0.20 ~0.04 0.06±0.02 0.03 :!:0.04

0.5 0.17 ~0.04 0.07 ±0.02 0.02 ± 0.03

0.6 0.14 %0.04 0.08 %0.02 0.01 %0.02

0.7

Results are best estimates ± 95% confidence intervals, obtained by nonlinear
regression of the sum of Eqs. (15) and (16) to [18F]FDA activities measured in rat striatum
(Cumming et al., 1987a). To reduce model parameterization, the value of k/DA was fixed
as an input constant. Analyses were perfonned over a range of k7FDA values; fits did not
converge for ail k/=DA > 0.6 min- I

.
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SECOND ARTICLE

In this study. we present an autoradiographie method for the assayof[3H]dopauptake

and metabolism in living rat brain. based on the analysis of eombined metabolite pools in a

time-series of statie autoradiograms. This approaeh is in eontrast to previous methods for

investigating the in vivo kinetics of radiolabelled L-dopa in the rat. whieh involved analyzing

the radioaetivities of individual metabolite pools separated by chromatographie fraetionation

of cerebral tissue samples following intravenous injection of tracer. We estimated the

following kinetie constants in rat brain: (i) the blood-brain transfer coefficient of [3H]dopa.

(ii) dopa decarboxylase activity with respect to eH]dop~ and (iii) monoamine oxidase

activity with respect to [3H]dopamine, by eompartmental modelling of total cerebral

radioacti vities in a time-series of autoradiograms from right cerebral hemispheres of rat.

Present autoradiographie results were compared for the first time with previously published

chromatographie estimates from the left hemispheres of the same rats. Furthermore, we

testcd three distinct eH]dopa eompartmental models (based on the corresponding L-6­

[IXFlf1uorodopa models). to determine their suitability for corresponding assays of dopa

decarboxylase activity in living human brain by positron emission tomography.

This article. entitled "The kinetic behaviour of [lHldopa in living rat brain

ùzvestigated by compartmental modelling ofstatie autoradiograms" by Paul Deep. Hiroto

Kuwabara. Albert Gjedde. and Paul Cumming, has been published in the Journal of

Neuroscience Methods (78: 157-168, 1997).
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The kinetic behaviour of [3H]dopa in living
rat brain investigated by compartmental

modelling of static autoradiograms
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a Montreal Neurologicallnstitute, McGill University, 380/ University St.• Montreal,
Quebec H3A 284. Canada

b Department ofNeurosurgery, West Virginia University, Morgantown, West Virginia,
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Abstract

The kinetic behaviour of [3H]dopa in living rat brain was investigated by

compartmental modelling of measured activities from combined metabolite pools in a time­

series ( 180 min) of static autoradiograms from right cerebral hemispheres. Two models of

eH]dopa uptake and metabolism that incorporated the removal of the decarboxylation

product. [3H]dopamine, from brain were significantly more accurate than a model in which

eH]dopamine accumulated irreversibly in situ. Present estimates of eH]dopa kinetic

constants were compared to previously published results based on the analysis of measured

activities from individual metabolite pools separated by chromatographie fractionation of

[3H]dopa metabolites in the left cerebral hemispheres of the same rats. Autoradiographie

estimates of dopa decarboxylase activity with respect to [3H]dopa in brain (k3DOPA) were

under-estimated several-fold relative to chromatographie estimates; this discrepancy is

explained by post-mortem enzYme activity and omission of biological compartments from

the models. However. autoradiographie estimates of the unidirectional blood-brain clearance

of [3H]dopa (KI DOPA) and monoarnine oxidase activity with respect to eH]dopamine in brain

(k7DA) agreed with chromatographie estimates. This concordance represents the first

empirical validation of compartmental modelling of autoradiographie data as a method for

quantitatively investigating the kinetic behaviour of radiolabelled L-dopa in living

mammalian brain.
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1. Introduction

Statie autoradiograms made from eryostat sections of brain have revealed that the

cerebral accumulation of radioaetivity in living rats following intravenous injection of

CH]dopa (Liskowsky and Potter. 1985; Cumminget al .• 1995a, 1997b) and [14C]dopa (Home

et al.. 1984) is greater in the basal ganglia than in structures containing little activity of dopa

decarboxylase (EC 4.1.1.28), the ultimate enzYme in dopamine synthesis. The trapping of

labelled decarboxylated metabolites in catecholamine fibres (Deep et al.. 1997a) is the basis

for similar qualitative results in living human brain. first observed by dynamic positron

emission tomography with the exogenous dopadecarboxylase substrate L-6-[18F]fluorodopa

([ (liF] fiuorodopa: Gamett et al.. 1983b). With these autoradiographie techniques. the cerebral

concentrations of individual radiolabelled metabolites cannot be measured directly, but are

calculated by fitting compartmental models of tracer uptake and metabolism to a time-series

of total observed cerebral activities.

Compartmental modelling of brain tissue aetivities measured by positron emission

tomography in humans administered [18F]tluorodopa (Gjedde et al.. 1991; Huang et aL, 1991;

Kuwabara et al., 1993; Dhawan et al.. 1996; Ishikawa et al.. 1996b: Wahl and Nahmias.

1996a.b) has yielded in vivo estimates of equilibrium distribution volumes and blood-brain

transfer coefficients for the tracer and its O-methylated derivative, and regional activities of

dopa decarboxylase. In living rat, these same kinetic constants have been calculated for

CH]dopa (Cumming et al., 1995a,b) and [18F]tluorodopa (Cumming et al., 1994a, 1995b)

from the temporal changes in the concentrations of product and precursor pools measured

by chromatographie fractionation of labelled metabolites in brain tissue extracts. However,

this chromatographie dopa decarboxylase assay has not hitherto been systematieally

compared with the eorresponding assay based on compartmental modelling of total cerebral

activities in labelled L-dopa autoradiograms.

The major metabolite of eH]dopa in circulation and brain is O-methyl-[3H]dopa

(Melegaet al., 1990a; Cumming et al., 1995a,b), generated by catechol-O-methyltransferase

(EC 2.1.1.6). CH]Dopa in brain is deearboxylated by dopa decarboxylase to form

eH]dopamine, which is stored in synaptic vesicles (Descarries et al., 1980). Monoamine
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axidase (EC 1.4.3.4) furthermetabolizes [3H]dopamine in thecytosol to yield 3.4-dihydroxy­

eH]phenylacetic acid ([3H]DOPAC). which is then O-methylated by cateehol-O­

methyi transferase to fonn eH]homovanillic acid. Whereas no transport mechanism is known

ta clear [3H]dopamine directly from brain. the aeidic metabolites [3H]DOPAC and

CH]hamovanillic acid (eollectively ealled eH]acids) are freely diffusible into cerebrospinal

fluid. The total aetivity measured by [3H]dopa autoradiography refleets the sum of ail these

physialogieal praeesses.

In the present study. we estimate eH]dopa kinetie constants in living rat brain by

compartmental modelling of measured activities from combined metabolite pools in static

autoradiograms from right cerebral hemispheres. To validate compartmental modelling of

autoradiographie data as a method for investigating the kinetic behaviour of radiolabelled L­

dopa in living mammalian brain. present results are compared with previously published

results based on the analysis of measured activities from individual metabolite pools

separated by chromatographie fractionation of [3H]dopa metabolites in the left cerebral

hemispheres of the same rats (Cumming et al., 1995a). The compartmental models of

CH]dopa blood-brain clearance and metabolism described herein are based on the several

distinct compartmental models used for the analysis ofpositron emission tomography studies

with ['8F]fluorodopa in primates (for reviews. see Cumming et al., 1997c; Cumming and

Gjedde. 1998). Therefore. we also test the influence of model choice on the estimation of

[~H]dopakinetic constants previously defined by analytic methods.

2. Materials and methods

2.l. Alltoradiography

In vi vo studies were conducted in accordance with the requirements of the McGill

Animal Ethics Committee. as described in detail previously (Cumming et al.. 1995a).

Briefly. male Wistarrats (Charles River, n=13) received polyethylene catheters (Clay Adams.

0.965 mm 0.0.; Becton Dickenson and Co.• Sparks, MD. USA) in the left femoral artery and

vein. Rats were immobilized in a plaster body cast. and then administered carbidopa (5 mg
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kg-l, i.p.; MS&D, Kirkland, Quebec, Canada) 30 min prior to bolus injection (200

flCi/animal. i.v.) ofL-3,4-dihydroxy-[ring-2,5,6-3H]phenylalanine (eH]dopa. 80 Ci mmol- I;

New England Nuclear, Boston. MA. U.S.A.) to inhibit peripheral decarboxylation of tracer.

Rats were decapitated at specifie times after tracer injection (5, 10, 15,30.45.60.90, 120.

150. and 180 min); three rats were sacrificed at 30 min, two at 180 min, and one at ail other

times. Brains were removed and bisected; left cerebral hemispheres were further dissected

and then fractionated by high-perfonnance liquid chromatography to detennine the

radiochemical composition (Cumming et al., 1995a).

Right cerebral hemispheres were frozen, mounted with embedding matrix (Lipshaw,

Pittsburgh, PA, U.S.A.), slowly warmed to -20°C in a refrigerated cryostat (HM 500 M,

Zeiss). and then eut into a series of 20-J.lm-thick frontal sections. Each eighth section was

placed on a glass coverslip. Tritium-sensitive film (Hyperfilm, Amersham, Oakville,

Ontario. Canada) was exposed to these sections a10ng with autoradiographie standards

(Amersham) for 6 weeks before development by conventional means. Total regional activity

was measured by quantitative densitometry (Imaging Systems, St. Catherines, Ontario,

Canada) in (n) sections from the following 9 regions of rat brain: dorsal-medial caudate (10),

central caudate (13), nucleus accumbens shell (5), nucleus accumbens body (5), olfactory

tubercle (7), amygdala (4), hypothalamus (6), dorsal hippocampus (7), and ventral

hippocampus (4). Boundaries between adjacent regions were determined by visuaJ

inspection. The regions of interest were circles approximately 2 mm in diameter.

Anatomical coordinates ofbrain sections in the anterior-posterior axis were recorded relative

to bregma (Paxinos and Watson, (982).

To recalibrate the autoradiographie standards (nCi mg-I) relative to plasma activity

(dpm J.ll"l), we measured the autoradiographic density in a reference region (occipital cortex).

A portion of adjacent occipital cortex (30 mg) was then dissolved ovemight in organic base

(1 ml; NSC II, Amersham) and the radioactivity measured (dpm mg-I) by scintillation

spectroscopy following addition ofscintillation fluid (10 ml; BCS, Amersham). A perchloric

acid extract of another portion of occipital cortex was fractionated to detennine the fraction

of radioactivity due to eH]H20 (10-20%). After correction for the presence of eH]H20
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(which evaporated from the cryostat sections). the ratio of the activity measured by

scintillation spectroscopy to the activity measured by autoradiography in the reference region

gave a 1inear tissue cross-calibration factor (-1000 dpm nCi- I). Ail autoradiographie

densities were then multiplied by this factor to convert to dpm mg-I• thus permitting the use

of arterial activities (dpm 1..11-1) as input functions for the calculation ofbrain tissue activities

(dpm mg-').

Areas under the measured arterial eH]dopa curves were calculated for each rat.

Corresponding areas under the common simulated arterial [3H]dopa curve (Eq. (1). see

below) were divided by the measured integrals to produce a Iinear plasma correction factor

for each rat. Tissue activities in each rat were then multiplied by its respective factor. This

normalization allowed the use of common arterial input curves for ail rats, in order to (i)

correct for scatter in measured data attributable to variations in the individual arterial curves.

and (ii) approximate better the methodology of a positron emission tomography scan. in

which ail data points are measured from the same subject.

2.2. eH]Dopa compartmental models

The biological pathways traced by [3H]dopa in circulation and brain tissue. including

the associated kinetic constants. are illustrated in Fig. 1. In brain regions assumed to have

Iow dopa decarboxylase activity. we used a 2-parameter 2-compartment model (MO)

described by the unidirectional blood-brain clearance of [3H]dopa (KI DOPA, ml gal per min)

and the equilibrium distribution volume of [3H]dopa (Vc DOPA, ml go'). In brain regions

assumed ta have high dopa decarboxylase activity. we present three models extended ta

incorporate the presence of additional compartments. The first model (M 1) is a 2-parameter

3-compartment model (Gjedde et al.. 1991; Wahl and Nahmias. 1996a.b) described by

KIOOPA, and the activity of dopa decarbaxylase with respect ta [3H]dopa in brain (k3
DOPA

•

min-I); [3H]dopamine is not metabolized orotherwise cleared from brain. The second model

(M2) is a3-parameter3-compartment model (Huang et al.. 1991) described by K/JOPA,k/XJPA.

and the rate constant for the efflux of activity from brain (kclDA+aclds. min-I); [3H]dopamine and

CH]acids are together cleared from brain into cerebrospinal f1uid as a single compartment.



III - 68

The third model (M3) is a 3-parameter 4-compartment model (Kuwabara et al.. 1993)

described by K1
DOP

\ k3
OOPA

• and the rate constant for the conversion of cerebral

[3H]dopamine to [3H]acids by monoamine oxidase (k7
DA

', min-I); [3H]dopamine and

eH]acids are in separate compartments. and only eH]acids are c1eared from brain into

cerebrospinal f1uid. MI was fitted to 60 min (Ml 60) and 180 min (M 1180) of activity

data: M2 and M3 were fitted to 180 min of activity data.

The model equations that define the individual metabolite compartments in

arterial plasma and brain have been presented elsewhere (Cumming et al.. 1995a: Deep

et al., 1997a). Briefly. values of the normalized integral of plasma activity (e , min;

Gjedde. 1981. 1982: Patlak et al., 1983) for [3H]dopa were calculated for each rat. The

linear regression slope of a plot of e versus tracer circulation time, defined as the

dimensionless constant a (Wong et al., 1986). was then used to calculate the activity of

arterial [3H]dopa [CaOOPA(1)] as the single power function (Cumming et al., 1997a. 1998;

Deep et al, 1997a),

•

• (2.. -()
C~OPA(1) = AT a (1)

where A is an arbitrary scaling constant (dpm JlI-1 min-I), and T is the tracer circulation

lime (min). Using Ca
DOPA(1) as the input function, the activities of arterial O-methyl­

CH]dopa (dpm JlI- I) and ail brain metabolites (dpm mg-') were calculated by the general

compartmental equation.

(2)

•

where Zj(1) is the instantaneous activity of the metabolite, Zj_1 met) is the time-activity

curve of the rnth precursor compound. kjnm is the kinetic constant of the process that

converts the mth precursor into metabolite. and kout" is the kinetic constant of the nth

process that removes the metabolite from the compartment. Therefore. total brain

activity was the SUffi of Eq. (2) for each Metabolite compartment.
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2.3. Constraints and assumptions

We applied the following assumptions and physiological constraints to the models

to reduce parameterization:

1. Population means estimated previously from the same rats (Cumming et al., 1995a)

for the rate constants for O-methylation of arterial eH]dopa (kaDOPA, 0.015 min- I
) and

the elimination of arterial 0-methyI-[3H]dopa (k_1
0MD

, 0.013 min- I ) were used to

calculate the activity of arteriaI O-methyl-eH]dopa.

2. By definition V/)OPA is equal to the ratio KI DOPA/~DOPA, thus eliminating ~DOPA, the

rate constant for clearance of [3H]dopa from brain to plasma.

3. The magnitude of Ve
DOPA was estimated in posterior cingulate cortex and then

assumed to be unifonn throughout the rat brain (Gjedde et al., 1991).

4. The constant of proportionality (q; Reith et aL, 1990) between the unidirectionaI

blood-brain clearances of 0-methyl-[3H]dopa and [3H]dopa (KI OMD/KI DOPA), also

equal to the ratio of the rate constants of clearance from brain of O-methyl-eH]dopa

and eH]dopa (k20MD/k2DOPA), was fixed at a value of 1.5 based on previous

measurements in the rat (Cumming et al., 1995a). Knowledge of this constant thus

eliminates K I
OMD and ~OMD from the models.

5. Cerebral O-methyl-eH]dopa originates from two sources: transfer of arterial 0­

methyl-[3H]dopa into brain, and conversion of eH]dopa in brain to O-methyl­

r'H]dopa. However, the rate constant for O-methylation of [3H]dopa in brain (ksDOPA)

was set to zero (Gjedde et al., 1991). Therefore, arterial O-methyl-eH]dopa was

assumed to be the only source of O-methyl-[3H]dopa in brain.

6. No plasma compartments were defined for [3H]dopamine or [3H]acids, based on

chromatographie studies in carbidopa-treated rats which failed to detect these

compounds in plasma following injection of [3H]dopa (Melega et al., 1990a;

Cumming et al.. 1995a).

7. The fonnation of homovanillic acid in rat brain proceeds by two pathways: 0­

methylation of DOPAC, and oxidative deamination of 3-methoxytyramine.

However, the concentration of 3-methoxytyramine in striatum is low (Cheng and
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Wooten, 1982) and the majority of homovanillic acid is derived from DOPAC

(Westerink and Spaan. 1982a; Cumming et al., 1992). so the contribution of the

labelled 3-methoxytyramine compartment to total activity in the autoradiograms was

considered negligible.

In M3, eH]DOPAC and eH]homovanillic acid were assumed to occupy the same

compartment in brain (eH]acids). thus eliminating one compartment and two rate

constants from the model.

The rate constant k7
DA

" indicates the apparent monoamine oxidase activity measured

in vivo assuming a homogeneous distribution of [3H]dopamine in brain. It is reduced

relative to the true monoamine oxidase activity in vivo assuming a homogenous

distribution of [3H]dopamine within the compartment containing monoamine oxidase

(k7
DA

), in proportion to the unknown ratio of cytosolic [3H]dopamine to whole tissue

eH]dopamine (Cumming 1995a; Deep et al .• 1997a).

The rate constants for the formation Ck7DA) and clearance (kqacids) of [3H]acids were

fixed at a ratio of unity (Kuwabara et al., 1993). thus eliminating kq:lcids from M3.

The vascular component of brain tissue activity was omitted. since the rat brain

sections were assumed to he devoid of significant plasma radioactivity during

exposure to autoradiographic film.

•

2.4 Data analysis

Analyses were performed by least-squares nonlinear regression of compartmental

models to the measured data (Matlab, © The MathWorks. Natick. MA, U.S.A.). We first

estimated V
C
DOPA according to MO in a section of posterior cingulate cortex. a brain region

assumed to have negligible dopa decarboxylase activity. This value of VeDOPA was then used

as a tÏxed input to estimate other kinetic constants in sections of brain regions with high dopa

decarboxylase activity according to MI, M2. and M3.

The accuracy of a nonlinear regression fit to measured data was evaluated by the

magnitude of the residual sum of squares. The mean value of multiple determinations was

calculated for kinetic constant estimates in each brain region. and results were expressed as
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mean ± 50. One-factor analysis of variance (ANOVA) tests were used for comparisons of

mean regionaJ values of residuals. KI DOPA, and k3DOPA, to identify a significant main effect of

compartmental model. eH]Dopamine clearance rate constants (kclDA+l1cids and k7DA) were not

compared statistically since they have different biological definitions. Tukey's test was used

for post-hoc comparisons to identify specifie differences in mean values between the models.

The correlation between kinetic constant estimates and position along the anterior-posterior

axis in each brain region was evaluated by linear regression analysis; the presence of a

significant linear correlation was interpreted as signifying a regional gradient in the

magnitude of that constant. For ail tests a probability value (p) < 0.05 was considered

significant.

3. Results

Linear regression of the normalized integral of plasma [3H]dopa activity

[B=f CaDOPA(t)dtlCaDOPA(1)] versus tracer circulation time for the population of rats (r=O.99.

p<O.OS; Fig. 2) yielded a slope a=2.2. The close agreement between the common simulated

activities for arterial [3H)dopa and O-methyl-[3H]dopa. and measured activities of these

compounds in arterial plasma of a carbidopa-treated rat following [3H]dopa injection, is

shawn in Fig. 3. The fit of MO to data measured in a section of posterior cingulate cortex

(Fig. 4) yielded an estimate of Vc:DOPA of 0.75 ml g-r. In Fig. 5 are plotted the fits of Ml, M2,

and M3 to data measured in a section of nucleus accumbens body. Tissue activities

measured from autoradiograms c1early illustrate that regions of rat brain containing relati vely

high levels of dopa decarboxylase activity such as the basal ganglia (Fig. 5) retained more

radioactivity following eH]dopa injection than regions with little or no dopa decarboxylase

acti vity such as posterior cingulate cortex (Fig. 4).

In ail brain regions. the mean residuals (data not shown) for fits with M2 and M3

were significantly lower than those for fits with M 1180; the mean residuals for M2 and M3

were equal. Estimates of the unidirectional blood-brain clearance of [3H]dopa (KI DOPA; Table

1) ranged from 0.05-0.08 ml gol per min. and displayed little variation between the different
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models. Estimates of dopa decarboxylase aetivity with respect to [3H]dopa in brain (k3DOPA~

Table 2) ranged from 0.01-0.09 min-l, with the largest values in the basal ganglia. Estimates

of k,DOPA for fits with M 1180 were significantly lower than those with ail other models; k3DOPA

estimates were not significantly different between M 160 and M3. Estimates of the

C'H]dopamine clearance rate constants (kclDA+acIlJs and k 7
DA

', Table 3) ranged from 0.02-0.04

min-I. Results of post-hoc comparisons for mean estimates of K/JOPA and k/XJPA are

summarized in Table 4.

Increasing posterior-anterior gradients were found for the magnitudes of KI DOPA in

dorsal-medial caudate and hypothalamus. and [3H]dopamine clearance rate constants

(kdDA+aCl(Js and k7DA) in nucleus accumbens body. Similar gradients for k/JOPA were observed

in dorsal-medial caudate, olfactory tubercie, hypothalamus, dorsal hippocampus, and nucleus

accumbens. Estimates of kinetic constant as functions of anatomical position in dorsal­

medial caudate are plotted in Fig. 6.

4. Discussion

4./. EstÏlnates ofrH]dopa kinetic constants

This study represents the first assay of eH]dopa kinetics in living rat brain by

compartmental modelling of activities measured with quantitative autoradiography; the

present technique is analogous to that of Sokoloff et al. (1977), who modelied cerebral

glucose consumption in rats using [14C]deoxyglucose autoradiograms. To validate

compartmental modelling of autoradiographie data as a method for investigating the kinetie

behaviour of radiolabelled L-dopa in living mammalian brain, we compared estimates of

eH]dopa kinetic constants based on compartmental modelling of total cerebral activities

from combined metabolite pools in a time-series ofstatie autoradiograms from right cerebral

hemispheres of rats, with corresponding estimates based on the analysis of measured

activities from individual metabolite pools separated by chromatographie fractionation of

eH]dopa metabolites in the left cerebral hemispheres of the same rats (Cumming et al.,

1995a).
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The present autoradiographie estimate of the equilibrium distribution volume of

[3H]dopa (Vc
DOPA

) matched the corresponding chromatographie result in cortex (0.71 ml g-I;

Cumming et al., 1995a). Large neutral amino acids such as L-dopa are water-soluble. and

are passively transferred from blood to brain by facilitated diffusion (Wade and Katzman.

1975: Oldendorf and Szabo. 1976; Smith. 1991); the same mechanism applies to eH]dopa.

The fact that this transport process requires no energy indicates that the distribution volumes

of large neutral amino acids cannot in general exceed the ratio of water contents between

brain tissue and plasma (0.92 ml g-I: Gjedde and Bodsch. 1987); amino acid concentrations

measured in the rat c1early confinn this principle (Gjedde and Bodsch. 1987; Paetsch and

Greenshaw. 1991). Indeed. the present autoradiographie estimate of VeDOPA is consistent with

this postulate. Thus. there exists no gradient for the accumulation of eH]dopa in a specifie

region of brain. which is the basis of our assumption of a unifonn distribution of [3H]dopa

throughout rat brain at equilibrium.

Autoradiographie estimates of the unidirectional blood-brain clearance of [3H]dopa

(KI DOPA; Table 1) showed excellent quantitative agreement with corresponding

chromatographie results (0.04-0.06 ml gol per min; Cumming et al., 1995a). The small

regional variation in brain uptake measured for [3H]dopa, [18F]f1uorodopa (Cumming et al .•

1994a). and [3H]tyrosine (Cumming et al., 1994b), together suggest a relatively

homogeneous concentration of the transporter of large ncutral amino acids throughout the

cerebral vasculature of rat forebrain.

Autoradiographie estimates of apparent monoamine oxidase activity with respect to

eH]dopamine in brain (k7
DA

'; Table 3) agreed within the range of corresponding

chromatographie results (0.01-0.15 min- I; Cumming et al.. 1995a). However,

autoradiographie estimates of dopa decarboxylase activity with respect to [3H]dopa in brain

(k,DOPA; Table 2) were several-fold lower than chromatographie estimates. especially in

striatum (0.26 min-I; Cumming et al., 1995a). Several possible factors contributed to this

discrepancy. First. analysis by chromatography could lead to systematic over-estimation of

k3DOPA if dopa decarboxylase continued to consume cerebral eH]dopa in the post-mortem

period: several minutes transpired between decapitation and extraction of brain samples in
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perchloric acid, such that the true activity of [3H]dopa at the time of death would be under­

estimated. Indeed, the concentration of endogenous L-dopa in brain of rats killed by

decapitation was over 2.5 times smaller than that measured in rats killed by microwave

irradiation (Thiede and Kehr, 1981). Such irradiation causes thermal denaturation of

enzymes, including dopa decarboxylase, and therefore prevents the rapid post-mortem

degradation of L-dopa. Second, the omission ofcatechol-O-methyltransferase activity with

respect to [3H]dopa in brain (ks
DOPA

) from the present models over-estimated the amount of

r:'H]dopa available for decarboxylation, thus under-estimating kl,DOPA. Third, we have

recently shown that the omission of the vesicular compartment of labelled dopamine further

under-estimates k 3DOPA (Deep et aL, 1997a). Fourth, estimates of k3DOPA in rat decline rapidly

with increasing V eDOPA (Deep et aL, 1997c); if the magnitude of V/)()PA estimated in cortex

was higher than the true magnitude in non-eortical regions, present estimates ofk3DOPA would

be further reduced relative to chromatographie estimates. The choice ofq did not contribute

to the discrepancy between present and chromatographic results. Values ofk3DOPA previously

estimated from this data set were relatively unaffected by input values of q between 0.5-3.0

(Deep et aL, 1997c).

The regional distributions of enzyme activities measured in vivo by autoradiography

(Tables 2-3) are consistent with those of dopa decarboxylase (Rahman et aL, 1980) and

monoamine oxidase (Saura et al.. 1992) assayed in vitro in rat brain. Furthermore. we report

gradients in the magnitudes of eH]dopa kinetic constant estimates within structures of the

rat basal ganglia (Fig. 6), indicating that the striatum is chemically heterogeneous. A

rostrocaudal gradient for dopa decarboxylase activity has been observed in vivo in the human

striatum (Gamett et al.. 1987). Present estimates of the activities of dopa decarboxylase in

caudate nucleus and monoamine oxidase in nucleus accumbens also increased from posterior

to anterior, in agreement with the distribution of endogenous dopamine. DOPAC, and

homovanillic acid in divisions of rat striatum (Widmann and Sperk. 1986).

4.2. Comparison ofcompartmental models

The present modelling approach, in which a simulated arterial [3H]dopa curve is used
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as the input function. has been previously derived (Deep et al .• 1997a). We now compare

three different compartmental models of eH]dopa blood-brain clearance and metabolism

(Fig. 1), each retlecting a different possible metabolic route available to eH]dopamine

fonned in brain. The present models are identical to those used for analysis of positron

emission tomography studies with (18F]tluorodopa in primates. MI stipulates that

eH]dopamine accumulates irreversibly in brain. Extrapolation of MI fitted to 60 min of

measured data (Fig. 5) predicted that activity would increase continuously in brain regions

of nonzero dopa decarboxylase activity. due to accumulation of eH]dopamine in situ. Fits

of M 1 to 180 min of measured data greatly underestimated brain activity past 60 min. The

absence of [3H]acids in Ml indicates that ail brain activity past 60 min (not including that

due to eH]dopa and O-methyl-(3H]dopa) must he due solely to [3H]dopamine. The activity

of eH]dopamine in MI is therefore under-estimated. which leads to a consequent over­

estimation of precursor (3H]dopa. resulting in under-estimation of dopa decarboxylase

activity. The omission of [3H]dopamine clearance from compartmental models therefore

explains the significant reductions in (i) accuracy, and (ii) the magnitude ofk3DOPA estimates.

in fits with MI compared to fits with M2 and M3 (Table 2).

No difference was observed in kinetic constant estimates according to M 160 and M3

(Table 4), indicating that significant clearance of [3H]dopamine occurred only after 60 min

oftracercirculation. This conclusion is consistent with the results ofchromatographie assays

of striatal tissue from rats administered [3H]dopa (Melega et al., 1990a; Cumming et al..

1995a), and monkeys administered [18F]fluorodopa (Firnau et al.. 1987). in which labelled

dopamine accounted for the majority of striatal activity during the first hour following tracer

injection.

Several studies have omitted the clearance of 18F-Iabelled dopamine from

compartmental models of [18F]fluorodopa metabolism in primate brain (Gjedde et al., 1991;

Barrio et al., 1996; Dhawan et al., 1996; Ishikawaet al.. 1996; Wahl and Nahmias. 1996a.b).

However, there is considerable evidence to suggest that. for extended tracer studies (> 1 h),

the clearance of lahelled dopamine from brain cannot he ignored without prejudicing the

results of model fits. Assuming that labelled dopamine accumulated irreversibly in brain
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produced inaccurate fits to measured data (M 1; Fig. 5), and influenced the magnitudes of

kinetic constant estimates by 10-100% (Huang et al., 1991). Furthennore, independent

estimates of the rate constants for the elirnination of endogenous (Molernan et al., 1978;

Dedek et al.. 1979; Soares-da-Silva and Garrett, 1990; Cumming et al., 1992) and labelled

(Cumming et al., 1994a, 1995a) acidic metabolites from brain of living rat are ail in the

range 0.04-0.10 rnin- I
. Therefore, most of the labelled acids fonned during the first hour

following tracer injection have been c1eared into cerebrospinal fluid by the third hour,

indicating that this process contributes significantly to activity signaIs measured during

ex tended tracer studies.

Two of the compartmental models presented here account for the clearance of

CH]dopamine from brain. either by direct transport into cerebrospinal fluid with [3H]acids

(M2. kclDA+aclds) or oxidative deamination by monoamine oxidase (M3, 10DA). Assuming that

the net efflux of radioactivity from brain is the same for both models, then it may be shown

thae

(3)

Previous estimates of [3H]dopa kinetic constants from four regions of rat brain (Cumming

et al., 1995a) were used to calculate activities of [3H]dopamine [JWDA(n] and eH]acids

[~clœ:(n] in brain according to Eq. (2), which were then substituted into Eq. (3). In ail

regions 50 simulated, the magnitude of kclDA+acids increased from nil at injection when the

acti vitYof [3H]acids is nil, to a peak between 60-120 min when clearance of eH]acids from

brain is weil established (Fig. 7). During the rising portions of the curves, the apparent rate

of formation of [3H]acids is much greater than the apparent rate of clearance of [3H]acids

from brain. The plateau after 60 min thus corresponds to a state of transient equilibrium

between the rates of these two processes. Therefore, in non-steady state, the magnitude of

kclDA+aclds (Huang et al., 1991) is time-dependent.
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5. Conclusion

Excluding efflux of [3H]dopa and O-methyl-eH]dopa, no significant elimination of

activity from brain was detected by autoradiography before 60 min of tracer circulation.

However. trapping of [3H]dopamine is not irreversible; at circulation times greater than 60

min after tracer injection. compartmental modelling of autoradiograms failed to account for

measured tissue activities unless the clearance of eH]dopamine from brain was inc1uded in

the models.

The present autoradiographie method permits the analysis of discrete brain regions

too small to be resolved by other in vivo techniques such as chromatography or positron

emission tomography; small regions also better satisfy the compartmental definition of

spatial homogeneity. Furthennore. unlike positron emission tomography, the present method

is not influenced by partial volume effects (Mazziotta et al.. 1981), which can significantly

affect kinetic constant estimates (Rousset et al.. 1993a). A disadvantage of the present

autoradiographie method is the requirement of multiple subjects; in positron emission

tomography studies ail data are measured from a single subject. Notwithstanding efforts to

normalize ail animais to common arterial input curves. inter-subject variability contributed

to the scatter observed in present data.

The general agreement of present autoradiographie estimates of [3H]dopa kinetic

constants based on compartmental modelling of total cerebral activities from combined

metabolite pools in a time-series of statie autoradiograms from right cerebral hemispheres

of rats, with corresponding estimates based on the analysis of measured activities from

individual metabolite pools separated by chromatographie fractionation of eH]dopa

metabolites in the left cerebral hemispheres of the same rats (Cumming et al., 1995a),

represents the first empirical validation ofcompartmental modelling of autoradiographie data

as a method for quantitatively investigating the kinetic behaviour of radiolabelled L-dopa in

living mammalian brain.
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Fig. 1. Schematic summary of [3H]dopa blood-brain transfer and metabolism, according ta
three different compartmental models. [3H]Dopa in circulation is O-methylated (kaDOPA) by
catechol-O-methyltransferase to fonn O-methyl-[3H]dopa. Both tracers are subsequently
cleared from circulation by renal elimination (k_1DOPA and k.I

OMO
). Bath tracers are transferred

into brain (KI DOPA and KIOMO) and out of brain (~DOPA and ~OMO) by facilitated diffusion.
eH]Dopa in brain is O-methylated (ksDOPA) by catechol-O-methyltransferase to forro 0­
methyl-eH]dopa. In brain regions containing dopa decarboxylase, [3H]dopa is
decarboxylated (k) DOPA) to forro [3H]dopamine ([3H]DA), most of which is rapidly
sequestered in vesicles (circle) and so protected from deamination by monoamine oxidase.
For Ml, [3H]DA is not metabolized or otherwise c1eared from brain. For M2, [3H]DA and
[3H]acids occupy the same compartment and are together c1eared from brain (kcl°A

+:1t:ids). For
M3, eH]DA is not cleared from brain but is metabolized to form [3H]acids (k7

DA
). which are

subsequently cleared from brain into cerebrospinal fluid (~:1t:ids) and back into the venous
circulation.
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Fig. 2. Values of the nonnalized integral of plasma eH]dopa acttvlty
[e=f CaDOPA(t)drIC/)OPA(n; n=55] versus tracer circulation time in rat. A significant linear
relationship is demonstrated by the line of regression (r=O.99. p<O.OS) to the measured data
Ce). The regression slope a (2.2) was used to calculate the activity of arterial [3H]dopa.
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Fig. 3. Measured activities of [3Hldopa (.) and O-methyl-eH]dopa (0) in arterial plasma
of a single carbidopa-treated rat as a function of tracer circulation time following the
injection of [3H]dopa (200 J.1Ci. i.v.; Cumming et al.. 1995a). The smooth lines represent the
calculated arterial activities of [3H]dopa and O-methyl-[3H]dopa. The arterial [3H]dopa
activities were calculated using a power function defined relative to the normalized arterial
integral of eH]dopa. The arterial O-methyl-[3H]dopa activities were calculated using
population means for the rate constants for O-methylation of arterial eH]dopa (koDOPA, 0.015
min o

!) and the elimination of arterial O-methyl-eH]dopa (k_ 1
0MD

, 0.013 min- I
), estimated

previously in the same rats (Cumming et al.. 1995a).
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Fig. 4. Total activity measured in a section of posterior cingulate cortex during 180 min of
CH]dopa circulation in rat (n=13). Tissue activities were scaled to common simulated
eH]dopa and O-methyl-eH]dopa arterial curves. The smooth line is defined by least-squares
nonlinear regression of a 2-parameter 2-compartment model (MO), in which [3H]dopa is not
decarboxylated to [3H]dopamine, to the measured data (e). Each data point was measured
in one rat.
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Fig. 5. Total activity measured in a section of nucleus accumbens body during 180 min of
CH]dopa circulation in rat (n= (3). Tissue activities were scaled to common simulated
[JH]dopa and O-methyl-[3H]dopa arterial curves. The smooth lines are defined by least­
squares nonlinear regression to the measured data (e) of a 2-parameter 3-compartment
model (M 1) in which eH]dopamine accumulates irreversibly in brain. a 3-parameter 3­
compartment model (M2) in which [3H]dopamine is c1eared from brain with eH]acids as a
single compartment. and a 3-parameter 4-compartment model (M3) in which [3H]dopamine
and [3H]acids are assumed to occupy separate compartments. Model Ml was fitted to 60 min
(M 1(0 ) and 180 min (M 1180) of measured data; the curve fitted to 60 min has been
extrapolated to 180 min. Each data point was measured in one rat.
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Fig.6. Estimates of K,OOPA (., ml g-I per min), k/X1PA (0, min-I), kc1DA+acids (À, min-I), and
k7DA (X, min- ' ) as a function of anatomical position along the anterior-posterior axis of the
rat dorsal-medial caudate, according to models M 1'80 (A), M 160 (8), M2 (C), and M3 (0).
Positive abscissa points indicate positions anterior to bregma (recorded as 0 mm).
Signi ficant 1inear correlations (p<O.OS), indicated by the Hnes of regression, between kinetic
constant and position were found for KI 00PA (MI I80: r=O.83; MI 60: r=O.82; M2: r=O.77; M3:
r=0.78), and k:,-OOPA (MI 180: r=O.93; MI 60: r=O.80; M2: r=O.72; M3: r=O.82).
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Fig. 7. The magnitude of kclDA+3cids as a function of tracer circulation time, calculated in four
regions of rat brain.
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Table 1
Estimates of the unidirectional blood-brain clearance of [3H]dopa (KI DOPA, ml g-I per min)

Brain region MII~11 Ml"., M2 M3
b

dorsal-medial caudale (n=IO) 0.060 ± 0.010 0.050 ± 0.010 0.052 ± 0.009 0.050 ± 0.010

central caudate (n= 13) 0.065 ± 0.005 0.056 ± 0.003 0.054 ± 0.003 0.054 ± 0.004 *
nuclcus accumbens shell (n=5) 0.075 ± 0.007 0.063 ± 0.007 0.061 ± 0.007 0.061 : 0.008 *
nuclcus accumbens body (n=5) 0.073 ± 0.004 0.060 ± 0.004 0.057 ± 0.004 0.057 ± 0.004 *
olfaclOry tubcrcle (n=7) 0.076 ± 0.006 0.067 ± 0.005 0.064 ± 0.004 0.065 ± 0.004 *
amygdala (n=4) 0.053 ± 0.002 0.050 ± 0.004 0.052 ± 0.003 0.050 ± 0.004

hypothalamus (n=6) 0.072 ± 0.006 0.069 ± 0.006 0.068 ± 0.005 0.068 : 0.005

dorsal hippocampus (n=7) 0.048 ± 0.002 0.046 ± 0.002 0.046 ± 0.002 0.046 ± 0.002 *
vcntral hippocampus (n=4) 0.059 ± 0.002 0.056 ± 0.002 0.055 ± 0.002 0.055 ± 0.002 *

Results are mean ± SD values of separate detenninations in (n) sections of rat
brain region. obtained by nonlinear regression of compartmental models Ml, M2. and M3
to total cerebral activities measured from a time-series (180 min) of autoradiograms from
right cerebral hemispheres. obtained following i.v. injection of [3H]dopa. One-factor
ANDVA tests were performed on mean KI DOPA estimates: * indicates a significant main
effect of compartmentaI model (p<O.OS).
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Table 2
Estimates of dopa decarboxylase activity with respect to [3H]dopa in brain (k/XJPA, min-I)

Brain rcgion MimI Mlf,(' M2 M3

dorsal-mediaJ caudale (n= 10) 0.007 ± 0.003 0.018 ± 0.007 0.030 ± 0.010 0.023 ± 0.009 '"
cenIrai caudale nucleus (n= 13) 0.009 ± 0.002 0.025 ± 0.006 0.060 ± 0.020 0.033 ± 0.009 '"
nucleus accumbcns shell (n=5) 0.008 ± 0.00 1 0.029 ± 0.002 0.070 ± 0.010 0.042 ± 0.006 '"
nucleus accumbens body (n=5) 0.009 ± 0.001 0.032 ± 0.003 0.090 ± 0.010 0.050 ± 0.006 '"
olfaclory tuberclc (n=7) 0.006 ± 0.00 1 0.025 ± 0.005 0.060 ± 0.020 0.040 ± 0.010 '"
amygdala (0=4) 0.002 ± 0.00 1 0.010 ± 0.004 0.020 ± 0.010 0.013 ± 0.006 '"
hypolhalamus (n=6) 0.002 ± 0.00 1 0.010 ± 0.003 0.021 ± 0.009 0.013 ± 0.006 '"
dorsal hippocampus (n=7) 0.002 ± 0.001 0.008 ± 0.00 1 0.017 ± 0.003 0.009 ± 0.002 '"
ventral hippocampus (n=4) 0.003 ± 0.001 0.012 ± 0.002 0.028 ± 0.008 0.016 + 0.003 '"

Results are mean ± SO values of separate determinations in (n) sections of rat
brain region. obtained by nonlinear regression of compartmental models MI. M2. and M3
to total cerebral activities measured from a time-series (180 min) of autoradiograms from
right cerebral hemispheres. obtained following i.v. injection of [3H]dopa. One-factor
ANGVA tests were perfonned on mean k/XJPA estimates: * indicates a significant main
effect of compartmental model (p<O.OS).
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Table 3
Estimates of rate constants (min-' ) for the clearance of cerebral [3H]dopamine. either by

direct removal from brain with [3H]acids (kclDA+acids) or oxidative deamination (k7 DA)

Brain region

dorsal-medial caudale (n= 10)

central caudate (n= 13)

nucleus accumbens shell (n=5)

nucleus accumbens body (n=5)

olfaclory tubercle (n=7)

amygdala (n=4)

hypothalamus (n=6)

dorsal hippocampus (n=7)

ventral hippocampus (n=4)

M2

0.015 ± 0.003

0.017 ± 0.003

0.023 ± 0.002

0.023 ± 0.002

0.025 ± 0.003

0.023 ± 0.006

0.029 ± 0.004

0.024 ± 0.004

0.027 ± 0.005

M3

0.025 ± 0.004

0.029 ± 0.004

0.036 ± 0.002

0.036 ± 0.002

0.039 ± 0.004

0.040 ± 0.010

0.043 ± 0.006

0.037 ± 0.005

0.040 ± 0.007

•

•

[3H]Oopamine clearance rate constants were explicitly set to 0 in MI. Results are
mean ± 50 values of separate determinations in (n) sections of rat brain region. obtained
by nonlinear regression of compartmental models M2 and M3 to total cerebral activities
measured from a time-series (180 min) of autoradiograms from right cerebral
hemispheres. obtained following i.v. injection of [3H]dopa.
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Table 4
Summary of post-hoc comparisons for estimates of the unidirectional blood-brain

clearance of CH]dopa (KI DOPA) and dopa decarboxylase activity with respect
to [3H]dopa in brain (k3DOPA)

MIMI M2 M3

•

•

MI,,! rt~ 3 0 0
MI

1M1
6 _ 4 4

M2 89_0

M3 198_

Results are number of brain regions (out of 9) in which a significant difference
between compartmental models was found in mean estimates of KI DOPA (above the
diagonal) and k 3DOPA (below the diagonal), according to one-factor ANOVA followed by
post-hoc comparison with Tukey's test.
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GENERAL DISCUSSION

The assay of kinetic constants describing the behaviour of radiolabelled L-dopa in

living brain by compartmental modelling of total cerebral radioactivities from

autoradiography is a fonnidable problem. A confounding factor is the existence of several

plausible compartmental models, each ofwhich is based on the well-characterized metabolic

pathway of L-dopa in vivo. but each slightly different with respect to the number of

metabolite compartments and/or parameters to be estimated. This results in a canfusing

number of variants, sometimes yielding significantly different results when applied ta the

same data. Validation of a biologically accurate model was therefore a major challenge of

this work. with the ultimate goal of establishing a "standard" model that could he used with

confidence for positron emission tomography studies with L-6-[18F]tluorodapa.

The present compartmental model can be used to estimate a maximum of three or

four kinetic constants, within acceptable levels of confidence, in a single experiment.

However. the nonlinearity of the L-dopa metabolic pathway requires knowledge of several

additional parameters for a complete description of the kinetic behaviour of the amino acid

in vi vo. Consequently, it was necessary ta constrain the compartmental model to dimensions

solvable in a single experiment, by incorporating a series of physiological constraints. Of

the constraints used (see Chapter ID, Deep et al.. 1997b). only the fixed ratio of the blood­

brain transfercoefficients of L-dopa and O-methyl-L-dopa (q) can be justified mathematically

(see Appendix #1). The use of a cortical value of the equilibrium distribution volume of

radiolabelled L-dopa (V/)()PA) as a fixed input in regions of interest is not necessarily correct.

and may slightly bias estimates of dopa decarboxylase activity. The choice of a fixed ratio

of the rate constants for the formation and clearance of acidic metabolites (~acldslk.,DA) is

arbitrary, but its magnitude has negligible effeet on kinetic constant estimates. The omission

of catechol-O-methyltransferase activity with respect to L-dopa in brain (ksDOPA) rnay result

in significant under-estimation ofdopa decarboxylase activity. but this is unavoidable since

no estimates of catechol-O-methyltransferase activity in living brain are currently available.

Despite lacking solid rnathematical or biological justification in sorne cases. the
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incorporation ofphysiological constraints into compartmental models of radio1abelled L-dopa

uptake and metabolism is unavoidable if ail major metabolite compartments of the model.

and hence the accuracy of the mode" is to he maintained. Without these constraints. model

fits to measured radioactivities from extended tracer experiments (> 40 min) failed to

converge. Nonetheless, caution is required when interpreting results obtained with a

constrained model; forexample. simulation studies clearly indicate thatestimates ofcerebral

dopa decarboxylase activity are highly sensitive to the magnitudes of VeDOPA and ksDOPA.

The inherent biological accuracy of the model was validated quantitatively by two

separate experiments that are. in effect. Iike two sides of the same coin. In the first study, it

was shown that metabolite fractions predicted by the model. using as inputs previously

published estimates of kinetic constants from rat. agreed excellently with corresponding

metabol ite fractions measured analytically by chromatographie separation of 18F_ labelled

compounds in plasma and brain extracts of rats given intravenous injections of L-6­

['llF]fluorodopa. This work also demonstrated that omission of the vesicular storage of

radiolabelled dopamine did not bias results of model fits for circulation times past 10 min.

due to rapid equilibration of the cytosolic and vesicular fractions of radiolabelled dopamine

in vivo. In the second study. the constrained model was used to estimate kinetic constants

from total tissue radioactivities measured with statie autoradiograms from right cerebral

hemispheres of rats administered eH]dopa. By demonstrating agreement between model

estimates based on combined metabolite pools and analytic estimates previously obtained on

the basis of individual metabolite pools fractionated by chromatography in the left

hemispheres of the same rats, we achieved the first direct empirical validation of a

compartmental model describing the cerebral uptake and metabolism ofradiolabelled L-dopa

in living brain. The models used herein to analyze data in the rat are identical to those used

with data from primates, thus validating the models for positron emission tomography

studies.

Compared to the simplicity of linear methods for analyzing tracer uptake. the more

complex approach of compartmental modelling offers the distinct advantage of isolating

kinetic constants that describe individual physiological processes responsible for the blood-



•

•

•

rv - 91

brain transport and cerebral metabolism of radiolabelled L-dopa. The parameter of most

interest is cerebral dopa decarboxylase activity, which defines the rate of endogenous

dopamine formation from L-dopa. This rate constant is assumed to reflect the functional

state of the nigrostriatal dopaminergic pathway. The present model seems to under-estimate

the activity ofdopa decarboxylase several-fold relative to the true value in living brain, most

likely due to the omission of cerebral catechol-O-methyltransferase activity. In positron

emission tomography studies, partial volume effects reduce the true radioactivity in gray

matter structures such as the striatum and consequently may also contribute to under­

estimation of dopa decarboxylase activity. Higher resolution tomographs and routine

application of partial volume corrections are necessary for more accurate estimates of dopa

decarboxylase activity in vivo. A method of correcting cerebral radioactivities for spillover

was developed in our laboratory. and preliminary results suggest that the dopa decarboxylase

activity in patients with Parkinson's disease may be nearly nonnal in caudate but greatly

reduced in the putamen. entirely in agreement with post-mortem results that locate the major

neurochemical pathology in the putamen.

Non-catechol substrates of dopa decarboxylase such as L-[18F]f1uoro-m-tyrosines

offer significant advantages over L-6-[18F]f1uorodopa in terms of reduced peripheral

metabolism. increased image contrast, and improved delineation of striatal regions of

interest. Furtherrnore, the compartmental models associated with L-C 8F]f1uoro-m-tyrosines

are simpler since they do not indude constants associated with methylated metabolites, such

as q and ksDOPA. However. the lack of detailed kinetic information regarding relevant

metabolic processes, such as the storage of C8F]fluoro-m-tyramine and clearance of its

deaminated derivative, inhibits the development of accurate compartmental models for L­

['lIF]tluoro-m-tyrosines. Vntil these issues are resolved, L-C8F]f1uoro-m-tyrosines cannot

supplant L-6-CHF]f1uorodopa as the preferred tracer for assays ofdopa decarboxylase activity

in living brain.

Positron emission tomography with L-6-[18F]fluorodopa has yielded quantitative

measures that are of clinicat importance in distinguishing between patients with Parkinson's

disease and healthy control subjects. However, it is unlikely that this autoradiographic
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technique will ever become a standard clinical tool for neurological investigations due to its

high cast and complexity of operation. Nonetheless, L-6-['8F]f1uorodopa remains an

indispensable research tool for studying the underlying mechanisms of pathologies related

to malfunctioning dopaminergic neuronal pathways. Application of the present

compartmental model, in conjunction with a correction for partial volume effects, to total

cerebral radioactivities measured by positron emission tomography permits the accurate and

precise estimation of kinetic constants that reflect the rates of blood-brain uptake and

decarboxylation of L-6-['8F]fluorodop~ and by extension, the functional state of the

biochemical pathway for nigrostriatal dopamine synthesis and metabolism in living brain.
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APPENDIX#l

The following section contains the derivations of important equations and

mathematical terms appearing in the two original articles presented in Chapter n (Deep et

al .. 1997a) and Chapter ID (Deep et al .• 1997b) of this thesis.
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1. Simulated plasma radioactivity of radiolabelled L-dopa [CaDOPA(n]

The nonnalized time-concentration integral of the plasma radioactivity of

radiolabelled L-dopa [B(n] is linear with respect to tracer circulation time (n.

(1)

where CaDOPA(t) is the time-activity curve of plasma L-dopa. and a is a constant. From

empirical observation, CaDOPA(1) can he described by a series of processes that remove the

tracer from the periphery,

(2)

•
where X. y, and Z are scaling constants. and ;_1' ;-2' and )-3 are decay constants. Eq. 2 can be

approximated by,

(3)

where A is an arbitrary constant chosen to best fit the measured plasma radioactivities, and

bis a new decay constant derived from a. To evaluate b, integrate CaDOPA(t) from t=O to t=T,

(4)

•

~Tl-b
1 - b

(5)
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Dividing Eg. 5 by Eq. 3 yields a second expression for e(n.

8(1) =
f~ C::oPA(t)dt

CuDDPAcn

= _I_T
1 - b (6)

Comparison of Eq. 6 with Eq. 1 shows that.

1
a =

1 - b
(7)

Rearrange Eq. 6 to isolate b in terms of a (which is measurable as the slope of a plot of e as

a function of n.

•

•

b = 1 - ~
a

(8)



• VI - 119

2. General compartmental equation

Assuming first-order kinetics and instant equilibration between the sites of tracer

generation and elimination (Cumming et al., (993), the time-activity curve of the tracer in

a plasma or brain compartment [Zj(t)] changes according to,

(9)

where Zj_im(t) is the time-activity curve of the rnth precursor compound, kin
m is the kinetic

constant of the process that converts the mth precursor into tracer, and kout
n is the kinetic

constant of the nth process that removes the tracer from the compartment.

Now rearrange Eq. 9, then multiply through by an integrating factor.

• (10)

d[Zj(t)] ~trte Œ~k,:,ll + [~nk n ]Z.(t)~me [L~k,:,lt =
dt ~l ~I out / ~I

~trt[km Z.rn (t)e [L~k,,:,ll]
~l 111 t-l (11)

•

~ft ft

d[Zj(t)L,;te [_lk"..,ll]

dt

[~nk ft Il
~m[k.mZ.m Ct) .... 1 " .., ]"-'1 III /-1 e

= ~m[k.m Z.rn (t) [[7k,:/ll]dt
~I ln 1-1 e

(12)

(13)
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The solution to Eq. 13 is obtained by integration from t=O to t=T,

Z en = ~m[k.mfTZ.m (t) -[[~k,:rJ<T-t)]dt
i '-1 ln 0 1-1 e
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(14)

(15)

(16)

(17)

(18)
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3. Tracer distribution volume

For a tracer that is not irreversibly trapped in brain, the time-activity curve of the

tracer in brain [MCt)] changes according to,

(19)

where CaU) is the time-activity curve of tracer in plasma, KI is the unidirectional blood-brain

clearance of tracer, and ~ is the rate constant for clearance of tracer from brain to plasma.

At early times, when eftlux from brain is negligible,

dM(t) = K1C)I)
dt

(20)

• Mcn

dM(t) (21)

(22)

where M ...ascCn is the tracer radioactivity in the vascular compartment of brain tissue. Now

divide Eg. 22 by CaCn,

Men = K {{; Ca(t) + Ml'CJSCCn
Ca<n 1 caen caen

(23)

By definition, the distribution volume of tracer [Vin] is the ratio ofradioactivities in brain

[Men] and plasma [Caen],

•
(24)



•

•

•

Therefore. comparison of Eq. 23 and Eq. 24 yields,

Now substitute the expression for e(1) from Eq. 1 into the first term of Eq. 25.

where ~) is the apparent vascular volume of tracer.
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(25)

(26)

(27)
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4. Tracer distribution volume (equilibrium)

At equilibrium (T=T*), tracer influx and efflux are equal. and so the rate of change

of brain radioactivity (Eq. 19) is zero,

•

•

M(T·) KI
=

CJT·) k.,

From Eq. 24,

Therefore, the tracer distribution volume at equilibrium (Ve ) is a constant.

(28)

(29)

(30)
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5. Expression for kclDAucitb

According to M2 CDeep et al., 1997b), the net efflux of radioactivity from brain

[lnct(n] is given by.

(31)

According to M3 (Deep et al., 1997b), Jnet(1) is given by,

(32)

Assuming that the net eftlux is the same in both models.

•
(33)

(34)

Furthermore. assume that the combined radioactivity of radiolabelled dopamine and acids

as a single compartment ~A+:lClds(1)] according to M2. is equaI to the sum of the individual

radioactivities of radiolabelled dopamine ~A(1)] and acids (Mc1dsC1)1 as separate

compartments according to M3. The denominator of Eq. 34 then becomes,

•

(35)
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6. Expression for q

For a tracersubject to facilitated diffusion, the penneability-surface area product (PS)

is given by,

PS = (36)

where Tmax is the maximal transport rate of tracer into brain. Ki is the Michaelis half­

saturation constant of the tracer, CI is the concentration of a transport competitor in plasma.

and KI is the corresponding inhibitory constant.

An expression that relates PS to cerebral plasma flow (F) and tracer extraction fraction (E)

has aIso been derived (Crone, 1963). The penneability CP) of a membrane to a given

substance is the amount of tracer which passes unit area in unit time for unit concentration

di fference across the membrane,

• dX 1
P =--­

dt sile (37)

where dX/dt is the amount of tracer passing the membrane in unit time and L1C is the average

concentration difference across the capillary wall.

By definition, dX/dt is given by,

dX

dt
(38)

where C:l is the arterial concentration of tracer.

•
Aiso by definition, E is given by,

E = (39)
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where Cv is the venous concentration of tracer. Now substitute Eq. 39 into Eq. 38.

dX C - C
_ = F( Cl ~.) C
dt C a

a

(40)

Substitute Eg. 41 into Eq. 37.

dX

dt
(41)

p F(C - C )_1_
a ~. Sb.C (42)

•
Assume that .dC equals the mean intracapillary concentration of tracer. Since the tracer

passes through the capillary wall passively by facilitated diffusion. the tracer concentration

decreases exponentially from the arterial to the venous end of the capillary. We may

therefore approximate LIC by,

t1C = (43)

Substitute Eq. 44 into Eq. 42.

b.C = Ca - Cl'

C
In(---.!!..)

Cl'

(44)

•

C
In(~)

F C\.
P = (S) (Ca - CV> C - C

a v

(45)



• F Ca
p = (-) In(-)

S C~.

Now rearrange Eq. 39 by subtracting both sides from unity,
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(46)

1 - E = 1 -

1 - E

C - Ca ~.

c~.

(47)

(48)

• Substitute Eg. 49 into Eq. 46,

- E
(49)

•

Rearrange Eq. 5 1 tü isolate E,

P = (F) In( 1 )
S 1 - E

PS = F In( 1 )
l-E

PS = -Fln(1 - E)

PS

e F = 1 - E

(50)

(51)

(52)

(53)

(54)



•
E

PS

- e F
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(55)

By definition. the unidirectional blood-brain clearance of a tracer (KI) is given by.

K = EF1

Now substitute Eq. 56 into Eq. 55.

PS

= 1 - e F

(56)

(57)

•
(58)

When tracer permeability into brain is low (PS is <10% of F). the magnitude of KI

approaches PS (capillary diffusion capacity). For example. assume F= 10PS.

•

PS

K, = IOPS(l - e IOPS)

KI S! IOPS(l - e -o.')

KI = 0.95PS 5! PS

Substitution of Eq. 61 into Eq. 36 yields.

(59)

(60)

(61)

(62)
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When Eq. 62 is applied to radiolabelled O-methyl-L-dopa and radiolabelled L-dopa. the ratio

(q) between K 1
0MD and K/XJPA becomes.

q =
K

OMD
1

K DOPA
1

T OMD
max

=
K OMD(I + ~CJK.)

r '-- 1 1

K DOPA( 1 + ~C JK.)
r '- 1 t

T DOPA
max

(63)

•

•

q
K OMD

1

K DOPA
1

K DOPA T OMD

~OMD (T':PA)
r max

(64)



•

•
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APPENDIX#2

The following section contains publisher reprints of the two original articles

presented in Chapter fi (Oeep et al.. 1997a) and Chapter m(Deep et al.. 1997b) ofthis thesis.

Inclusion of these articles herein is done with the expressed written permission of the

publisher (Elsevier Science Ireland Ltd.) and ail co-authors (Dr. P. Cumming, Dr. A. Gjedde,

and Dr. H. Kuwabara).
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AbstTact

The biological accuracy of a nonlinear companmental model describing the in vivo kinetics of L-3.4-dihydroxy-6­
[lsF]fluorophenylalanine ([,sF]FDOPA) metabolism was investigated. Tissue activities for ['sF]FDOPA and ilS labeled melabolites
3-0-methyl-['sF]FDOPA (['sF]OMFD). 6-['sF]ftuorodopamine ([18F]FDA). L-3.4-dihydroxy-6-psF]ftuorophenylacetic acid
œSF]FDOPAC). and 6-[18F]ftuorohomovanillic acid ([18F]FHVA) were calculated using a plasma ['sF]FDOPA input function.
and kinetic constants estimated previously by chromatographie fractionatioD of 'SF-Iabeled compounds in plasma and brain
extracts from rat. Present data accurately reflected the measured radiochemical composition in rat brain for tracer circulation
limes past 10 min. We forrnulated the hypothesis that the discrepancy belween calculated and measured fractions of [18F]FDOPA
and the deaminated metabolite ['sF]FDOPAC at limes earlier than 10 min reflected storage of ['8F]FDA in vesicles without
monoamine oxidase. This hypothesis explained the initially rapid appearance of ['sF]FDOPAC in striatum by delayed transfer of
[15F]FDA from cylosol into vesicles. We conclude that the simpler model of [18F)FDOPA companmenlation is accurate when the
cytosolic and vesicular fractions of ['8F]FDA are at steady-state; the approach to equilibrium has a time constant of 15-30 min.
The present model is valid for positron emission tornography studies of["IF)FDOPA rnetabolism in living brain. ~ 1997 Elsevier
Science B.V.

Keywords: Accuracy; [lsF]FDOPA Companmental model; HPLC fractionation; Kinetic constants; Positron emission tomography;
Rat brain; Vesicular companment of [18F]FDA

•

1. Introduction

Positron emission tomography (PET) following
intravenous Injection of L-3,4-dihydroxy-6-rtsF]fluoro­
phenylalanine (['8F]FDOPA), a radiolabe1ed analog of
the endogenous amine acid L-3,4-dihydroxyphenylala­
nine (L-DOPA), reveals a time-dependent and specific
accumulation of radioactivity in the basal ganglia (Gar­
nett et aL, 1983a). Models of tracer uptake and
metabolism are fitted to measured activity data to
estimate kinetic constants of physiological processes in
vivo. Assuming irreversible trapping of radioactivity in

• Corresponding author. Tel.: + 1 514 3981996; fax: + 1 514
3988948; e-rnail: deep@pet.mni.mcgill.ca

01 65-0270/97/S17.00 0 1997 Elsevier Science B.V. Ail rights rcserved.
Pli SO 165-0270(97 )00094-0

brain, a unilinear graphical method (Gjedde, 1981.
1982; Patlak et aL, 1983; Patlak and 81asberg, 1985) has
been used to determine the net influx of rt 8F]FDOPA
into brain (Martin et al., 1989; Sawle et aL, 1990).
Altematively, multilinear or nonlinear regression meth­
ods (Gjedde et aL, 1991; Huang el aL, 1991; Kuwabara
et aL, 1993; Wahl and Nahmias. 1996) have yielded
sets of blood-brain transfer coefficients for rtsF]FDOPA
and 3-0-methyl-[ISF]FDOPA (['8F]OMFD), and re­
gional activities of L-DOPA decarboxylase (DOC;
EC 4.1.1.28), the enzyme that converts [ISF] FOOPA
to 6-['IF)flurodopamine (['sF]; Fimau et aL,
1975).

Multilinear or nonlinear regression to [lsF]FDOPA
activity data is computationally demanding but yields



158

BRAIN

"lOOPA
[ 18F]üMFD .....41---

P. Derp el al. / Jounra/ of Neuroscie"ce Melhods 76 (1997) 157-165

E~
">FDOPA t ".,mAI "UFllOPAC

P'F]FDOPA~ [l'F]FDA~ p'F]FDOPAC~ [l'F]FBVA

•
o

KJo~frn
lc..fDOPAC 1c,..",VA

,.
[ 18F]üMFD '4 P'F]FDOPA ~---,

"oFDOPAl"_,OMm l,,_.FDOPA
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CIRCULATION

Fig. 1. Schematic summary of [IBF]FOOPA blood-brain transfer and metabolism. including the associated kinetic constants. [18F]FDOPA injectcd
intravenously into the circulation is O-methyIated (k~DOPA) by COMT to form [18 F]OM FD. Both tracers are subsequently dearcd from
circulation by renaI eIimination (k~C:OPA and k~~FD). Both tracers are transferrcd into brain (KFDOPA and K?MF~ and out of brain (kfDOPA

and k~!I.lFD) by facilitated diffusion. [11F]FDOPA in brain is O-methyIatcd (kfDOPA) by COMT to forro ['8F]OMFD. [n brain. [\sF]FDOPA is
decarboxylated by ODC (kfooPA) to farm [lsF]FDA. which is not cIearcd directly from brain. ['8F)FDA is sequcstercd in vesicIes (circIe) or •
undergoes ox.idative deamination (k~DA') by MAO to form [IBF]FDOPAC. which is then O-methylated (knX)PAC) by COMT to yield [18F]FHVA.
Both eSF]FOOPAC (k~..DOPAC) and [IBF]FHVA (k:~VA) are c1eared from brain into cerebrospinaI fiuid and then back into the circulation.

kinetic constants of several physiological processes.
Conversely. the unilinear method is computationally
simple. but valid only within certain times (- 10-90
min) because of its unilinearity. Il yields a single kinetic
constant that is the composite of [IsF]FDOPA influx.
emux. and decarboxylation. The choiœ of method de­
pends on the duration of tracer circulation and the
desired kinetic information, but in ail cases, the validity
of the method can only be substantiated by the agree­
ment between predicted and measured metabolite con­
centrations.

[18F]FDOPA has metabolites analogous to those of
the endogenous amino acid, as shown by high-perfor­
mance liquid chromatography (HPLC) fractionation of
18F-labeled compounds in plasma and brain extracts.
from rat (Cumming et al.. 1987a.b, 1988. 1994. 1995a;
Melega et al.. 1990a,b; Reith et al.. 1990) and primate
(Boyes et al.. 1986; Firnau et al.. 1987, 1988; Melega et
al., 1990b. 1991a,b; Cumming et al.. 1993). Therefore,
[18F]FDOPA is a tracer of L-DOPA in vivo, whose
tissue disposition can be predicted by models which
incorporate the major physiological processes responsi­
ble for L-DOPA uptake, metabolism and clearance.

The goal of this study is to test the validity of the
present nonlinear compartmental model for kinetic

analysis of [lsF]FDOPA activity data measured by PET
in living brain. by demonstrating that it accurately
predicts the concentrations of ['8F]FDOPA and its
several labeled metabolites measured in vivo in rat by
HPLC.

2. Materials and methods

2.1. [fSF]FDOPA comparlmenta/ mode/

The in vivo metabolic pathway for ['8F]FDOPA,
including the associated kinetic constants, is summa-
rized in Fig. 1. Following injection into the venous
circulation. [lsF]FDOPA is O-methylated (k~DOPA.

min - 1) by catechol-O~methyltransferase(COMT; EC
2.1.1.6) to form its principal metabolite ['8F]OMFD.
Renal elimination clears [18F]FDOPA and ['8F]OMFD
from the circulation as a first~order process (k~~PA

and k~~FO, min - 1). The transporter of large neutral
amino acids brings both tracers into brain (KrDOPA and
K?MFD, ml g - 1 per min) and out of brain (k!"DOPA and
k~MFD, min - 1) by facilitated diffusion. In brain, •
['8F]FDOPA is O~methylated by COMT (kFP~,

min - 1) to form ['8F]OMFD, or decarboxylated by
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Table 1
Estimates of [IIIF]FDOPA kinetic constants in rai• Kinetic constant

V FDOPA
o

VOMFD
o

k FDOPA
o

kOMFD
-1

KiooPA

K?MFD

k~OOPA

k~MFD

k FOOPA
3

k FOOPA
~

k~D,"

kFOOPAC
Il

kFDOPAC
9"

k FilVA
'lb

Definition

Vascular volume of (tlFJFDOPA
Vascular volume of ["F]OMFD
Rate constant for conversion of [IIF]FDOPA to [IIF]OMFD in plasma
Rate constant for clearance of ["F]OMFD from plasma
Unidircctional blood-brain clearance of [IIF]FIX>PA
Unidirectional blood-brain clearance of ['IF)OMFD
Rate constant for clearance of [IIF]FDOPA from brain
Rate constant for clearance of ['IF]OMFD from brain
Rate constant for conversion of [IIF]FOOPA 10 plF]FDA in brain
Rate constant for conversion of [IIF]FDOPA to [IIF]OMFD in brain
Rate constant for conversion of ['IF]FDA 10 ['IF]FDOPAC in brain
Rate constant for conversion of ['IF]FOOPAC to ['IF]FHVA in brain
Rate constant for clearance of ["F]FDOPAC from brain
Rate constant for clearance of [ISF]FHVA from brain

Vnits

ml g-'
ml g-'
min-'
min-'
ml g-' per min
ml g-' per min
min-'
min-'
min-'
min-'
min-'
min-'
min-'
min-'

Estimate

0.037'"

0.055
0.01
0.07
0.08
0.10
0.11
0.17

0.055
0.083

0.12
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Ali kinetie constants were estimated by chromalographie fractionation of IIF-Iabcled compounds in plasma extraets and striatal tissue following
bolus i.v. injection of ['IIFJFDOPA (Cumming ct aL. (994). Sorne estimates wcre unavailablc (-); sec Section 2 for cxplanations.
a Cumming et al.. 1995a.

(2)

•

•

DDC (k~DOPA, min -1) to form [lsF]FDA, which is
not directly cleared from brain. ["F]FDA is sequestered
in vesicles (circle) where it is protected from catabolism.
In the cytosol, [lsF]FDA is deaminated (kfoA', min -1)
by monoamine oxidase (MAO; EC 1.4.3.4) to yield
L-3.4-dihydroxy-6-[lsF]ftuorophenylacetic acid ntsF]­
FDOPAC). which is O-methylated by COMT (kn><>PAC,
min - 1) to form 6-psF]ftuorohomovanillic acid
(['8F]FHVA). The acidic metabolites [lsF]FDOPAC
(ktOOPAC• min -1) and pSF]FHVA (k~~VA, min-I) dif­
fuse out of brain into cerebrospinal ftuid (Hammerstad
et al., 1993), and back into the venous circulation.

The present model thus identifies two plasma com­
partments (['8F]FDOPA and [18F]OMFD) and five
brain compartments œ8 F]FDOPA, [18F]OMFD,
[lsF]FDA. [lsF]FDOPAC, and pSF]FHVA). Estimates
of brain kinetic constants (Table 1; Cumming et aL,
1994) were obtained from striatum, since nigrostriatal
dopaminergic terminais are the primary site of L-DOPA
uptake and metabolism (Hefti et aL, 1981; Melamed et
al., 1981).

2.2. Plasma t 8F]FDOPA aCIÎt'iIY

The plasma [lsF]FDOPA activity [C~OOPA(D; dpm
ILI- 1] served as the input function for the subsequent
calculation of metabolite activities in brain (see below).
It was calculated as a single power function (Matlab©,
The MathWorks, Natick, MA),

(1)

where A is an arbitrary scaling constant (1000 dpm
Il 1- 1 per min), T is the tracer circulation time (min;
defined as the time elapsed following tracer injection),

and Œ is a dimensionless constant (2.2; Deep et aL,
1997) obtained as the linear regression slope of a plot of
pharmacokinetic circulation time versus T for a popula­
tion of rats administered [JH]DOPA (Cumming et aL,
1995b). A straight line belween zero activity al injection
lime and peak activity al 0.5 min described the rapid
increase in plasma ['sF]FDOPA concentration immedi­
ately after tracer injection.

2.3. Plasma ['BF]OMFD and brain lissue aClivilies

Assuming first-order kinetics and instant equilibra­
tion between the sites of metabolite formation and
clearance, the plasma [lsF]OMFD activity [C~MFD(D;

dpm ,ul- IJ and the brain tissue activities (dpm mg - 1)
of ['sF]FDOPA [MFOOPA(DJ, [18F]OMFD [MOMFD(D],
['sF]FDA [MFDA(D], ['sF]FDOPAC [MFDOPAC(DJ,
and [lsF]FHVA [MFHVA(DJ, ail change with time
according to the general compartmental equation,

d[Z;(I)J m mm [n .n ]
dl = ~ [kinZ;_ l(t)J - ~ k OU1 Z;(l)

where Z;(t) is the time-activity curve of the metabolite,
Z,:,- t(l) is the time-activity curve of the mth precursor
compound, k: is the kinetic constant of the process
that converts the mth precursor into metabolite, and
k~Ul is the kinetic constant of the nth process that
removes the metabolite from the compartment. Using
CrooPA(D (Eq. (1» as the input function, integration
of Eq. (2) for each metabolite compartment yielded the
following activities

C~MFD(D = k~OOPAIT
CrooPA(I) e -1c~'lFD(T-l) dl (3)
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4.1. Madel app/icabi/iry

4. Discussion

ln the compartmental model, species differences be­
tween rat and human with respect to the handling of
[18F]FDOPA will he reOected in the magnitudes of
kinetic constant estimates (Table 1). Since pSF]FDOPA
follows the same in vivo metabolic pathways (Fig. 1) in
rat and primate, activity data measured in thetwo
species reOcct the same compartments. albeit of differ-

2.4. Fractiona/ metabolite activiries

The calculated metabolite activities and fractions in
plasma and striatum are shown in Fig. 2. In striatum.
the activities of [l8F]FDOPA. ['8F]OMFD, [18F]FDA.
[18F]FDOPAC, and ['8F]FHVA peaked at 3, 89. 21, 28,
and 39 min, respectively.

The present calculations predicted 18F-laheled
metabolite fractions to within 10% of those measured
by HPLC in 83 out of 96 comparisons with the litera­
ture (Cumming et al., 1987a,b, 1988; Melega et al.,
1990a,b; Table 2). The largest discrepancies between
calculated and measured data occurred at early time
points: the calculations over-estimated striatal
['8F]FDOPA by 33% at 5 min and 140/0 at 10 min, and
under-estimated striatal ['8F]FDOPAC by 29010 at 5
min.

3. Results

• V~PA and vgMFD were set to O. since the rat
brains were assumed to he devoid of blood prior to •
HPLC fractionation.

• k~~PAC was assumed to he equal to the estimate of
k~A (0.12 min - 1).

• kfDOPA was assumed to he equal to the correspond­
ing estimate for [JH]DOPA in rat (0.06 min -1; Cum­
Ming et al., 1995b). which was the average of
estimates from five brain regions, assuming a ho­
mogenous distribution of COMT activity through­
out rat brain (Broch and Fonnum. 1972; Rivett et
al., 1983; Roth, 1992).

The calculated plasma metabolite activities (Eqs. (1)
and (3» were expressed as fractions of total plasma
activity by division by Eq. (9); the calculated striatal
metabolite activities (Eqs. (4)-(8» were expressed as
fractions of total striatal activity by division by Eq.
(10). The resulting metabolite fractions facilitated com­
parison of present estimates with literature results. Ab­
solute metabolite activities could not he compared
because of varying amounts of injected [18F]FDOPA.

(5)

(6)

(4)

MFDOPA(n

= KiDOPA f.TC~PA(t)
e - (kfooPA + kfOOPA - k~DOPA)(T - I)dr

MO~FD(n

= K?~FD f.TC~MFO(t) e -k~·\(FDCT-l) dt

+ kfDOPA f.TMFDOPA(t) e _4:?MFDCT_I) dt

AfFDA(n = krOOPAf.Tj\.fFDOPA(t) e _kfDAo(T_I) dt

MFDOPAC{T)

= kfDA0f.TMFDA(r) e -ckfpoPAC +kfpoPAC)(T-I) dt (7)

fT FHVA
J\.fFHVA(T) = kflDOPACJo MFOOPAC(t) e -k9b (T- t) dt

(8)

Total activity in plasma [C~ol:a1(nl was calculated as
the sum of Eqs. (1) and (3),

C~Olal(n = C;DOPA(T) + C~MFD(n (9)

The omission of plasma compartments for [18F]FDA,
[18F]FDOPAC, and [IsF]FHVA is consistent with the
results of HPLC fractionations of 18F-labeled com­
pounds in plasma extracts from rats (Cumming et al.,
1987a,b, 1988, 1994, 1995a; Melega et al., 1990a.b;
Reith et al., 1990) and primates (Boyes et al., 1986;
Melega et al., 1990b, 1991 a,b; Cumming et al.. (993)
treated with carbidopa. a peripheral DDC inhibitor,
which failed to detect significant amounts of these
compounds.

Total activity in striatum [MlOlal(T)l was calculated
as the SUffi of Eqs. (4)-(8),

Mtot;d(T) = MFOOPA(n + M0:\fFD(T) + MFDA(n

+ MFDOPAC(n + A-fFHVA(T)

+ vFPAC;DOPA(n + ~!\fFDC?MFD(n

(I0)

No brain compartment for 3-methoxy-6-18F-labeled
3- methoxytyramine a precursor of [18F]FHVA formed
by O-methylation of [18F]FDA, was included because
the majority of HVA in rat brain is derived from
DOPAC (Westerink and Spaan, 1982; Cumming et al.,
1992). The final two tenns in Eq. (10) account for the
vascular components of tissue activity, where V~DOPA

and V~MFD are the volumes of the vascular compart­
ments of ['8F]FDOPA and [18F]OMFD, respectively.

Ali metabolite activities were calculated for 120 min
of tracer circulation, using the kinetic constants esti­
mated for [18F]FDOPA in rat (Cumming et al., 1994;
Table 1), \Vith the following assumptions:
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By definition. the apparent MAO activity measured
in vivo assuming a homogeneous distribution of
['sF]FDA in brain [kr'A'(nl is proportional to the
fraction of [18F]FDA in the cytosol (Cumming et a1..
1995b),

kFDA"(n _ [ M~A(n }FDA (11)
7 - M~r;A(n + M~A(n 7

where M~~A(n is the concentration of[18F]FDA in the
cytosolic compartment, M~A(n is the concentration
of [18F]FDA in the vesicular compartment. and k~DA is
the true MAO activity in vivo assuming a homogenous
distribution of ['sF]FDA within the compartment con­
taining MAO. Eq. (II) predicts that apparent MAO
activity is not constant during a tracer experiment: at
early times prior to vesicular trapping of ['8F]FDA,
kfDA'(D equals kfDA. The magnitude of kr'A"<n then

4.3. Mode/ling the vesicu/ar fraction of ['sF]FDA

Uncertainty about the estimate of COMT activity in
brain with respect to [18F]FDOPA (kFPA), which was
set equal to the corresponding estimate for F'H]DOPA
(0.06 min -1; Cumming et aL. 1995b), may explain the
consistent over-estirnation of the calculated striatal
['sF]OMFD activities (Table 2). Fluorination of L­

DOPA significantly reduces its affinity for COMT in
vitro (Creveling and Kirk, 1985; Fimau et aL. 1988), so
kFPA May he lower for {'sF]FDOPA than
['H]DOPA. Other significant discrepancies ( > l00/o) be­
tween calculated and measured metabolite fractions
likely reflect the simplicity of the biological model.
compared with real brain. The present model exc1udes
two known brain compartments, corresponding to (i)
['sF]FDA-sulfate, which has been detected at concen­
trations comparable to those of ['8F]FDOPAC and
['sF]FHVA in both rat (Melega et aL, 1990a,b) and
primate (Melega et al., 1990b, 1991a,b), and (ii) the
vesicular fraction of ['sF]FDA. There is considerable
evidence to suggest that [lsF]FDA, like endogenous
dopamine (Leviel et al., 1989; Pothos et al., 1996) and
perhaps L-DOPA (Opacka-JutTry and Brooks, 1995), is
stored in vesicles. An 19F nuclear magnetic resonance
examination of nerve-ending microsacs, isolated from
guinea pig striaturn and incubated with fluorinated
amines. detected a strong signal corresponding to
[18F]FDA. with a minor signal corresponding to
['8F]FDOPAC (Diffiey et aL, (983). [lsF]FDA is re­
leased from dopaminergic nerve terminais along with
dopamine following depolarization by potassium (Chi­
ueh et aL, 1983). Furthermore. depletion of striatal
activity was observed by ['sF]FDOPAjPET in monkeys
treated with reserpine (Gamett et aL, 1983b), a drug
known to discharge dopamine from pre-synaptic stor­
age vesicles. We therefore attempted to model the vesic­
ular fraction of ['8F]FDA in vivo.
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Fig. 2. Calculaled aClivities and fractions in plasma and striatum for
[18F]FDOPA (.). ['8F]OMFD (0). [lllF]FDA (A). ["IF]FDOPAC
(.6.), and [18F]FHVA (X) during 120 min of tracer circulation in rat.
Plasma [llIF]FDOPA acti..;ties were calculatcd \\;th a power function;
ail other activities were calculated by integration of first-order differ­
ential equations. with previous estimates of kinetic constants (Table
1) as inputs. Metabolite fractions wcre obtaincd by dividing calcu­
lated metabolite activities by total calculatcd activity.

In general, qualitative and quantitative profiles of
eSF]FDOPA metabolite fractions calculated by the
present model were in close agreement with those mea­
sured by HPLC analyses of labeled plasma and brain
extracls in rat, for circulation times past 10 min. The
relative lime of the peak activity of ['sF]OMFD does
not reflect its fonnation in vivo before ['8F]FDOPAC
or [IsF]FHVA, since the striatal ['8F]OMFD activity
(Eq. (4» is the SUffi of two components: one originating
in the transfer of plasma eSF]OMFD into brain, and
the other originating from COMT activity in brain. The
time courses of metabolite fraction (Fig. 2) in plasma
and striatum agreed excellently with corresponding
measurements in rat (Cumming et aL. 1987a; Melega et
al.. 1990a).

ent sizes. Therefore, we propose that the present model
can be used with equal accuracy in analyzing activity
data from rat and human. We have confirmed this by
successfully fitting the model to f'H]DOPA autoradio­
graphie data in rats (Deep et aL, 1997) and
eSF]FDOPAjPET data in humans (Gjedde et aL, 1991;
Kuwabara et al., (993).

•

•

•



Table 2
[lSF]FDOPA metabolite fractions in plasma and striatum of rat
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Metabolite Reference Time (min) •
2.5 5 10 15 20 25 30 45 60 75 90 120

Plasma [18F]FDOPA

Striatal ["IF]FDOPA

Striatal [IRF]OMFD

Striatal ['!lF]FDOPAC

Striatal [lsF]FHVA

Present study
Cumming et al.. 1988
Melega et al.. 1990a
Melega et al.. 1990b

Present study
Cumming et al.. 1988
Melega et al.. 1990a
Melega et al.• 1990b

Present study
Cumming et al.. 1987a
Cumming et al.. 1987b
Cumming et al.. 1988
Melega et al.. 1990a
Melega et al.. 1990b

Present study
Cumming et al.. 1987a
Cumming et al.. 1987b
Cumming et al.. 1988
Melega et al.. 1990a
Melega et al.. 1990b

Present study
Cumming et al.. 1987a
Cumming et al.. 1987b
Melega et al.. 1990a
Melega et al.. 1990b

Present study
Cumming et al.. 1987a
Cumming et al.. 1987b
Melega et al.. 1990a
Melega et al.. 1990b

Present study
Melega et al.. 1990a
Melega et al.. 1990b
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14
15
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4

5
4

3

13

87

3
3
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69

12
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3 •
Ali results are percentages. determined as [([18F]melabolite activity)!(total regional [lsF]activity) x 100].
A dash (-) indicales thal the metabolite fraction was not given or could not be calculated ";th the given data at that time point.

where k FnDA is the rate constant for transfer of
[18F]FDA into vesicles. and k:~A is the rate constant
for release of [18F]FDA from vesicles back into the
cytosolic compartment. At late tracer circulation times,

declines as [18F]FDA is sequestered in vesicles, until
equilibrium between the cytosolic and vesicular com­
partments is reached.

According to Eq. (2), the activities of the cytosolic
and vesicular [18F]FDA companments are given by,

d[M~~;''(t)] = kFDOr>AMFDOPA + kFDAMFDA
dt 3 OUl "'es

(14)

•

eSF]FDA synthesis declines toward zero and the system
approaches equilibrium (T = Tc:q). in which case Eq.
(13) reduces to,
k FDA MFDA(T)

ln "'es c:q

k FDA = MFDA(T )
OUI cyl c:q

The magnitudes of kfnDA and k~~A therefore deter­
mine the relative proportions of eSF]FDA in the cyto­
solic and vesicular compartments in viYO at
equilibrium. To our knowledge the only measurement
of this ratio to date was made in vitro by Chien et al.,
1990 in a giant dopamine neuron of the snail Planorbis
cornells; voltammetric techniques detected that at least
98% of intracellular dopamine is bound and not di·
rectly exchangeable with dopamine in the cytoplasm at
equilibrium. Il is currently unknown if a similar distri­
bution oceurs in dopamine neurons of the rat.

(12)

(13)

- (k FDA + k FDA)k/ FDA
7 an cyl



P. Deep el al./JOIIT1fQ/ of NeuToscimce Mell:ocIs 76 (997) 157-/65

Table 3
Estimates of rate constants (min - 1) for the distribution of cerebral
[1!lF}FDA betwcen cytosolic and vcsicular companmenlS, as a fune­
tion of MAO activity (k~D,\)

163

sion of vesicular storage of ['8F]FDA from the
present model may contribute to the over-estimation
of ['8F]FDOPA concentrations in striatum at carly
times (Table 2). The magnitude of kFnDA suggests that
newly-formed ['sF]FDA is transferred to the vesicular
compartment with a half-Iife of 12-34 min (calculated
as 0.693/kmoA

). Therefore at early times, the majority
of ['8F]FDA is in the cytosolic compartment and so
unprotected from metabolism by MAO, accounting
for the high proportion of [18F]FDOPAC ineasured at
S min (310/0, Table 2). Previous estimates of apparent
MAO activity (Table 1) are several-fold lower than
the valid range of k~DA input values. consistent with
the initial under-estimation of [lsF]FDOPAC concen­
trations, which became insignificant at times after 10
min (Table 2).

Acknowledgements

s. Conclusion

The present study compared the time courses of
['8F]FDOPA metabolite fractions caJculated by a
compartmental model of ['sF]FDOPA blood-brain
transfer and metabolism, \\ith those measured in vivo
by chromatographie fractionation of 1

8F-labeled com­
pounds in plasma and striatal tissue extracts in rat.
Based on the general agreement between calculated
and measured data. we conclude that the model is
biologically accurate and therefore valid for analysis
of ['sF]FDOPA aetivity measured in living brain by
PET. The large discrepancies between calculated and
measured data at early times « 10 min) could he
explained by incorporation of a vesicular compart­
ment for [IsF]FDA into the model thcreby providing
indirect evidence for vesieular storage of ['sF]FDA in
vivo. Present data and methods were insufficient to
independently estimate ail kinetic constants associated
with the distribution of ['8F]FDA between the cytol­
sol and vesicles. However, it is Iikely that the exclu­
sion of vesicular storage from the present model does
not greatly alter the magnitudes of kinetic constants
estimated by regression analysis of PET data. because
the long duration of PET studies pennits near-equili­
bration of cytosolic and vesicular ['8F]FDA.

(lS)

(16)

To obtain the first in vivo estimates of krnOA and
k~~A, we integrated Eqs. (12) and (13),

J\;f~r:;A(n

= kP)OPAf.TI\t/FDOPA(t) e -Cl.:fDA+ "fnDAxT-I) dl

+ k~~ALTJf~~A(t) e - ckfDA + ,,~A)(T_I) dt

AI~:?A(n= kFn°ALTM~A(t)e-k!.?tAcT-I) dt

k~D,\ kroo"" k FDA k FDA
ln out

0.1 0.19 ± 0.01 0.02 ±0.01 0.06±O.O7
0.2 0.24 ± 0.02 0.04 ±0.02 0.OS±O.07
0.3 0.23 ± 0.03 0.05 ±0.02 O.04±O.OS
0.4 0.20 ±O.~ 0.06 ±0.O2 0.03 ±0.04
0.5 0.17±0.~ 0.07 ±0.02 0.02±0.03
0.6 0.14±0.~ 0.08 ±0.02 0.01 ±0.02
0.7

The sum of Eqs. (l S) and (16), equal to total
[18F]FDA activity in brain, was fitted by least-squares
nonlinear regression to [IsF]FDA activities measured
in rat striatum (Cumming et al.. 1987a; Table 2), with
the striatal pSF]FDOPA curve as the input function.
To solve for k~DOPA, kFn°A, and k~A, it was neces­
sary to fix the magnitude of kfOA to reduce parame­
terization. However, the magnitude of kfOA in vivo
in striatal dopamine neurons is unknown, so we
varied k ~DA over a range of fixed input values. At
k fDA > 0.6 min - 1. fits did not converge; complete re­
sults of these analyses are summarized in Table 3.

Present estimates of k~:;:A were not significantly dif­
ferent from zero. But transfer of dopamine from cy­
tosol to vesicles in vivo is not irreversible (Leviel et
al., 1989), so k~~r\. must have a small positive value.
\Vith fixed k ~DA values between 0.1-0.4 min - l, in­
clusion of the vesicular compartment accounted for
the large discrepancies between measured and calcu­
lated data at early times. In this range, estimates of
DDC activity (kfOOPA) were increased by 12-35%,
relative to the HPLC estimate (0.17 min - 1; Cumming
et al.. 1994). By under-estimating k~DOPA, the exclu-

•

•

•
Rcsults are best estimatcs ± 95% CI., obtained by nonlinear regres~

sion of the sum of Eqs. (15) and (16) to [IIIF]FDA aetivities measured
in rat striatum (Cumming ct al.. 1987a).
To rcduce model paramterization, the value of kfDA was fixed as an
input constant.
Analyses were perfonncd over a range of kfDA values; filS did not
converge for ail kfDA>0.6 min- I •
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A bstract

The kinetic behaviour of [3H]DOPA in living rat brain was investigated by companmental modelling of measured aetivities
from combined Metabolite pools in a time·series (180 min) of statie autoradiograms from right cerebral hemispheres. Two models
of [~H]DOPA uptake and metabolism that ineorporated the removal of the decarboxylation produet. [JH]dopamine. from brain
were significantly more accurate than a model in whieh [3H]dopamine accumulated im::versibly in situ. Present estimates of
[3H]DOPA kinetic constants were eompared to previously published results based on the analysis of measured aetivities from
individual Metabolite pools separated by chromatographie fraetionation ofPHlDOPA metabolites in the left cerebral hemispheres
of the same rats. Autoradiographie estimates of DOPA decarboxylase activity with respect to [lHlDOPA in brain (kroPA) were
under-estimated several-fold relative to chromatographie estimates; this discrepancy is explained by post-monem enzyme aetivity
and omission of biological eompanments from the models. However. autoradiographie estimates of the unidirectional blood­
brain clearance of [3H]DOPA (Kp<'PA) and monoamine oxidase aetivity with respect to [JH]dopamine in brain (k~A" agreed with
chromatographie estimates. This concordance represents the first empirical validation of eompartmental modelling of autoradio­
graphie data as a method for quantilati...ely invesligating the kinetie behaviour of radiolabelled L-DOPA in living mammalian
brain. ~ 1997 Elsevier Science B.V.

Kepmrds: Blood-brain clearance; Chromatographie fraetionalion; Companmental model; DOPA decarboxylase activity;
[JH]DOPA autoradiography; [3H]Dopamine; Kinetie constants; Rat brain

•

1. Introduction

Statie autoradiograms made from eryostat sections of
brain have revealed that the cerebral accumulation of
radioaetivity in living rats following intravenous injec­
tion of PH]DOPA (Liskowsky and Potter, 1985; Cum­
ming et aL. 1995a. 1997a) and P"C]DOPA (Home et
aL. 1984) is greater in the basal ganglia than in struc­
tures containing little aetivity of DOPA decarboxylase
(Ee 4.1.1.28). the ultimate enzyme in dopamine synthe­
sis. The trapping of labelled deearboxylated metabolites

• Corrcsponding author. Tel.: + 1 514 3981996; fax: + 1 514
3988948; e·mail: decp@pet.mni.mcgill.ca

0165-0nO!97/S17.00 '0 1997 Elsc\'ier Science B.V. Ali rights reservcd.
PIf 50165-0270(97)00147.7

in catecholamine fibres (Deep et aL, 1997a) is the basis
for similar qualitative results in living human brain.
first observed by dynamic positron emission tomogra­
phy with the exogenous DOPA decarboxylase substrate
L-6-[I8F]ftuoro-DOPA œSF]ftuoro-DOPA; Gamett et
al.. 1983), With these autoradiographie techniques, the
cerebral concentrations of individual radiolabelled
metabolites cannot be measured directly, but are calcu­
lated by fitting compartmental models of tracer uptake
and metabolism to a time-series of total observed cere­
bral activities.

Compartmental modelling of brain tissue activities
measured by positron emission lomography in humails
administered ['8F]ftuoro-DOPA (Gjedde et aL, 1991;
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Kuwabara et al., 1993; Dhawan et al., 1996; Ishikawa
et al., 1996; Wahl and Nahmias, 1996a,b) has yielded in
vivo estimates of equilibrium distribution volumes and
blood-brain transfer coefficients for the tracer and its
o -methylated derivative, and regional activities of
DOPA dccarboxylase. In living rat, these same kinetic
constants have been calculated for [JH]DOPA (Cum­
Ming et al., 1995a,b) and p8F]tluoro-DOPA (Cumming
et al., 1994a, 1995b) from the temporal changes in the
concentrations of product and precursor pools mea­
sured by chromatographic fractionation of labelled
metabolites in brain tissue extraets. However, this chro­
matographic DOPA decarboxylase assay has not hith­
erto been systematically compared with the
corresponding assay based on compartmental mod­
eHing of total cerebral activities in labeled L-DOPA
autoradiograms.

The major Metabolite of [3 HlDOPA in the circulation
and the brain is O-rnethyl-eH]DOPA (Melega et al.,
1990; Cumming et al., 1995a,b), generated by catechol­
O-methyltransferase (EC 2.1.1.6). [3H]DOPA in brain is
decarboxylated by DOPA decarboxylase to form
[3H]dopamine, which is stored in synaptic vesicles
(Descarries et al., 1980). Monoamine oxidase (EC
1.4.3.4) further metabolizes [3H]dopamine in the cytosol
to yield 3,4-dihydroxy-[JH]phenylaœtic acid
([3H]DOPAC), which is then O-methylated by catechol­
O-methyltransferase to form [3Hlhomovanillic acid.
Whereas nc transport mechanism is known to clear
[3H]dopamine directly from brain, the acidic metabo­
lites PH]DOPAC and [3H]homovanillic acid (collee­
tively called [3H]acids) are freely diffusible into
cerebrospinal fluid. The total activity measured by
CH]DOPA autoradiography reflects the sum of ail these
physiological processes.

In the present study, we estimate PH]DOPA kinetic
constants in living rat brain by compartmental mod­
elling of measured activities from combined metabolite
pools in static autoradiograms from right cerebral
hemispheres. To validate compartmental modelling of
autoradiographie data as a method for investigating the
kinetic bchaviour of radiolabelled L-DOPA in living
mammalian brain, the present results are compared
with previously published results based on the analysis
of rncasured activities from individual metabolite pools
separated by chromatographic fractionation of
[3H]DOPA metabolites in the left cerebral hemispheres
of the same rats (Curnming et al., 1995a). The compart­
mental models of [3H]DOPA blood-brain clearance
and rnetabolism de5cribed herein are based on the
several distinct compartmental models used for the
analysis of positron emission tomography studies with
C8 F]fluoro-DOPA in primates (for reviews, see Cum­
ming and Gjedde, 1997; Cumming et al., 1997b). There·
fore, we al50 test the intluence of model choice on the
estimation of [3H]DOPA kinetic constants previously
defined by analytic methods.

2. Materidl ..... metbods

2./. AutoraJiography •

ln vivo studies were conducted in accordance with
the requirements of the McGiII Animal Ethics Commit­
tee, as described in detail previously (Cumming et al..
1995a). Briefty, male Wistar rats (Charles River, n = 13)
received polyethylene catheters (Clay Adams, 0.965 mm
o.d.; Becton Dickenson, Sparks, MD, USA) in the left
femoral artery and vein. Rats were immobilized in a
plaster body cast, and then administered carbidopa (5
mg kg - 1, i.p.; MS and D, Kirkland, Quebec, Canada)
30 min prior to bolus injection (200 JlCi per animal.
i.v.) of L-3.4-dihydroxy-[ring.2,5.6-3H]phenylalanine
(PH]DOPA, 80 Ci mmol- ' ; New England Nuclear,
Boston, MA. USA) to inhibit peripheral decarboxyla­
tion of tracer. Rats were decapitated at specific times
after tracer injection (5. 10, 15, 30, 45, 60, 90, 120. 150
and 180 min); three rats were sacrificed at 30 min, two
at 180 min. and one at ail other times. Brains were
removed and bisected; left cerebral hemispheres were
further dissected and then fractionated by high-perfor­
mance liquid chromatography to determine the radio­
chemica1 composition (Cumming et al., 1995a).

Right cerebral hemispheres were frozen, mounted
with embedding matrix (Lipshaw, Pittsburgh. PA.
USA), slowly warmed to - 20c C in a refrigerated •
cryostat (HM 500 M, Zeiss), and then cut into a series
of 20-Jlm·thick frontal sections. Each eighth section
was placed on a glass coverslip. Tritium-sensitive film
(Hyperfilm, Amersham, Oakville, Ontario. Canada)
was exposed to these sections along with autoradio-
graphic standards (Amersham) for 6 weeks before de­
velopment by conventional means. Total regional
activity was measured by quantitative densitometry
(lmaging Systems, St. Catherines, Ontario, Canada) in
(n) sections from the fol1owing nine regions of rat
brain: dorsal-medial caudate (l0), central caudate (13),
nucleus accumbens shell (5), nucleus accumbens body
(5), olfactory tubercle (7), amygdala (4), hypothalamus
(6), dorsal hippocampus (7), and ventral hippocampus
(4). Boundaries between adjacent regions were deter-
mined by visual inspection. The regions of interest were
circles approximately 2 mm in diameter. Anatomical
coordinates of brain sections in the anterior-posterior
axis were recorded relative to bregma (Paxinos and
Watson, 1982).

To recalibrate the autoradiographic standards (nCi
mg - 1) relative to plasma activity (dpm J.l1 - 1), we mea­
sured the autoradiographie density in a reference region
(occipital cortex). A portion of adjacent occipital cortex
(30 mg) was then dissolved ovemight in organic base (1
ml; NSC Il, Amersham) and the radioactivity measured •
(dpm mg - 1) by scintillation spectroscopy following
addition of scintillation tluid (l0 ml; DCS. Amersham).
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Fig:. 1. Schematic summary of [JH]DOPA blood-brain transfer and metabolism. according to three different c:ompartmental models. [JH]DOPA
in circulation is O·methylated (k~PA) by catechol-O-methyltransferase ta fonn O-methyl-eH]DOPA. Bath tracers are subsequently deared frc>m
circulation by renal elimination (k~PA and k~~~. Roth tracers are transferred into the brain (KpoPA and K?!\oIo) and out of the brain (kroPA

and k§>MO) by facilitated diffusion. (JH]DOPA in the brain is O-methylated (k~PA) by catechol-O-methyltransferase to forrn O-methyl­
[~H]DOPA. In brain regions containing DOPA decarboxylase. [JH]DOPA is decarboxylated (k~PA) to fonn [JH]dopamine ([JH]DA), Most of
which is rapidly scqucstered in vesicles (circle) and 50 protected from deamination by monoamine oxidase. For MI, [JH]DA is not metabolizcd
or otherv.·ise c1earcd from the brain. For M2, [JH]DA and [JH]acids occupy the same compartment and are together c1earcd from the brain
(k~A - ....,.t.). For M3. [JH]DA is not c1c:ared from the brain but is metabolized to form [JH]acids (krA ), which are subsequently c1earcd from the
brain into cercbrospinal fiuid (k~) and back into the venous circulation.

•

A perchloric acid extract of another portion of occipital
cortex was fractionated to detennine the fraction of
radioactivity due to eH]H20 (10-200/0). After correc­
tion for the presence of [3H]H20 (which evaporated
from the cryostat sections), the ratio of the activity
measured by scintillation spectroseopy to the activity
measured by autoradiography in the reference region
gave a linear tissue cross-calibration factor (- 1000
dpm nCi - t). Ali autoradiographic densities were then
multiplied by this factor to convert to dpm mg - l, thus
pennitting the use of arterial activities (dpm pl- t) as
input functions for the calcu]ation of brain tissue activ­
ities (dpm mg -1).

Areas under the measured arterial [3H]DOPA curves
were calculated for each rat. Corresponding areas un­
der the common simulated arterial [3H]DOPA curve
(Eq. (l), see below) were divided by the measured
integrals to produce a linear plasma correction factor
for each rat. Tissue activities in each rat were then
multiplied by its respective factor. This normalization
allowed the use of common arterial input curves for an
rats, in order to (i) correct for seatter in measured data

attributable to vanatlons in the individual arterial
curves, and (ii) approximate better the methodology C)f
a positron emission tomography sean, in which ail data
points are measured from the same subject.

2.2. f HjDOPA compartmental models

The biological pathways traced by [3H]DOPA in
circulation and brain tissue, including the associated
kinetic constants, are illustrated in Fig. 1. In bra.in
regions assumed to have low DOPA decarboxylase
activity, we used a two-parameter two-compartment
model (MO) described by the unidirectional blood­
brain clearance ofpH}DOPA (KP<>PA, ml g-t min- ' )
and the equilibrium distribution volume of [3H]DOPA
( V~PA, ml g - 1). In brain regions assumed to have
high DOPA decarboxylase activity, we present three
models extended to incorporate the presence of addi­
tional compartments. The first model (M 1) is a two­
parameter three-compartment model (Gjedde et al.,
1991; Wahl and Nahmias, 1996a,b) deseribed by
KpoPA, and the activity of DOPA. decarboxylase- wi~h
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respect to [JH]DOPA in the brain (kpoP". min -1);
[3H]dopamine is not metabolized or otherwise cleared
from the brain. The second model (M2) is a three­
parameter three-compartment model described by
KpoPA, kfos>A, and the rate constant for the efflux of
activity from the brain (k~" + ...cids. min - 1);

eH]dopamine and [3H]acids are together cleared from
the brain into cerebraspinal ftuid as a single compart­
ment. The third mode) (M3) is a three-parameter four­
compartment madel (Kuwabara et al.. 1993) dcscribed
by KpoPA. kpoP"", and the rate constant for the conver­
sion of cerebral [3H]dopamine to [3H]acids by
monoamine oxidase (k ?...., min - 1); [3H]dopamine and
[3H]acids are in separate compartments, and only
eH]acids are c1eared from the brain into cerebrospinal
fluid. MI was fitted ta 60 min (MI 60 ) and 180 min
(M l'!lo) of activity data; M2 and M3 were fitted to 180
min of activity data.

The model equations that define the individual
metabolite compartments in arterial plasma and brain
have been presented elsewhere (Cumming et al., 1995a:
Deep et al., 1997a). Briefty. values of the normalized
integral of plasma activity (0. min: Gjedde, 1981, 1982:
Patlak et al.. 1983) for [3H]DOPA were calculated for
cach rat. The linear regression slope of a plot of e
versus tracer circulation time. defined as the dimension­
less constant :x (Wong et al.. 1986), was then used to
calculate the activity af arterial [3H]DOPA [C~p"(n]

as the single power functian (Cumming et al., 1997c.d:
Deep et al.. 1997a):

(1)

where A is an arbitrary scaling constant (dpm ILl - ,
min ~ 1). and T is the tracer circulation time (min).
Using C~OPA(T) as the input function. the activities of
arterial O-methyl-eH]DOPA (dpm ILl- ') and ail brain
metabolites (dpm mg - '> werc calculated by the general
compartmental equation:

Z,(T) = ~ [kr~ LT Z;"_ ,(t) exp( - *k~u,(T- 0)]dt

(2)

where Z,( T) is the instantaneous activity of the metabo­
lite. Z;',- ,(1) is the time-activity curve of the m-th
precursor compound. kr~ is the kinetic constant of the
process that converts the m-th precursor into metabo­
lite. and k~ut is the kinetic constant of the n-th process
that removes the metabolite from the compartment.
Therefore, total brain activity was the sum of Eq. (2)
for each metabolite compartment.

2.3. Consrraints and asslImptions

We applied the following assumptions and physiolog­
ical constraints to the models ta reduce parameteriza­
tion:

(1) Population means estimated previously from the
same rats (Cumming et al.. 1995a) for the rate con­
stants for O-methylation of arterial [JH]DOPA (kfjK'PA,
0.015 min - 1) and the elimination of arterial O-methyl­
eH]DOPA (k~ttD. 0.013 min - 1) were used to calculate
the activity of anerial O-methyl-[JH]DOPA.

(2) Dy definition. V~P" is equal to the ratio KpoPAJ
k~PA. thus eliminating k~PA. the rate constant for
clearance of PHlDOPA from brain to plasma.

(3) The magnitude of V~PA was estimated in the
posterior cingulate cortex and then assumed to he
uniform throughout the rat brain (GjeddeO et al., 1991).

(4) The constant of proportionality (q; Reith et al.,
1990) between the unidirectional blood -brain clear­
ances of O-methyl-[3H]DOPA and eHlDOPA (K?~101

KpoPA), also equal to the ratio of the rate constants of
clearance from the brain of O-methyl-[JH]DOPA and
fHlDOPA (k~MDlk~PA), was fixed at a value of 1.5
based on previous measurements in the rat (CummingO
et al., 1995a). Knowledge of this constant thus elimi­
nates K?~ID and k~MD from the models.

(5) Cerebral O-methyl-eHlDOPA originates from
two sources: transfer of arterial O-methyl-[3H]DOPA
into the brain, and conversion of PH]DOPA in the
brain to O-methyl-pH]DOPA. However. the rate con­
stant for O-methylation of PH]DOPA in brain (kFPA)
was set to zero (Gjedde et al.. 1991). Therefore, arterial
O-methyl-eH)DOPA was assumed to be the only
source of O-methyl-[3H]DOPA in the brain.

(6) No plasma compartments were defined for
eH]dopamine or [lH]acids, based on chromatographie
studies in carbidopa-treated rats which failed to detect
these compounds in plasma fallowing injection of
[3H]DOPA (Melega et al.. 1990; Cumming et al.,
1995a).

(7) The fonnation of homovanillic acid in rat brain
proceeds by two pathways: O-methylation of DOPAC,
and oxidative deamination of 3-methoxytyramine.
However. the concentration of 3-methoxytyramine in
striatum is low (Cheng and Wooten. 1982) and the
majority of homovanillic acid is derived from DOPAC
(Westerink and Spaan. 1982; Cumming et al., 1992>, so
the contribution of the labelled 3-methoxytyramine
compartment to total activity in the autoradiograms
was considered negligible.

(8) ln M3. [lH]DOPAC and pH]homovanillic acid
were assumed to occupy the same compartment in the
brain ([3H]acids). thus eliminating one compartment
and two rate constants from the model.

(9) The rate constant k?"" indicates the apparent
monoamine oxidase activity measured in vivo assuming
a homogeneous distribution of [3H]dopamine in the
brain. Il is reduced relative to the true monoamine
oxidase activity in vivo assuming a homogenous distri­
bution of [lH]dopamine within the compartment con­
taining monoamine oxidase (k~"), in proportion to the

•

•

•
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•

•

•

unknown ratio of cytosolic [JH]dopamine to whole
tissue [3H]dopamine (Cumming et aL. 1995a; Deep et
aL. 1997a).

(10) The rate constants for the fonnation (k~A) and
clearance (k9cids

) of [JH]acids were fixed at a ratio of
unity (Kuwabara et al.. 1993). thus eliminaling kF
from M3.

(11) The vascular companent of brain tissue activity
\Vas omitted, since the rat brain sections were assumed
to be devoid of significant plasma radioactivity during
exposure to autoradiographic film.

2.4. Data analysis

Analyses were performed by least-squares nonlinear
regression of compartmental models to the measured
data (Matlab, © The MathWorks, Natick. MA, USA).
We first estimated V~PA according 10 MO in a section
of posterior cingulate cortex, a brain region assumed 10

have negligible DOPA decarboxylase aClivily. This
value of V,?OPA was then used as a fixed input to
estimate otheT kinetic constants in sections of brain
regions with high DOPA decarboxylase activity accord­
ing to MI, M2 and M3.

The aecuraey of a nonlinear regression fit to mea­
sured data was evaluated by the magnitude of the
residual sum of squares. The Mean value of multiple
determinations was calculated for kinetic constant esti­
mates in each brain region. and results were expressed
as mean ± 50. One-factor analysis of variance
(ANOVA) tests \Vere used for eomparisons of mean
regional values of residuals, KpoPA and kroPA, to
idcntify a significant main eITect of compartmental
mode!. [3H]Dopamine clearance rate constants (k~A +

aeids and k~A) were not compared statistically since
they have diITerent biological definitions. Tukey's test
\Vas used for post hoc comparisons to identify specifie
difTerences in Mean values between the models. The
correlation between kinetic constant estimates and posi­
tion along the anterior-posterior axis in each brain
region \Vas evaluated by linear regression analysis; the
presence of a significam linear correlation was inter­
preted as signifying a regional gradient in the magni­
tude of that constant. For ail tests, a probability value
of p < 0.05 was considered significant.

3. Results

Linear regression of the normalized integral of
plasma PH]DOPA aetivity [e =JC~PA(I) dl/Cr;o­
PA(n] versus tracer circulation time for the population
of rats (r = 0.99, p < 0.05; Fig. 2) yielded a slope œ=
2.2. The close agreement between the common simu­
lated activities for arterial [lH]DOPA and
O-methyl-[3H]DOPA, and measured aetivities of these

161

compounds in arterial plasma of a carbidopa-treated
rat following [3H]DOPA injection. is shown in Fig. 3.
The fit of MO to data measured in a section of posterior
cingulate cortex (Fig. 4) yielded an estimate of V~PA
of 0.75 ml g - 1. In Fig. 5 are plotted the fits of MI, M2
and M3 to data measured in a section of nucleus
accumbens body. Tissue activities measured from au­
toradiograms c1early ilIustrate that regions of rat brain
containing relatively high levels of DOPA decarboxy­
lase activity such as the basal ganglia (Fig. S) retained
more radioactivity following pH]DOPA injection than
regions with liule or no DOPA decarboxylase activity
such as the posterior cingulate cortex (Fig. 4).

In ail brain regions. the Mean residuals (data not
shown) for fits with M2 and M3 were significantly
lower than those for fits with M 1180; the mean residuals
for M2 and M3 were equal. Eslimates of the unidirec­
tional blood-brain clearance of [3H]DOPA (KpoPA;
Table 1) ranged from 0.05 to 0.08 ml g - 1 min - 1, and
displayed Iittle variation between the difTerent models.
Estimates of DOPA decarboxylase activity with respect
to [lH]DOPA in brain (kpoPA; Table 2) ranged from
0.01 to 0.09 min - 1. with the largest values in the basal
ganglia. Estimates of k POPA for fits with M1180 were
significantly lower than those with ail other models;
k~PA estimates were not significantly difTerent between
M 160 and M3. Estimates of the pH]dopamine clearance
rate constants (k~A + aods and k~A'; Table 3) ranged
from 0.02 to 0.04 min - 1. Results of post hoc compari­
sons for mean estimates of KpoPA and kroPA are
summarized in Table 4.

SOO

e - UT - 3.63
r - 0.988 (n-SS)

d()()

- 300
c::
'ë-a> 200
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Tracer circulation lime (T. min)

Fig. 2. Values of the nonnalized integral of plasma [JH]DOPA
activity [9 = JC~PA(/) dlIC~PA(1); n = SS] vs. tracer circulation
time in raL A significant linear relatianship is demonstratcd by the
line of regression (r =0.99. p < O.OS) ta the measured data (e). The
regression slape 2 (2.2) was used ta calculate the aetivity of artcrial
[lHlDOPA.



Fig. 3. Measured activities of [JH]DOPA (.) and O-methyl­
[~HlDOPA (0) in arterial plasma of a single carbidopa-treated rat as
a function of tracer circulation time following the injection of
[JH]DOPA (200 /lCi, i.v.; Cumming et al., 1995a). The smooth lines
represent the calculated arterial activities of [JH]DOPA and 0­
methyl-[JH)DOPA. The arterial eH]DOPA activities were calculated
using a power function defined relative to the nonnalized arterial
integral of eH]DOPA. The arterial O-methyl-[lH]DOPA actÏ\;ties
were calculatcd using population means for the rate constants for
Q·methylation of arterial [JH]DOPA (kfjX'PA, 0.015 min - 1) and the
elimination of arterial O-rncthyl-eH]DOPA (k~~ID, 0.013 min -1).

estimated previously in the samc rats (Cumming ct al., 1995a).
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Tracer circulation time (min)

modelling of total cerebral actlV1l1es from combined
metabolite pools in a time-series of static autoradio- •
grams from the right cerebral hemispheres of rats, with
corresponding estimates based on the analysis of mea-
sured aetivities from individual metabolite pools sepa-
rated by chromatographie fractionation of [3H]DOPA
metabolites in the left cerebral hemispheres of the same
rats (Cumming et al., 1995a).

The present autoradiographie estimate of the equi­
librium distribution volume of [3H]DOPA (V~PA)

matched the corresponding chromatographie result in
the cortex (0.71 ml g - 1; Cumming et al., 1995a). Large
neutral amino acids such as L-DOPA are water-soluble,
and are passively transferred from blood to brain by
facilitated diffusion (Wade and Katzrnan. 1975; Olden­
dorf and Szabo, 1976; Smith. 1991); the same mecha­
nism applies to [3HJDOPA. The fact that this transport
process requires no energy indicates that the distribu­
tion volumes of large neutral amino acids cannot in
general exceed the ratio of water contents between
brain tissue and plasma (0.92 ml g-I; Gjedde and
Bodsch, 1987); amino acid concentrations measured in
the rat clearly confinn this principle (Gjedde and Bad­
sch, 1987; Paetsch and Greenshaw, 1991). Indeed, the
present autoradiographie estimate of V~PA is consis­
tent with this postulate. Thus, there exists no gradient
for the accumulation of (lH]DOPA in a specifie region
of brain, which is the basis of our assumption of a •
uniform distribution of eH]DOPA throughout the rat
brain at equilibrium.
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Fig. 4. Total activity measured in a section of postcrior cingulale
cortex during 180 min of [lH]DOPA circulation in rat (n = 13). Tissue
activities were scaled to commen simulated [lH]DOPA and 0­
methyl-[lH]DOPA arterial curves. The smooth line is defincd by
least-squares nonlinear regression of a lwo-parameter two-compart- •
ment mode1 (MO), in which [lH]DOPA is not decarboxylatcd to
eH]dopamine, to lhe measured dala (e). Each data point was
measurcd in one rai.

Increasing posterior-anterior gradients were found
for the magnitudes of KpoPA in dorsal-medial caudate
and hypothalamus, and [3H]dopamine clearance rate
constants (k~A + acids and k~A") in nucleus accumbens
body. Similar gradients for kp<>PA were observed in the
dorsal-medial caudate, olfactory tubercle, hypothala­
mus, dorsal hippocampus, and nucleus accumbens. Es­
timates of kinelic constant as functions of anatomical
position in dorsal-media] caudate are plotted in Fig. 6.

4. Discussion

4. J. Estimates of f HJDOPA kinetic constants

This study represents the first assay of [3H]DOPA
kinetics in living rat brain by compartmental modelling
of activities measured with quantitative autoradiogra­
phy; the present technique is analogous to that of
Sokoloff et al. (1977), who modelled cerebral glucose
eonsumption in rats using [l4C]deoxyglucose autoradio­
grams. To validate compartmental modelling of autora­
diographie data as a method for investigating the
kinetic behaviour of radiolabelled L-DOPA in living
mammalian brain, we compared estimates of
[3H]DOPA kinetie constants based on compartmental
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Fig. S. Total actÎ\'ity measured in a section of nucleus accumbens
body during 180 min of [3H]DOPA circulation in rat (n = 13). Tissue
activities were scaled to common simulated [3H)DOPA and 0­
mcthyl-[3H]DOPA artcrial cun·es. The smooth lines are defincd by
least·squares nonlinear regression to the measurcd data (e) of a
two-parameter three-compartmcnt model (M 1) in which
eH]dopamine accumulatcs irre"'ersibly in brain. a three-parametcr
thrce-compartment model (M2) in which [3H]dopamine is c1eared
from the brain with [3H]acids as a single compartment. and a
thrce-paramcter four-compartment model (M3) in which
eH]dopamine and (3H]acids are assumed to occupy separate com­
partments. Madel MI was fitted to 60 min (MI6Q) and 180 min
(M t 180) of measured data; the curve fiued to 60 min has been
extrapolated to 180 min. Each data point ""OlS :neasured in one rat.

Autoradiographie estimates of the unidirectional
blood-brain clearance of [JH]DOPA (KpoPA; Table 1)
showed excellent quantitative agreement with corre­
sponding chromatographie results (0.04-0.06 ml g - 1

min - 1; Cumming et al., 1995a). The small regional
variation in brain uptake measured for [3H]DOPA,
[18F]fluoro-DOPA (Cumming et aL, 1994a), and
[lH]tyrosine (Cumming et al., 1994b), together suggest
a relatively homogeneous concentration of the trans­
porter of large neutral amino acids throughout the
cerebral vasculature of rat forebrain.

Autoradiographie estimates of apparent monoamine
oxidase activity with respect to [lH]dopamine in the
brain (k%,A'; Table 3) agreed within the range of corre­
sponding chromatographie results (0.01-0.15 min - t;
Cumming et al., 1995a). However, autoradiographic
estimates of DOPA decarboxylase activity with respect
to [lH]DOPA in the brain (k~PA; Table 2) were sev­
eTal-fold lower than chromatographic estimates, espe­
cially in the striatum (0.26 min -1; Cumming et aL,
1995a). Several possible factors contributed to this dis­
crepancy. First, analysis by ehromatography could lead
to systematic overestimation of kr>PA if DOPA decar­
boxylase continued to consume cerebral [JH]DOPA in

-

The present modelling approach, in which a simu­
lated arterial [3H]DOPA curve is used as the input
function, has been previously derived (Deep et a1.,
1997a). We now compare three different compartmen­
tal models of [lH]DOPA blood-brain clearance and
metabolism (Fig. 1), each reftecting a different possible
metabolic route available to [3H]dopamine formed in
brain. The present models are identical to those -used

4.2. Comparison of comparlmenra/ mode/s

the post mortem period: several minutes transpired
between decapitation and extraction of brain samples in
perchloric acid, such that the true activity of [lHlDOPA
at the time of death would he underestimated. Indeed,
the concentration of endogenous L-DOPA in the brain
of rats killed by decapitation was over 2.5 times smaUer
than that measured in rats killed by micTowave irradia­
tion (Thiede and Kehr, 1981). Such irradiation causes
thermal denaturation of enzymes, including DOPA de­
carboxylase. and therefore prevents the rapid post
mortem degradation of L-DOPA. Second. the omission
of catechol-O-methyltransferase aetivity with respect to
[3H]DOPA in brain (kFPA) from the present models
overestimated the amount of [JH]DQPA available for
decarboxylation, thus underestimating kpoPA. Third,
we have recently shown that the omission of the vesicu­
lar compartmenl of labelled dopamine further underes­
timates kpoPA (Deep et al., 1997a). Fourth, estimates of
kpoPA in rat decline rapidly with increasing V~PA

(Deep et al., t997b); if the magnitude of V~PA esti­
mated in the cortex was higher than the true magnitude
in non-cortical regions, present estimates of kpoPA
would he further reduced relative to chromatographie
estimates. The choice of q did not contribute to the
discrepancy between present and chromatographie re­
sults. Values of kPOPA previously estimated from this
data set were relatively unafTected by input values of q
between 0.5 and 3.0 (Deep et al.. 1997b).

The regional distributions of enzyme activities mea­
sured in vivo by autoradiography (Tables 2 and 3) arc
consistent with those of DOPA decarboxylase (Rahman
et a1., 1980) and monoamine oxidase (Saura et al.,
1982) assayed in vitro in rat brain. Furthermore, we
report gradients in the magnitudes of [lH]DOPA ki­
netie constant estimates within structures of the rat
basal ganglia (Fig. 6), indicating that the striatum is
chemically heterogeneous. A rostrocaudal gradient for
DOPA decarboxylase activity has been observed in vivo
in the human striatum (Gamett et al., 1987). Present
estimates of the activities of DOPA decarboxylase in
the caudate nucleus and monoamine oxidase in the
nucleus accumbens also increased from posterior to
anterior, in agreement with the distribution of endoge­
nous dopamine, DOPAC, and homovanillic acid in
divisions of rat striatum (Widmann and Sperk, 1986).
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Table 1
Estimalcs of the unidircclional blood - brain c1~rance of [-'HJOOPA (Kp<>PA. ml g - 1 min - 1)

Brain region MI 11IU MI60 M2 M3 •Dorsal-medial caudale (n = 10) 0.060 ±0.010 0.050 ± 0.010 0.052 ± 0.009 0.050 ±0.010
Central caudale (n = 13) 0.065 ±0.005 0.056 ± OJ)()3 0.054 ± 0.003 0.054 ±0.004-
Nucleus accumbcns shell (n = 5) 0.075 ±0.007 0.063 ± 0.007 0.061 ± 0.007 0.061 ±0.008-
Nucleus accumbens body (Il = 5) 0.073 ± 0.004 0.060 ± 0.001 0.057 ± 0.001 0.057 ±0.004-
Olfactory tubcrc1e (Ir = 7) 0.076 ±0.006 0.067 ± 0.005 0.064 ± 0.004 0.065 ±0.004-
Amygdala (Il = 4) 0.053 ±0.002 0.050 ± 0.004 0.052 ±0.003 0.050 ±0.004
Hypothalamus (n = 6) 0.072 ±0.006 0.069 ± 0.006 0.068 ± 0.005 0.068 ±0.005
Dorsal hippocampus (Il = 7) 0.048 ±0.002 0.046 ± 0.002 0.046 ± 0.002 0.046 ±0.002-
Ventral hippocampus (Il = 4) 0.059 ± 0.002 0.056 ± 0.002 0.055 ± 0.002 0.055 ± 0.002-

Results are Mean ± SD values of scparate detenninations in (n) sections of rat brain region. obtained by nonlinear regression of compartmental
modcls MI. M2 and M3 to total cerebral activities measured from a time-series (180 min) of autoradiograms from right cerebral hemishpcres.
obtained following i.v. injection of [3HJDOPA. One-faclor ANOVA tests were pcrformed on Mean KpoPA estimales.
• Indicates a significant main effcct of compartmental model (p<0.05).

(3)

for analysis of positron emission tomography studies
\Vith [lllF]fluoro-DOPA in primates. MI stipulates that
[3H]dopamine accumulates irreversibly in brain. Extrap­
olation of MI fined to 60 min of measured data (Fig. 5)
predicted that activity would increase continuously in
brain regions of non-zero DOPA decarboxylase activ­
ity. due 10 accumulation of pH]dopamine in situ. Fits
of M 1 to 180 min of measured data greatly underesti­
matcd brain activity past 60 min. The absence of
[3H]acids in MI indicates that ail brain activity past 60
min (not including that due to [JHJDOPA and 0­
methyl-eH]DÛPA) must be due soleJy to
[3H]dopamine. The activity of pH]dopamine in MI is
therefore underestimated, which leads to a consequent
overestimation of precursor eH]DOPA, resulting in
underestimation of DOPA decarboxylase activity_ The
omission of eH]dopamine clearance from compartmen­
lai models therefore explains the significant reductions
in (i) accuracy and (ii) the magnitude of kpoPA esti­
mates. in fits with Ml compared to fits with M2 and
M3 (Table 2).

No difference was observed in kinetic constant esti­
mates according to M 160 and M3 (Table 4), indicating
that significant clearance of [3H]dopamine occurred
only after 60 min of tracer circulation. This conclusion
is consistent with the results of chromatographie assays
of striatal tissue from rats administered fH]DOPA
(Melega el al., 1990; Cumming et al.. 1995a), and
monkeys administcrcd ['!SF]fluoro-DOPA (Fimau et al.,
1987), in which labcllcd dopamine accounted for the
majority of striatal activity during the first hour follow­
ing tracer injection.

Several studics have omitted the clearance of '8F_Ia_
bcIled dopamine from compartmental models of
[IIlF]fluoro-DÛPA metabolism in primate brain (Gjedde
ct al.. 1991; Barrio et al.. 1996; Dhawan et aL, 1996;
Ishikawa et al.. 1996; Wahl and Nahmias, 1996a,b).
However, there is considerable evidence to suggest that,
for cxtended tracer studies (> 1 hl, the clearance of

labelled dopamine from the brain cannat be ignored
without prejudicing the results of model fits. Assuming
that labeIJed dopamine accumulated irreversibly in the
brain produced inaccurate fits to measured data (M 1;
Fig. 5), and inftuenced the magnitudes of kinetic con­
stant estimates by IO-IOOOAJ. Furthennore, independant
estimates of the rate constants for the elimination of
endogenous (Moleman et aL, 1978; Dedek et aL, 1979;
Soares-da-Silva and Garrett. 1990; Cumming et al.,
1992) and labelled (Cumming et aL. 1994a, 1995a)
acidic metabolites from the brain of living rat are ail in
the range 0.04-0.10 min - 1. Therefore, Most of the
labelled acids formed during the first hour following
tracer injection have been cleared into cerebrospinal
ftuid by the third hour, indicating that this process
contributes significantly to activity signais mcasured
during extended tracer studies.

Two of the compartmental models presented here
account for the clearance of fH]dopamine from the
brain. either by direct transport into cerebrospinal ftuid
with pH]acids (M2, k?tA + :lcich) or oxidative deamina­
tion by monoamine oxidase (M3. k-?A). Assuming that
the net efflux of radioactivity from the brain is the same
for both models, then it May he shawn that:

k acidsM;u:ids(nk DA + acids(D __=-:'9 -:-:-__
cl - MDA(n + M~ds(n

Previous estimates of [JH]DOPA kinetic constants from
four regions of rat brain (Cumming et aL, 1995a) were
used to calculate activities of [3H]dopamine [A-fDA(D]
and [JH]acids [M;aciW(n] in brain according to Eq. (2).
which were then substituted into Eq. (3). In ail regions
so simulated, the magnitude of k~A + ;acids increased
from nil at injection when the activity of [lH]acids is
nil. to a peak between 60 and 120 min when clearance
of [JH]acids from the brain is weil established (Fig. 7).
During the rising portions of the curves. the apparent
rate of formation of [JH]acids is much greater than the
apparent rate of clearance of pH]acids from the brain.

•

•
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Table 2
Estimates of DOPA decarboxylase activity with respect 10 [lHlOOPA in brain (k~PA. min-I)

Brain region Mlla> MI6(J M2 M3

Dorsal-media) caudate (n = 10) 0.007 ± 0.003 0.018 ± 0.007 0.030 ± 0.010 0.023 ± 0.009-
Central caudate nucleus (n = 13) 0.009 ± 0.002 0.025 ±0.006 0.060 ± 0.020 0.033 ± 0.009-
Nucleus accumbens shell (n = 5) O.OOS ± 0.001 0.029 ± 0.002 0.070 ±0.010 0.042 ± 0.006-
Nucleus accumbens body (n = 5) 0.009 ± 0.001 0.032 ± 0.003 0.090 ± 0.010 0.050 ± 0.006-
Olfactory tubercle (n = 7) 0.006 ± 0.001 0.025 ± 0.005 0.060 ± 0.020 0.040 ± 0.010-
Amygdala (n = 4) 0.002 ± 0.001 0.010 ± 0.004 0.020 ± 0.010 0.013 ± 0.006-
Hypothalamus (n = 6) 0.002 ± 0.001 0.010 ± 0.003 0.021 ± 0.009 0.013 ± 0.006-
Dorsal hippocampus (n = 7) 0.002 ± 0.001 0.008 ± 0.001 0.017 ± 0.003 0.009 ± 0.002-
Ventral hippocampus (n = 4) 0.003 ± 0.001 0.012 ± OJ)()2 0.028 ± 0.008 0.016 ± 0.003-

165

Results arc mean ± 5D values of separate detenninations in (n) sections of rat brain regjon. obtained br nonlinear regression of companmc:ntal
models Ml. M2 and M3 to total cerebral activities measured from a time-series (180 min) of aUloradiograms from right cerebral hemishpcres.
oblaincd follo\l,;ng i.v. injeclion of [lH]DOPA. One-faclor ANOVX tests were pcrfonned on mean k?,PA estimates.
• Indicates a significanl main clTeel of compartmenlal model (p<0.05).

•

The plateau after 60 min thus corresponds to a state of
transient equilibrium between the rates of these two
processes. Therefore, in non-steady state, the magnitude
of k~l\+acids (Huang et aL, 1991) is time-dependent.

5. Conclusion

Excluding emux of [3H]DOPA and O·methyl­
r~H]DOPA, no significant elimination of activity from
brain was detected by autoradiography before 60 min
of tracer circulation. However, trapping of
[·'H]dopamine is not irreversible; at circulation limes
greater than 60 min after tracer injection, companmen­
tal modelling of autoradiograms failed to aCCouRt for
measured tissue activities unless the clearance of
[3H]dopamine from brain was included in the models.

The present autoradiographie method permits the
analysis of discrete brain regions too small to he re-

Table 3
Eslimatcs of rate constants (min -1) for Ihe clearance of cerebral
[JH]dopamine. either by direet removal from brain wilh (3H]acids
(kP."· ....-..J·) or oxidalivc dcamination (k?""')

solved by other in vivo techniques such as chromatog­
raphy or positron emission tomography; small regions
also bener satisfy the companmental definition of spa­
tial homogeneity. Funhermore, unlike positron emis­
sion tomography, the present method is not inftuenced
by panial volume effects (Mazziotta et al.. 1981), whieh
can significantly affect kinetic constant estimates. A
disadvantage of the present autoradiographie method is
the requirement of multiple subjects; in positron emis­
sion tomography studies ail data are measured from a
single subjeet. Notwithstanding effons to normalize ail
animaIs to eommon anerial input curves, inter·subject
variability contributed to the scatter observed in
present data.

The general agreement of present autoradiographie
estimates of [3H]DOPA kinetic constants based on
companmental modelling of total cerebral activities
from combined metabolite pools in a time-series of
statie autoradiograms from the right cerebral hemi­
spheres of rats, with corresponding estimates based on
the analysis of measured activities from individual
metabolite pools separated by chromatographie frac­
tionation of [JH]DOPA metabolites in the left cerebral
hemispheres of the same rats (Cumming et aL, 1995a).

[JH]Dopamine c1ear.lnce rate constants were explicitly set to 0 in MI.
Rcsults arc mean ± 5D values of separale delenninalions in (n)

sections of rat brain region. obtained b)' nonlinear ~grasion of
compartmental models M2 and M3 10 total cerebral activities mea­
surcd from a time-series (ISO min) of autor.tdiograms from righl
cerebr.ll hemishpcres. obtained following i.v. injection of (3HIOOPA.•

Brain region

Dorsal-medial caudale (n = 10)
Central caudale (II = 13)
Nucleus accumbens shell (n = 5)
Nucleus accumbens bod)' (n = 5)
Olfactory tuherclc (II = 7)
Amygdala (n = 4)
Hypothalamus (n = 6)
Dorsal hippocampus (II = 7)
Ventral hippocampus (Il = 4)

0.015 ± 0.003
0.017 ± 0.003
0.023 ± 0.002
0.023 ± 0.002
0.025 ± 0.003
0.023 ± 0.006
0.029 ± 0.004
0.024 ± 0.004
0.027 ± 0.005

0.025 ± 0.004
0.029 ± 0.004
0.036 ± 0.002
0.036 ± 0.002
0.039 ± 0.004
0.040 ±0.010
0.043 ± 0.006
0.037 ± 0.005
0.040 ± 0.007

Tabl.: 4
Summary of post hoc comparisons for estimates of the unidirectional
blood-brain clearance of eHlDOPA (KpoPA) and DOPA decarboxy­
Iase: aClivity ",;th respecl to [lH]DOPA in br.tin (k~PA)

MI 60 Ml uo M2 M3

MI 60 3 0 0
Ml lllU 6 4 4
M2 8 9 0

M3 1 9 8

Results are number of brain regions (out of nine) in which a
significanl difTerence bclween companmental modcls was found in
mean estimates of Kpol'A (abov.: lhe diagonal) and k~PA (below the
diagonal), according to one-faclor ANOVA followed by post hoc
comparison with Tukey's lest.
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Positive abscissa points indicale positions anterior to bregma (rccordcd as 0 mm). Significant linear correlations (p < O.OS). indicated by the lines
of rcgression. between kinctic constant and position were found for KpoPA (M 1'10' , = 0.83; M 160, r = 0.82; M2. r = 0.77; M3. r = 0.78). and
kFPA (MIlIO' ,=0.93; MI 60• ,=0.80; M2. ,=0.72; M3. '=0.82). •
represents the first empirical validation of compartmen­
tal modelling of autoradiographie data as a method for
quantitatively investigating the kinetie behaviour of

radiolabelled L-DOPA in living mammalian brain.
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