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ABSTRACT

The work described in this thesis attempts to answer experimentally some questions
that have arisen in the clinical treatment of Parkinson’s Disease. Namely 1) Dose the
time course of plasma dopa and its metabolites after systemic administration alone and
after benserazide (a peripheral dopa decarboxylase inhibitor) reflect those found in the
striatum and the effect on striatal neurones? 2) What is the effect of OMD, the Omethylated metabolite of dopa, on the uptake of L-dopa into the brain and the
synthesis and release of dopamine?

Automated high performance liquid chromatography with electrochemical detection
was employed to determine the levels of dopa, dopamine and their metabolites
DO?AC, HVA and OMD in plasma samples and in striatal and hippocampal
perfusates (obtained by microdialysis) in halothane anaesthetized rats as well as in
slices perfusates and brain tissue. Striatal neurone firing was monitored with
extracellular single unit recording in intact and 6 -hydroxy dopamine lesioned rats.

Dialysis showed that the time course of increased striatal and hippocampal L-dopa,
dopamine and metabolites correlated significantly with those in plasma after 15mgKg'^
intravenous L-dopa or 15, 50 and 100 mgKg'^ L-dopa methyl ester. After L-dopa with
benserazide, plasma and CSF dopa levels were significantly higher and longer lasting
although dopamine was absent from plasma and significantly lower in CSF similar
CSF levels of DOPAC and HVA were obtained despite very low levels in plasma.
This suggests that dopamine is formed from L-dopa crossing the blood brain barrier
but it seems likely that the origin of dopamine synthesized from dopa in the presence
of benserazide is different from that after L-dopa alone.

This was also supported by difference in the responses of striatal neurons to L-dopa
in the absence and presence of benserazide. Inhibition of such neurons did not
correlate directly with CSF dopa, dopamine, DOPAC and HVA and was surprisingly
less marked after benserazide.

Acute lesions of the nigra striatal tract with 6 -hydroxydopamine reduced the inhibitory
effect of L-dopa on neuron firing and although this was restored as supersensitivity
developed over two weeks. Subchronic treatment with L-dopa partially reversed it in
a manner consistent with dopamine not being synthesized in dopaminergic terminal.

Intravenous dopamine also inhibited striatal neurone firing and from its appearance
in plasma and dialysates after L-dopa it is possible that it can cross the BBB. No
evidence was obtained that high plasma OMD affected dopa entry into the brain.
Superfusion of striatal slices with L-dopa (lO^M) elevated tissue content of dopamine
as well as increasing its spontaneous and

-induced efflux. OMD significantly

reduced both effluxes whilst significantly increasing the tissue levels of dopa and DA
suggesting it reduces release of dopamine formed from exogenous L-dopa.

The results are discussed in respect of the mode of action and loss of efficacy of Ldopa in Parkinsonian patients and the role of OMD.
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CHAPTER

1

INTRODUCTION

13

The notion o f a drug which will banish sadness and fatigue, increase
energy, expand consciousness, imbue or reimbue the world with wonder,
has always excited desire and imagination.
Dr Oliver Sacks

1.1 PARKINSON’S DISEASE

Although disorders broadly described as "shaking palsy" had been described over the
*

centuries since the time of Galen, the classic description of the disease is that
published in 1817 by James Parkinson, a physician working in London, under the title
"Paralysis Agitans". He described the motor disorder in the classic article An Essay
on the Shaking Palsy, that now bears his name:

Involuntary tremulous motion, with lessened muscular power, in parts not in action and even
when supported; with a propensity to bend the trunk forwards, and to pass from walking to
a running pace, the senses and intellects being uninjured.

It was Charcot some forty years later who regarded the term "paralysis agitans" as a
misnomer since muscular strength was well preserved, and tremor might be lacking,
and who proposed that the disorder should be known as "Parkinson’s Disease". The
main clinical features of Parkinson’s disease are (1) a rhythmical tremor at rest, (2)
an increase in muscle tone or rigidity that often has a cogwheel- or ratchet-like
characteristic, (3) difficulty in the initiation of movement and paucity of spontaneous
movements (akinesia), and (4) slowness in the execution of movement (bradykinesia).
In the late stage of the disease the patient may be in a helpless condition and severely
disabled and confined to a wheelchair or bed unless aided and will have to contend
14

with drug-related abnormal movements as well as psychological disturbances (see Côté
& Crutcher, 1991; Hoehn, 1990; Agid, 1991). Parkinson’s disease (PD) is a relatively
common disorder with an estimated prevalence of between 1.0 ~ 1.5 per 1000 in
developed communities (Marks, 1974). In epidemiological terms age is the most
prominent risk factor for Parkinson’s disease, although genetic determination,
infections and environmental influences i.e. toxic mechanisms (see Burton & Caine,
1990) are also concerned. Symptoms usually appear after age 50 years and agespecific prevalence increases sharply thereafter, and it may afflict up to 2 .2 % of those
aged over 85 years (Kurland, Kurtzke, Goldberg, 1973; McKeigue & Marmot, 1990).

The major neuropathological alteration in Parkinson’s disease as a disorder of basal
ganglia function is the massive destruction of the melanin and dopamine-containing
neurons in the zona compacta of the substantia nigra (SNc) with depigmentation, cell
vacuolation and intraneural inclusion bodies known as Lewy bodies which represent
the primary neurochemical abnormality in the Parkinsonian brain (Trétiakoff, 1919;
Hornykiewicz, 1966; Hornykiewicz & Kish, 1986; Agid, 1991). These neurons from
SNc are the origin of the dense dopaminergic innervation of the striatal nuclei.
Consequently, their loss in Parkinson’s disease directly results in abnormal activity
within the substantia nigra and basal ganglia components of the extrapyramidal
system. This system utilises input information from the muscle spindles and
polysynaptic feedback loops to produce smooth and integrated movements mainly by
modulating cortico-spinal activity. The exact interrelations of the basal ganglia nuclei
are far from clear but as with many other parts of the central nervous system, a
balance between excitatory and inhibitory loops is probably important (Marks, 1974;
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Agid, Javoy-Agid & Ruberg, 1987; Alexander & Crutcher, 1990). Besides, it has been
demonstrated in both rat and human that loss of at least 80% of the dopamine
innervation to striatum is required before impairments are observed (Hefti, Melamed
& Wurtman, 1980; Hornykiewicz & Kish, 1986; Abercrombie, Bonatz & Zigmond,
1990b). However, some evidence also suggests that cell loss is heterogeneous but
never total and the process of neuronal death is continuous. (McGeer, Itagaki,
Akiyama, McGeer, 1988). Nevertheless, from the earliest description, Parkinson’s
disease, which is distinct from forms of Parkinsonism caused by other disease or by
drugs and which may be completely reversible, was stated that there is no method
which can be recommended as satisfactory in any respect (Osier, 1918). At the present
time, although a number of drugs are beneficial in the treatment of PD, it is still
characterized as a chronic and progressive disease of unknown origin, treatable but
incurable and despite the well-established pathology and biochemistry associated with
the loss of pigmented cells in the substantia nigra, the causal mechanisms and the
aetiology of the disease remains a baffling enigma (Duvoisin, 1986).

1.1.1

Dysfunction of dopaminergic systems in Parkinson’s disease

Since the crucial demonstration that dopamine levels were reduced in the striatum and
substantia nigra of parkinsonian patients (Ehringer & Hornykiewicz, 1960) due to loss
of the nigrostriatal dopaminergic pathway, degeneration of other dopaminergic systems
(Fig. 1.1) (e.g., mesocortical, mesolimbic and hypothalamic [A 12] systems, which
were first described and classified by Dahlstrom and Fuxe [1964]), have also been
found to be affected in PD. Among the dysfunction of several principal dopaminergic
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systems, gross destruction of the dopaminergic nigro-neostriatai pathway is the most
striking structural and biochemical characteristic of PD. This pathway is part of the
extrapyramidal system of the basal ganglia and it is concerned with integration of
incoming sensory stimuli and control of movement. The nerve-cells of A 8 in the
ventrolateral midbrain tegmentum give rise to axons that continue rostrally through the
cerebral peduncles of the midbrain and join axons emanating from cells in A9 that are
located mostly in the zona compacta of the substantia nigra. The combined axons
innervate the caudate nucleus-putamen complex and the central nucleus of the
amygdala and this nigrostriatal pathway is thought to have an inhibitory role upon
cholinergic and other neurons in the caudate-putamen. It has been observed that in
these parkinsonian brain areas dopamine concentrations decrease by 80-90%
(Bernheimer, Birkmayer & Hornykiewicz et al, 1973) and the synthesizing enzymes
tyrosine hydroxylase and dopa decarboxylase also decrease similarly (McGeer &
McGeer, 1976; Lloyd, Davidson & Hornykiewicz, 1975). Moreover, dopamine
concentrations are found to be more reduced in the putamen than in the caudate
nucleus (Kish, Shannak & Hornykiewicz, 1988), which may be because the caudal and
internal portions of the substantia nigra, which preferentially project to the putamen,
seem more vulnerable to the disease. Since the caudate nucleus and putamen are
structurally homogenous in the rat, instead of being separated by an internal capsule
as in the human brain, they will be collectively referred to as either the striatum or the
caudate putamen (CPu) in this thesis.
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Fig. 1.1 Schematic diagram illustrating the neuroanatomy of the dopaminergic systems.
From the zona compacta of the substantia nigra (A9), nigrostriatal fibres project to the
caudate nucleus. From the ventral tegmentum (A 10), mesolimbocortical dopamine
axons project to forebrain structures such as the nucleus accumbens, the olfactory
tubercles, and cortical areas. Arising from the midbrain nuclear groups A8 , 9 and 10,
mesolimbocortical and nigrostriatal dopamine axons are seen as a bundle lateral to the
hypothalamus (A 12) (see section 1.1.1) (After Ungerstedt, 1974 and Lindvall &
Bjorklund, 1974).
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1.1.2

Pharmacology of dopamine synapse

Dopamine synthesis starts with the hydroxylation of the amino acid tyrosine by the
action of tyrosine hydroxylase to form 3,4-dihydroxyphenylalanine (L-dopa) (Fig. 1.2).
This is the rate limiting step (K^~5xlO'^M) in catecholamine synthesis. Tyrosine
hydroxylase is found in the cytoplasm of catecholamine neurons and is highly
substrate specific. It requires a tetrahydropteridine cofactor, ferrous ion (Fe^^) and
oxygen (Cooper, Bloom & Roth, 1982). Tyrosine is taken up by an active-transport
process found on the nerve membrane (Giros & Caron, 1993). L-dopa, the immediate
precursor, is decarboxylated to form dopamine by a general L-aromatic amino acid
decarboxylase (referred to as dopa decarboxylase), which is a cytoplasmic enzyme
(with the

about 100-1000 times higher than that of tyrosine hydroxylase) and

requires pyridoxal phosphate (vitamin Eg) as cofactor. Dopamine is either free in the
cytoplasm or taken up into non-releasable and releasable storage vesicular pools
located in the nerve terminals (Fig. 1.3), the latter vesicles being located near the
presynaptic membrane (Bradford, 1986). Following release into the synaptic cleft by
calcium dependent exocytosis in response to depolarization of the axon terminal,
dopamine can diffuse to, and interact with pre- and postsynaptic dopamine receptors.
However, the study of Ross (1991) suggests that more than 90% of released dopamine
will be taken up back into the nerve terminal by a neuronal re-uptake system, which
is an energy-dependent active-transport system with high-affmity.
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The two main enzymes involved in the metabolism of dopamine are monoamine
oxidase (MAO) and catechol-O-methyltransferase (COMT). MAO occurs in neuronal
and non-neuronal tissues in at least two forms. MAOy^ has a substrate preference for
noradrenaline and serotonin and is selectively inhibited by clorgyline, whilst MAOg
prefers phenylethylamine and dopamine and is selectively inhibited by selegiline. In
the brain MAO is found in, or attached to the membrane of the intraneuronal
mitochondria

(Webster,

1989)

and

converts

dopamine

to

3,4-dihydroxy-

phenylacetaldehyde which in turn is converted to 3,4-dihydroxyphenylacetic acid
(DOPAC). DOPAC is converted to 3-methoxy-4-hydroxyphenylacetic acid (HVA or
homovanillic acid) by COMT, which is located extraneuronally in glial cells
(Kaakkola, Mannisto & Nissinen, 1987; Kuzenski & Segal, 1992). It transfers a methyl
group from S-adenosy 1-L-methionine to the hydroxyl group at the three position of a
catecholamine (i.e.,0-methylation). 3-Methoxy-tyramine (3-MT) formed by the action
of COMT at postsynaptic sites has been confirmed by Tokunaga and Ishikawa (1992)
to be the metabolite of functional dopamine (which has been released by the nerve
terminal). It is also' certain that metabolism of dopamine by MAO and COMT is
sequential with the final metabolite HVA (Webster, 1989). However, the brain
contains much more DOPAC (the deaminated metabolite of dopamine) than 3-MT. In
addition, since extracellular level of DOPAC cannot be consistently reduced by
nomifensine, a dopamine re-uptake inhibitor, it is suggested that DOPAC must be
mainly formed by the action of MAO from intra-neuronal dopamine which is newlysynthesized but unreleased (Zetterstrom, Sharp, Collin & Ungerstedt, 1988).
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Dopamine induces its biological effects by interacting with multiple receptor subtypes.
Dopamine receptors belong to a large superfamily of neurotransmitter and hormone
receptors which are coupled to their specific effector functions via guanine nucleotide
regulatory (G) proteins. Very recently, five pharmacologically distinct dopamine
receptors (Dj to D5) have been cloned and identified using molecular biological
techniques and these subtypes have been accommodated within the original D,/D 2
scheme as families of ’Di-like’ (Dj^, D^g/D^) and ’D2-like’(D2L/S’

D4) receptors

(Sibley & Monsma, 1992; Sibley, Monsma & Shen, 1993). It is well-defined that D,
receptors activate the enzyme adenylate cyclase and increase intracellular levels of
cAMP, whereas D2 receptors exert an inhibitory influence on this enzyme (Andersen,
Gingrich, Bates, Dearry et al, 1990). They can be distinguished by a large number of
pharmacological agents. In particular, butyrophenone based dopamine receptor
antagonists, e.g. spiroperidol and haloperidol, and phenothiazine-like antagonists, such
as chlorpromazine, are more potent at D2~receptors than D,-receptors whereas SCH
23390 and SCH 23982 are more selective at D, receptors (Dearry, Gingrich, Falardeau
et al 1990; Monsma, Mahan, McVittie et al, 1990; Zhou, Grandy, Thambi et al, 1990).
Additionally, D2 receptors may also be linked to additional second messenger systems
including activation of

channels as well as inhibition of Ca^"^ channels and

phosphatidylinositol turnover (Vallar & Meldolesi, 1989). The relative roles of D, and
D 2 receptors in mediating the anti-Parkinson effects of dopamine synthesized from Ldopa are not yet clear, but are the subject of intense investigation. Schachter and
colleagues concluded after studying and correlating motor and endocrine effects of
drug treatment in patients with PD that it is the D2 receptor which is apparently the
site of action of the antiparkinsonian dopaminergic drugs (Schachter, Bedard, Debono
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et al, 1981), however, little is known of

receptor functions. Furthermore, the

relative degree to which Dj and/or D2 receptor function mediates the effects induced
by L-dopa treatment, which may be crucial in the therapeutic management of PD, is
not completely understood (Hossain & Weiner, 1993).

Drugs affecting dopamine system which can either be powerful tools for under
standing neurophysiological phenomena or be therapeutically useful are depicted in
Fig. 1.3. a-Methyl-p-tyrosine competitively inhibits tyrosine hydroxylase, thus
reducing the synthesis of dopamine but it is only used experimentally. Peripherallyacting inhibitors of dopa decarboxylase, such as carbidopa (a-methyldopa hydrazine)
and benserazide, are important when only the central conversion of L-dopa into
dopamine is required, as in the mainstay of combined drug therapy of PD. MAO
inhibitors (MAGI) can increase brain levels of biogenic amines and are used as
antidepressants clinically. Selegiline (Deprenyl), a selective inhibitor of MAG q in low
doses, can safely be given with L-dopa to parkinsonian patients, reduces "end-of-dose"
akinesia and requires no dietary restrictions (avoidance of sever hypertensive reactions
caused by food containing tyramine)(Stem, 1981; Knoll, 1983). It can also protect man
or other primates from the selective neurotoxicity of MPTP for dopaminergic neurons
and the consequent onset of the Parkinsonism syndrome (Kopin & Markey, 1988).
Very recently, the results obtained from animal studies with selective inhibitors of
CGMT, GR 611 (entacapone) and Ro 40-7592, in combination with L-dopa have
strongly suggested that these drugs could also be of clinical significance as adjunct
drugs in the treatment of PD (Acquas, Carboni, de Ree et al, 1992; Nissinen, Linden,
Schultz et al, 1992; Kaakkola & Wurtman, 1993; Vidgren, Svensson & Liljas, 1994).
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Reserpine and tetrabenazine deplete dopaminergic nerve terminals of dopamine
probably by disrupting vesicular uptake and preventing newly synthesized dopamine
from being stored within the neuron. While reserpine first became available clinically
for the treatment of hypertension, it was found that a parkinsonian syndrome can also
occur. Similarly, when Birkmayer and Homykiewicz adopted M. Bleuler’s reserpine
therapy for chorea in 1956 they also observed that overdosage led to the development
of a Parkinsonian syndrome and suggested that was because of the decrease in
dopamine available for release (Birkmayer & Homykiewicz, 1961). (+)-Amphetamine,
a potent dopamine-releasing substance which not only blocks the re-uptake of released
dopamine but causes a leakage of dopamine (calcium-independent) from presynaptic
terminals and enhances the stimulated release of dopamine.

Direct acting dopamine receptor agonists and antagonists are widely used clinically
to attenuate disabling motor and psychological disorders. However, it is increasingly
recognized that with chronic use these drugs also induce severe motor and
psychological disturbances (Carey, 1991). The phenothiazines (i.e., chlorpromazine,
thioridazine), the butyrophenones (haloperidol, fluoropipamide, and spiroperidol) and
the dibenzodiazepines, which include clozapine, are all dopamine receptor antagonists
and are classed as antipsychotic or neuroleptic drugs. These drugs can relieve
schizophrenia, but at the same time their action in the nigro-striatal dopamine system
gives rise to the symptoms of Parkinson’s disease and other extrapyramidal side
effects. By contrast, the dopamine agonists which do not require intact dopamine
terminals, have been found effective in animal models of (Corrodi, Fuxe, Hokfelt et
al, 1973) and the clinical condition of Parkinsonism (Caine, Burton, Beckman &
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Martin, 1984). Bromocriptine has increasingly been used as an alternative or adjunct
to L-dopa preparations. Recently, Lisuride (a semisynthetic ergot), has been found to
be beneficial in decreasing ’o ff periods (Obeso, Luquin & Martinez-Lage, 1986) and
dyskinesias (Lang, Sheehy, Quinn et al, 1983; Ulm, 1983) in patients receiving L-dopa
combination therapy. More encouraging results have been obtained using subcutaneous
apomorphine in conjunction with domperidone by Stibe and colleagues (1987, 1988),
who recorded marked sustained improvement in patients disabled by severe on-off
fluctuations. Unfortunately, since dopamine appears to be the mediator of activity in
the chemoreceptor trigger zone, a region rich in D2 receptors located out side the EBB
(Schwartz, Agid, Javoy-Agid et al, 1986) and responsible for the induction of all
vomiting other than that of vestibular origin, L-dopa and other dopamine agonists
(such as bromocriptine and apomorphine) all cause these side-effects. The way of
avoiding vomiting without attenuating the required central effect of these drugs is to
combine them with a peripheral dopamine antagonist that does not cross the BBB, i.e.
domperidone although this combination may not be necessary when L-dopa is
administered with a PDI.

1.1.3

Drug treatments of Parkinson’s disease

Since Parkinson’s disease is a progressive, chronic disease of unknown cause with
protean manifestations, all existing forms of drug treatment provide only symptomatic
and palliative relief and probably do not alter the course of the underlying disease
process (Hoehn & Yahr, 1967). To obtain the optimal effects from available drugs
requires careful planning of a long-range treatment programme. Indeed, in Parkinson’s
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disease treatment programmes are best individualized using as a guide not only to the
patient’s symptomatology but also the degree of functional impairment as well as the
expected benefits and risks obtainable from presently available pharmacological
agents. All drugs presently in use (or on clinical trials) are directed toward re
establishing, to some extent, normal neurotransmitter function to the affected brain
region and have as their primary pharmacological effect either to increase
dopaminergic or decrease cholinergic activity (Yahr, 1990). Apart from the cholinergic
system, some evidence shows that the noradrenergic and GAB A-ergic systems are also
involved but their role has not been fully documented, however, drugs acting on other
neuronal systems, such as 5HT or noradrenaline, are of little or no benefit in relieving
the symptoms of PD (Jenner, Sheehy & Marsden, 1983). Among the different drugs
used, there is a general agreement that L-dopa remains the treatment of first choice,
although many details of its pharmacology still remain uncertain (Hardie, 1989a;
Abercrombie, Bonatz & Zigmond, 1990b; Creasey, & Broe, 1993). Unaccountably, the
effects of L-dopa often start to wane after some years of treatment and many patients
experience a variety of other side-effects including peak dose and diphasic dyskinesias,
early morning dystonia and on-off phenomena (Marsden & Jenner, 1986).
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1.2 L-DOPA AND PARKINSON’S DISEASE

Levodopa (L-dopa) is the generic name for the laevo-optical stereo-isomer of dopa
which is the short name for the amino acid 3,4-dihydroxy phenylalanine. It is the
natural form of the main amino acid and is widely distributed in nature both in
animals and in plant. The structure and absolute configuration of L-dopa was first
determined by Guggenheim in 1913. It is the immediate precursor of dopamine (Fig.
1.2). Blaschko (1939) and Sourkes (1961) were the first to show that systemic
*

administration of L-dopa elevated the dopamine content of a variety of tissues
including brain. It was a "miracle-drug" when L-dopa was first introduced to clinical
practice (Cotzias, Van Woert & Schiffer, 1967) some 150 years after James
Parkinson’s essay appeared (1817). According to many clinical studies, L-dopa not
only caused a revolution in the approach to Parkinson’s disease, but also dramatically
improved the life of most parkinsonian patients (Cotzias, Papavasiliou & Gellene,
1969; Barbeau, 1969; Yahr, Duvoisin & Shear et al, 1969). For several decades, Ldopa has been the most effective drug used in the treatment of Parkinson’s disease.
Despite its proven efficacy, however, it is still unclear how L-dopa ameliorates the
symptoms of PD and its use is also somewhat limited by various side-effects and loss
of efficacy after long-term therapy.

1.2.1 Pharmacokinetics and Mechanism of action

In man L-dopa is readily absorbed following oral administration and peak plasma
levels are achieved after about 2 hours. The rate of absorption and plasma levels
attained depend on several factors including gastric acidity, the rate of gastric
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emptying and the presence of food. On the basis of animal experiments it appears that
L-dopa is widely distributed in the body with only a small uptake (about 1-3% of the
original dose) in the corpus striatum (Webster, 1989). Early behaviour study had
shown that L-dopa could antagonize reserpine-induced akinesia in experimental
animals by replacing depleted dopamine (Carlsson, Lindqvist & Magnusson, 1957).
Although other mechanisms of action have been suggested for L-dopa (see below), it
is generally accepted that the therapeutic activity of L-dopa in treating PD results from
an enhanced availability of dopamine (Zigmond, Abercrombie & Strieker, 1990). Ldopa is able to cross the blood brain barrier to enter the brain where it is avidly
converted to dopamine by dopa decarboxylase to replenish lowered dopamine levels
in the basal ganglia of PD patients (Cotzias, Papavasiliou, Steck & Diiby,1971; Lloyd,
Davidson & Homykiewicz, 1975; Hefti, Melamed & Wurtman, 1981) (Fig. 1.4). The
conversion of dopa to dopamine is supported by several lines of evidence obtained
from both in vivo and in vitro studies. Ng et al (1971) demonstrated that dopamine
synthesized in vitro from L-dopa in rat brain slices, by dopaminergic nerve terminals,
could be released by electrical stimulation which induced neuronal depolarization.
Other studies have also shown that addition of L-dopa to the superfusate caused
increase in both the spontaneous and K^-evoked dopamine efflux from striatal slices
(Muldoon, Rorie & Tyce, 1982; Tyce & Rorie, 1985; Misu, Goshima & Kubo, 1986;
Snyder & Zigmond, 1990) as well as increase in the tissue content of dopamine both
in intact (Gemayel, Trouvin, Prioux-Guyonneau, Jacquot & Cohen, 1986a, 1986b;
Kent, Stern & Webster, 1990) and lesioned rat striatum (Schoenfeld & Uretsky, 1973;
Melamed & Hefti, 1984; Robertson & Robertson, 1989; Hossain & Weiner, 1993).
Studies performed in vivo with microdialysis have also demonstrated the increased
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extracellular levels of dopamine and its metabolites in the dialysates of intact and
denervated striatum following systemical administration of L-dopa (Miwa, Gillberg,
Bjurling et al, 1992; Brannan, Knott, Kaufmann et al, 1989; Zetterstrôm, HerreraMarschitz & Ungerstedt, 1986; Touchet & Bennett, 1989; Orosz & Bennett, 1992).
The increased stimulation of dopamine receptor after systemic L-dopa was first
demonstrated by Bunney and colleagues (1973) using extracellular recording from
single dopamine-containing cells in the substantia nigra zona compacta (SNc) of the
rat midbrain. They suggested that stimulation of dopamine receptors by dopamine,
which has been synthesized from L-dopa by the endogenous dopa decarboxylase,
results in depression of SNc cell activity. Moreover, the results obtained by Mercuri
et al (1990) using in vitro intracellular recording demonstrated that this inhibitory
effect of L-dopa on SNc cell activity was diminished by the presence of carbidopa,
hence confirming the indirect nature of the interaction of L-dopa with dopamine
receptors.

There are some other proposed mechanisms of action for L-dopa. Slow accumulation
of some minor metabolites of L-dopa was proposed to be related to the therapeutic
effect of L-dopa (Caine, Karoum, Ruthven & Sandler, 1969). Sandler (1971) also
suggested that nonenzymatic decarboxylation of L-dopa to dopamine occurs and is the
basis of action of L-dopa. In addition, Sourkes (1970) had suggested that L-dopa
might combine with vitamin B^ within the brain to form a specific antiparkinson
agent. He also thought that other derivatives of L-dopa formed in the brain by
conventional pathways of metabolism may be pharmacologically active and may be
responsible for ’stimulation’ of dopamine receptors (Sourkes, 1971). This concept
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retains the idea that L-dopa acts at dopamine receptors but not as dopamine. More
recently, Goshima and collaborators have reported that L-dopa can facilitate the
evoked release of dopamine via presynaptic |3-adrenoceptors at concentrations lower
than those required to induce conversion to dopamine even in striatal slices from the
MPTP-treated mice model for PD (Goshima, Misu, Arai et al, 1991). They had also
suggested that dopa itself may be a neuroactive substance in the rat striatum
(Goshima, kubo & Misu, 1988). However, more direct evidence is needed to support
these theories.
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tissue and brain.
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Site of action of L-dopa

As most dopa decarboxylase is lost along with the degenerating dopaminergic neurons,
the actual site where dopa is converted to dopamine in PD and animal models of PD
is still debated. Nevertheless postmortem tissue analyses show a marked increase in
dopamine and its metabolites in the striatum following L-dopa (Koshimura, Ohue,
Akiyama, Itoh, Miwa, 1992; Carey, 1991). This rise in dopamine levels could reflect
an accumulation of the monoamine in dopamine nerve terminals or in other neurons
or cells, since decarboxylase immunoreactivity had been shown in various nondopaminergic sites in brain (e.g., Bertler, Falck, Owman et al,' 1966; Langlier, Parent
& Poirier, 1972; Melamed, Hefti & Wurtman, 1980; Ng, Chase, Colburn et al, 1972).
Certainly, many studies have shown that the increase in brain dopamine content
produced by L-dopa is not abolished by nigrostriatal bundle injury (Hefti, Melamed
& Wurtman, 1981; Snyder & Zigmond, 1990; Lytle, Hurko, Romero et al, 1972). Thus
although 6 -OHDA is known to destroy catecholamine-containing neurons, L-dopa still
produces a behavioral response after nearly complete lesion of that tract in rats
(Breese & Traylor, 1970; Ungerstedt, 1971). Decarboxylation may occur in the
capillary endothelium, in remaining catecholamine-containing neurons or in serotonincontaining fibres. A detailed biochemical study of a patient with PD, who died while
receiving 5g (70mg/Kg) daily of L-dopa for 2 months showed clearly increased
concentrations of dopamine and HVA in the striatum as well as other areas of the
brain that would normally have had little dopamine (Rinne, Sonninen & Hyyppia,
1971). Thus, it should not be forgotten that the possibility exists for L-dopa
metabolism to occur outside dopamine neurons or even outside the CNS.
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The increase in striatal dopamine metabolism, indicated by the rise in the acid
catabolites DOPAC and HVA that constantly follows the administration of L-dopa,
could certainly be taken as an indication that more neurotransmitter is formed and
utilized (Ponzio, Achilli, Perego, Rinaldi & Algeri, 1983). On the other hand, some
experimental evidence has shown that a significant portion of dopamine synthesized
from exogenous L-dopa is not released but merely diffuses out of "extracellular pools"
in the neurons or glial cells in which it is synthesized (Melamed, Globus, Rosenthal
& Uzzan, 1987). Recently, Abercrombie and Zigmond (1990) have shown that the
increase in extracellular dopamine levels following administration of L-dopa in rats
is unaffected by treatment with tetrodotoxin (a blocker of voltage-dependent Na"^
channels), and suggest that the L-dopa-induced increase of extracellular dopamine is
due to non-exocytotic release. Moreover, the much earlier study of Hefti and
colleagues (1980) producing partial lesions of the dopaminergic nigrostriatal system
in rat brain had demonstrated that the dopamine formed outside dopamine neurons is
apparently able to stimulate postsynaptic dopamine receptors and to mediate some of
the behavioral effects of L-dopa. Thus it may not be necessary for dopamine to be
formed in and released from nigrostriatal neurons in order to restore dopamine
function in PD. It may not even have to be formed in neurons. Also it is still not
certain whether dopamine formed from L-dopa in non-dopaminergic striatal elements
can be released and, if so, how this occurs.

The presence of dopa decarboxylase activity in cerebral capillary endothelial cells was
originally thought to be a potential barrier to the passage of L-dopa from blood to the
brain (Raab & Gigee, 1951; Euler, 1956), since it was thought that any dopamine
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formed would be unlikely to cross the vascular basement membrane and would be
subject to further metabolism, particularly by MAO, in endothelial cells. However, this
was questioned by clinical observations since the plasma concentration of L-dopa
producing the optimum clinical response was the same whether or not carbidopa was
co-administered (Nutt, Woodward & Anderson, 1985).

Thus it maybe, as suggested by Zigmond, Abercrombie & Strieker (1990) that
although dopamine is essential to the action of L-dopa, dopaminergic neurons are not.
Such knowledge would be helpful in evaluating the extent to which the progressive
loss of dopaminergic neurons in PD contributes to the emergence of clinical
complications, such as dyskinesia and loss of efficacy, with prolonged L-dopa
administration (Abercrombie, Bonatz & Zigmond, 1990). Clearly, it is important to
obtain a better understanding of how and where L-dopa acts to relieve parkinsonian
symptoms, so that these problems and variations in therapeutic response with time can
be effectively elucidated and hopefully overcome.

1.2.2

Peripheral decarboxylase Inhibitor and L-dopa

While the introduction of L-dopa revolutionized the treatment of PD, side-effects with
L-dopa therapy are troublesome. Apart from the long-term complications of L-dopa
therapy limitations to the use of L-dopa include the large daily dose required, the
delay in development of the maximal therapeutic benefit after daily dosing, and the
initial gastro-intestinal as well as cardiovascular side-effects e.g. nausea, vomiting,
anorexia and postural hypotension. The conversion of L-dopa to dopamine depends
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on a pyridoxine-dependent enzyme referred to as dopa decarboxylase (aromatic Lamino acid decarboxylase) which is widely distributed not only inside the brain of
animals and man but outside in gut wall, heart, liver, pancreas and kidney as well as
in the endothelial cells of the walls of cerebral capillary. In the brain, there are
important regional differences in distribution and the highest concentration of this
enzyme occurs in those areas with a high amine content, particularly the basal ganglia
(mainly caudate nucleus and putamen) (Bartholini & Pletscher, 1968; Marsden, 1975).
It is considered that many of the problems associated with L-dopa (e.g. large dose
required and undesirable initial side-effects) result from the prior peripheral
decarboxylation to dopamine of much of the administered L-dopa before it reaches the
brain. Coadministration of L-dopa with an inhibitor of dopa decarboxylase which does
not penetrate the blood-brain barrier (BBB) is, therefore, considered to allow a
reduction in both the ultimately required dose and the time to onset of therapeutic
benefit, together with amelioration of certain initial side-effects especially vomiting
(see review Finder, Brogden, Sawyer, Speight and Avery, 1976).

1.2.3

Unanswered questions concerning long-term L-dopa therapy

L-dopa, supplemented by a peripheral decarboxylase inhibitor, is considered the most
potent therapeutic regimen for prolonging active life in Parkinsonian patients but the
long-term benefit of therapy is limited by many unsolved problems. Although more
than 80% of subjects with idiopathic Parkinson’s disease initially respond well to Ldopa, with or without a decarboxylase inhibitor, after several (4-6) years fluctuations
in motor performance appear in more than half of the patients. Notable problems are
declining efficacy, fluctuations in response (on-off and wearing-off reactions, which
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may interfere with volitional movements and may become more disabling than
Parkinsonism itself), and psychiatric deterioration (confusion, hallucinations and
delusions) (Larsen & Caine, 1984; Marsden & Parkes, 1976, 1977; Quinn, Marsden
& Parkes, 1982; Hardie, Lees & Stern, 1984). Although the underlying mechanisms
remain obscure, severity of PD, duration of PD, and duration of L-dopa therapy have
been incriminated to be the putative risk factors to the pathogenesis of end-of-dose
deterioration (Nutt, 1987; Fabbrini, Mouradian, Juncos, et al, 1988; Horstink, Zijlmans,
Pasman, Berger, Korten & van’t Hof, 1990). Furthermore, alterations in L-dopa
transport from plasma to the brain by competition between large neutral amino acids
and L-dopa (Nutt, Woodward, Hammerstad, Carter & Anderson, 1984), loss of
dopamine terminals (Spencer & Wooten, 1984), or the modifications of dopamine
receptors (such as initial denervation supersensitivity and then desensitisation after
chronic high dose L-dopa medication) (Lee, Seeman, Rajput, Farley & Homykiewicz,
1978) have also been implicated. Other studies suggest that accumulation of certain
L-dopa metabolites, such as 3-methoxy-tyrosine, O-methyl dopa (OMD) which is
excessively high in the plasma of parkinsonian patients with L-dopa/PDI therapy,
might be contributory (Reches & Fahn, 1982; Wade & Katzman, 1975). Despite the
interval between onset of Parkinsonism and emergence of adverse side effects they
appear to be independent of the dose or the duration of therapy (Horstink, Zijlmans,
Pasman, Berger, Korten & van’t Hof, 1990), and whether L-dopa therapy should be
started at the onset of symptoms or as late as possible remains a matter of controversy.
Studies of simultaneous measurement of clinical state and plasma L-dopa have added
to the apparent confusion by showing that the decline of L-dopa efficacy (as well as
the onset of some of its side-effects) is temporally correlated with the start of L-dopa
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therapy and not with the progress of the disease per se (Rinne, 1978; Lesser, Fahn,
Snider, Cote, Isgreen & Barrett, 1979). Other mechanisms, such as permanent
desensitization of postsynaptic dopamine receptors or even neurotoxic effects, have
also been considered responsible for the problems of L-dopa therapy.

L-dopa is now rarely administered without the simultaneous use of a peripheral
decarboxylase inhibitor (PDI) and according to clinical experience the combination
does provide some benefits. These include reduced cost and easier management from
the smaller dosage and less frequent dosage; more rapid achievement and less
oscillation of therapeutic effect and fewer initial side-effects. However, many studies
have found that not only has it failed to reduce the incidence of response fluctuations
but response variations occurred earlier during this form of treatment and persisted for
a longer period after dosage reduction in patients in whom PDI has been combined
with L-dopa from the start of dopa therapy (Marsden & Parkes, 1976; Klawans &
Weiner, 1981; De Jong & Meerwaldt, 1984). It is well-known that PDIs like
benserazide and carbidopa have a profound influence on the pharmacokinetic
behaviour of concomitantly administered L-dopa which is reflected in the enhanced
plasma levels of dopa and OMD and the reduced plasma levels of dopamine and its
metabolites (Kuruma, Bartholini, Tissot & Pletscher, 1972).

It had been expected that monitoring plasma dopa concentration would help to reduce
the incidence of poor or fluctuant response in parkinsonian patients but correlations
between plasma dopa and therapeutic response are equivocal in some instances and
there has been no clear demonstration that the plasma profiles of "on-off patients are
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different from those with a better drug response (Muenter & Tyce, 1971). Of course,
locomotor response in parkinsonian patients should relate more closely to CSF
concentrations of dopa or dopamine than to those in the plasma and it has been
suggested (Hardie, 1990) that the response fluctuations may reflect swings in brain
rather than in plasma L-dopa concentrations.

1.3 AIMS AND OUTLINE OF STUDIES

Despite the widespread use of the rat to study the actions of L-dopa, there has not
previously been a comprehensive investigation of the pharmacokinetic profile of Ldopa, administered alone or after pretreatment with a PDI. Very recently, the report
of Rose et al (1991) suggested that the rat model displays similar peripheral
pharmacokinetics and metabolism of L-dopa to those reported in human studies, and
may be used for further investigations into the pharmacokinetic handling of the drug.

Owing to the central neuropathogenesis of Parkinsonism and the uncertainty of where
dopamine is formed from L-dopa, as discussed above, it is more important to know
what is the fate of L-dopa in brain than in plasma. In addition, not only is further
detailed pharmacokinetic study in plasma and cerebrospinal fluid an essential issue,
but an improved understanding of the relationship between central and peripheral
metabolism of L-dopa and dopamine is also required to elucidate whether the
decarboxylase inhibition by PDIs may be related to the loss of clinical efficacy of
combination therapy in some patients (Boomsma, Meerwaldt, Man-in’t-Veld,

Hovestadt & Schalekamp, 1989). Such information can only be obtained in
experimental animals such as the rat in which extracellular brain levels of dopa and
dopamine can be measured by microdialysis and correlated with plasma levels.
Unfortunately motor response cannot be followed because of anaesthesia, and so the
response and activity of dopamine sensitive neurons in the striatum have to be
measured to correlate with CSF dopa and dopamine and provide an index of dopamine
function.

t

Thus, this thesis attempts to employ the following techniques to investigate some of
the problems authored concerning the actions of L-dopa after intravenous
administration either alone or after pretreatment with benserazide.

A. Intracerebral dialysis combined with HPLC-ECD was used

1)

To monitor the appearance of dopa, dopamine and their metabolites in
perfusates of the striatum (caudate putamen), after systemic administrations of
a single dose of L-dopa (Chapter 3) or 3 graded doses of L-dopa methyl ester
(Chapter 4) and make a direct comparison between this and the time course of
changes in their plasma concentrations before and after benserazide.

2)

To examine the possible formation (increase) of dopamine from systemically
administered L-dopa with and without benserazide outside dopamine neurons
by measuring the levels of dopamine and its metabolites in perfusates from the
hippocampus, a brain area not receiving a major dopaminergic innervation
(Chapter 3).
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B. Extracellular recording striatal neuronal activity was used

1)

To study the response of dopamine sensitive striatal neurons to systemic dopa
with and without benserazide in intact rat (Chapter 5)

2)

To determine if those effects were modified by 6 -hydroxy dopamine
pretreatment (Chapter 6 ).

The techniques authored in A and B were also used to re-evaluate the possible
penetration of dopamine into the CNS (Chapter 7).

C. In vitro brain slices were used

To investigate the effects of high concentrations of OMD on the synthesis and
subsequent spontaneous and K^-evoked release of dopamine formed from dopa in
striatal slices of rat (Chapter 8 ).

It was hoped that these studies would improve our understanding of the synthesis and
action of dopamine formed from dopa in the rat and so in man or in particular those
suffering from Parkinson’s disease.
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2

2.1 INTRODUCTION

Since the objectives of this work were to evaluate the relationship between the central
and peripheral pharmacokinetic profiles of L-dopa in the presence and absence of a
peripheral decarboxylase inhibitor (PDI), to correlate with changes in neuronal
activity, it was necessary to develop techniques which would facilitate the
measurement of dopa and its metabolites in CSF and plasma and the discharge of
striatal neurones. These techniques are described below.

Intracerebral microdialysis was used because it is a unique method of studying
regional neurochemical events within the blood-brain barrier (Tossman & Ungerstedt,
1986) which makes it possible to monitor the release of endogenous substances and
local neurochemical effects as well as the distribution of exogenous compounds such
as drugs, within the brain. This in vivo brain perfusion in combination with highly
sensitive and selective high pressure liquid chromatography (HPLC) with electro
chemical detector (ECD) not only allowed the quantitative assessment of low levels
of neurochemicals in the extracellular medium with reduced incidence of tissue
damage (owing to the closed perfusion system and the small size of probe), but
provided pre-purification of the sample (large molecular weight substances in the
extracellular space being excluded by the semi-permeable dialysis membrane)
(Johnson & Justice, 1983; Sharp & Zetterstrôm, 1992) and allowed continuous sample
collection. Two important consequences of these features are that a preparation can
be used as its own control for release from exactly the same region of brain during
both control and experimental conditions. Conventional extracellular single unit
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recording was used to monitor the response of striatal neurons during induced changes
in extracellular dopa and dopamine concentrations.

In some experiments, when it was necessary to study a specific neurochemical
synaptic effect divorced from other CNS activity, brain slices were used. The slice
preparation retains several properties of intact brain tissue such as the capacity for
calcium-dependent transmitter release (Raiteri, Marchi & Maura, 1984) and synaptic
transmission. In addition, the chemical environment of the incubating media can be
specified and held constant or changed at will. Striatal slices, containing axon
terminals of the dopaminergic nigrostriatal bundle provide a useful experimental
approach to study presynaptic dopamine efflux and examine directly the potentially
toxic effects of L-dopa or its metabolite, OMD, on the synthesis and release of
dopamine.
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2.2 GENERAL PROCEDURE IN VIVO

2.2.1 Animals and anaesthesia

Although it has been suggested that it is better to use conscious animals because the
anaesthetic may influence neuronal activity and neurotransmitter release (Nicoll &
Madison, 1982; McGivern & Scholfield, 1990; Puil & El-Beheiry, 1990), that was not
exploited in the present studies,

I

We considered it more

appropriate to use a

general anaesthetic agent which can provide a very standardized set of experimental
conditions. Halothane and chloral hydrate are two of the most widely used general
anaesthetics in the study of central dopamine neurotransmission but since it has been
reported that halothane produces less marked depressant effects on dopaminergic
transmission than chloral hydrate (Ford & Marsden, 1986), halothane was used as the
general anaesthetic in these studies.

Male Sprague-Dawley rats (200~300g) bred in the Joint Animal House, University
College London, were used. The animals were placed in a perspex box which was
supplied with 4% halothane (Fluothane, ICI) carried in 95% Oj and 5% COj delivered
at a flow rate of 500 ml/min (Fluotec 3’ dispenser, Cyprane Ltd, U.K.) to the box via
one arm of a small polythene Y-piece (Portex, 700/140/000, 2mm i.d., 4mm o.d.). The
waste gas was vented to the outside through the other arm of the Y-piece. Following
the induction of anaesthesia (3-4 minutes), the animal was placed ventral side
uppermost on a heating blanket (Harvard homeothermic blanket. Harvard Apparatus
Ltd., Kent, U.K.) and 2% halothane supplied via a face mask. After the loss of both
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corneal and iimb-withdrawai reflexes, a small ventral incision was made directly along
the line of the larynx. The longitudinal muscles surrounding the trachea were teased
apart to expose clearly the trachea. A 2 cm polythene tubing (Portex, PP220 lOOFT,
2 mm o.d.), which was sealed within the Y-piece assembly described above and cut
obliquely at one end, was inserted into the trachea and tied in place (Fig. 2.1). The
maintenance of anaesthesia was achieved using this tracheal cannula and adjusting the
flow rate of carrier gas to 400 ml/min and the percentage of halothane to 1.0-1.5%.
To allow intravenous drug administration a cannula (Portex 3FG, 0.75mm o.d.), filled
with 0.9% normal saline and connected to a 3-way tap (Baxter, K75B), was inserted
into the left femoral vein.

2.2.2 Stereotaxic procedures

Anaesthetized animals were placed in a stereotaxic frame (Kopf Small Animal
Stereotaxic Model 900) and the head fixed in position with an ear bar in each external
auditory meatus and the snout fastened within an upper incisor bar/nose-clamp
assembly. The skull surface was aligned to be horizontal by adjusting the position of
the head and height of the incisor bar to the interaural line.

A midline incision was made in the skin overlying the dorsal cranium then the flaps
of skin were deflected to either side, the subcutaneous connective tissue and muscles
were dissected down to the skull and bleeding stopped by cauterisation. The position
of the head was then checked to ensure that lambda and bregma were aligned in the
same horizontal plane. Based on stereotaxic brain coordinates (relative to bregma,
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determined by using the atlas of Paxinos and Watson, 1982), holes (2.5 mm o.d.) were
trephined through the skull vertically above either the caudate putamen (rostral
0 .7 -1.0mm; lateral 2.5~3.0mm) or the hippocampus (caudal 5.8mm; lateral
4.5~4.7mm) or substantia nigra (caudal 5mm; lateral 1.9mm)(Fig. 2.2). Using a 25
gauge needle, the dura mater was slit carefully to avoid disrupting the superficial
cerebral blood vessels or the cortical tissue. The cortical surface of the drill site was
bathed with ACSF, which was replenished periodically, to prevent drying out during
prolonged experiments.

outlet (waste gas)

carrier gas (95 %0 2 & 5 % CO2 )
with 1.5% halothane

■>

3-way Y-piece

■> Trachea

Figure 2.1 Surgical preparation for tracheotomy. Trachea of anaesthetized rat was
exposed, isolated and 2 cm of polythene tubing (2 .0 mm o.d.) inserted into the trachea
and tied in place.
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from

2.2.3 Blood pressure, heart rate and body temperature monitoring

In a few experiments (section 7.3.2) arterial blood pressure was monitored to assess
the cardiovascular effects of drugs administered intravenously during the experiment
(Fig. 2.3). A polythene cannula (Portex 3FG, 0.75mm o.d.), filled with 0.9% saline
and heparin (2500 units/ml) and connected to a 3-way tap (Baxter, K75B), was
inserted into the right femoral artery and connected to a pressure transducer (Gould
P23 ID transducer, USA) filled with saline. The output of the transducer was recorded
on a polygraph (Devices, with pressure unit 3552). Monitoring of heart rate was
achieved by placing two needle electrodes (23 gauge) beneath the skin of the chest.
The signal from the electrodes was amplified (Devices lOOOx) and fed to an
audiomonitor (Devices Audio Unit 4010). The output from the audiomonitor was
displayed on a pen chart recorder (Washington 400MD/2, Kent, U.K.). The core body
temperature of the animal was monitored with a rectal probe and maintained at
37±0.5°C through automatic control of the heating current to the blanket (Animal
blanket control unit. Harvard Apparatus Ltd, U.K.).

2.2.4 Preparation of plasma for catecholamines determination

To correlate central and peripheral pharmacokinetics of L-dopa, blood sampling was
conducted concurrently with microdialysis. Blood was collected every 5-min within
the first 20 minutes post drug then at 20 -min intervals from the femoral artery cannula
into 300 pl-polythene vial, 50|il of blood was immediately transferred into ice-chilled
MCC tubes containing 400 pi of 0.9 % saline and 50 pi of 1 M perchloric acid
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2 .3

DETECTION AND ESTIMATION OF CATECHOLAMINES AND METABOLITES
BY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

In this thesis, reversed phase-ion pair chromatography utilizing an electrochemical
detector electrode (HPLC-ECD) was employed for the routine analysis of monoamines
in brain tissues and microdialysates as well as in plasma samples. Measurements were
made by HPLC-ECD without sample extraction or derivatization. A schematic diagram
of the HPLC equipment is shown in Fig. 2.4.

2.3.1 Basic apparatus

The analysis system incorporates a separation mechanism (separation column) and a
highly sensitive detector. All separations were performed at ambient temperature
(20~22°C). The mobile phase was delivered through the reservoir and recirculated at
0.75-1.5 ml/min (for different column age) through a 0.2|im filter assembly
(Whatman, cat no:-6725 5002) and an in-line degasser (Erma, ERC 3510) by an
isocratic pump (SA 64IOC, Severn Analytical) connected to a pulse damper (Severn
Analytical). A conditioning guard cell (5020, ESA), oxidising potential set at 350mV
(Coulochem Model 5100A, ESA) to minimize noise caused by solvent, with an in-line
filter assembly (2\xm graphite, ESA) was connected between the pump and sample
injection station. Monoamine standards, plasma and dialysis samples or tissue samples
were injected onto the analytical column (Spherisorb 50DS, 25cmx4.6mm i.d., HPLC
Technology) by an autosampler (Kontron 465, l~80|il injection volume, fitted with
an ethylene glycol (20 %) cooling system) via an upstream low-volume precolumn
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(Upchurch, C-130-B, 2mm i.d.x 2cm, 0.5|im & 2.0|Lim frits, Perisorb RP-18 30-40|Lim
pellicular). Amines were detected at a high sensitivity analytical cell (Coulochem
Model, 5100A ESA) connected with an in-line filter assembly (0.2p.m graphite, ESA),
oxidised at working potential (D2) 300mV vs Ag/AgCl and the results reported on an
integrator ( Spectra-Physics, SP4400). The D1 oxidising potential was set at 20mV vs
Ag/AgCl to reduce the noise contribution from each sample and to enhance the signalto-noise ratio.

2.3.2 Mobile phase

To optimize the separation of the amines and metabolites, a citric acid-phosphate
buffer mobile phase containing acetonitrile (2 %) as well as (mmol/1): citric acid (60);
disodium hydrogen phosphate (40); sodium heptane sulphonate (1.0); disodium
ethylenediamine-tetra-acetic acid (0.054) was used and continuously recycled through
the system until the background current of D2 became unacceptable (> 0.1 pA). This
was adjusted to pH 2.60 with perchloric acid and filtered (Ultipor-N66 0.1 pm, Pall)
before put on-line. All chemicals were AnalaR or AristaR HPLC grade and prepared
in distilled deionised water.

2.3.3 Assay calibration and sample analysis

According to the report of Zetterstrom and colleagues (1983), the basal extracellular
DA level in the striatum is about 5xlO'®M. Since the recovery of dopamine from
dialysis probe is about 10 % an attempt was made to optimize the assay sensitivity for
dopamine detection and avoid the increase in absolute noise. In practice this was
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achieved using the system in an oxidative screen mode where an oxidising potential
was applied to both the guard cell and the analytical cell. Because the detector gain
could not be changed during an analysis this was set at 500 to 1000 to avoid
saturation of the detector output during the elution of DOPAC and HVA which were
present in much greater quantities than dopamine. In general, the detection limits of
dopa, DA and DOPAC were 0.05-0.10 pmoles (50-100 fmoles) on column, whilst for
OMD and HVA they were 100-200 fmoles. Individual monoamine stock solutions
(lOmM) were prepared from crystalline material dissolved in 0.1 M perchloric acid
and stored at -70°C for up to 2 weeks. Working standard solutions containing mixtures
of the monoamines were prepared by diluting the stock solution in artificial CSF
(containing O.IM perchloric acid) to give final injection amounts (pmoles on column)
of dopa and dopamine (1-10, respectively); DOPAC, OMD and HVA (5-10,
respectively). The system was calibrated to peak area after the response to repeated
injections (at least 3 times) of standards was stable (Fig. 2.5). In general, the
monoamines in the brain dialysates (Fig. 2.6) and plasma samples were stable over a
period sufficient to enable their analysis to be automated. Samples standing on a cold
tray (4°C), with standards amongst them to ensure conditions had not changed, were
run in batches of 20-30 and were analyzed either on the same day or stored at -70°C
and analyzed within a week of the experiment.

The linearity of response was examined over the concentration range 0.1 to 25
pmole/50p.l. Linear regression analysis of the peak area of each catecholamine versus
concentration gave a coefficient of determination of >0.995 in all cases (Fig. 2.7;
Table 2.1).
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Figure 2.4 Schematic representation of the apparatus used in the separation and
detection of monoamines. The solid and dashed lines indicate fluid flow and electrical
connections respectively.
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Figure 2.5 Chromatograms of a standard solution of the following monoamines
(lOpmole in 50 |l i 1): 1, L-dopa; 2, DA; 3, DOPAC; 4, OMD and 5 , HVA. Separation
was achieved on a spherisorb analytical column (5 ODS, 25cmx4.6mm i.d.) using the
mobile phase described in section 2.8 pumped at 1.5ml/min. The gain used on the
electrochemical detector was 990 with applied potentials of 20mV (Dl) and 300mV
(D2). The retention time for the monoamines was 4.48, 5.08, 6.94, 11.26 and 1938
min respectively.
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Figure 2.6 Representative chromatograms of the basal effluxes of DA, DOPAC and HVA from dialysates of striatum (a) and hippocampus
(b) of the rat. A perfusion flow rate of 3|il/min was employed and dialysates were collected every 20 minutes into lOjil IM HCIO4. The
eluted peaks are: (1) dopamine; (2) DOPAC, (3) HVA. The detector gain was 990 and the applied potentials used were 20mV (Dl) and
310mV (D2). The retention time for the monoamines were 4.48, 5.08 and 19.38 min, respectively.
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Figure 2.7 Calibration curves show the linearity of detector output in response to
standard solution (pmole in 50)11) of monoamines (see Table 2.1). The response
(mean±sem, n=4) was measured in terms of peak area. The gain used on the
electrochemical detector was 500.
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Table 2.1 Relationship between the catecholamines concentration with peak
area (see Fig. 2.7).

Compound

Regression equation*

coefficient of
determination (r^)

L-dopa

y= 1.3026x12.8084

0.9953

DA

y= 1.7766x10.0196

0.9988

DOPAC

y=1.0533xl3.2815

0.9996

OMD

y=6.6824x16.5664

0.9999

HVA

y=2.4433xll.0067

0.9999

* regression equation in the form y=ax+b, where y is the peak area, a is the
slope,

X

is the concentration (pmole/50fil) and c is the intercept.

57

2.4 INTRACEREBRAL MICRODIALYSIS

In these experiments, intracerebral microdialysis was performed in rats under
halothane anaesthesia to collect dialysates continuously for analysis. Samples of a few
microlitres were analyzed for endogenous monoamines by means of high performance
liquid chromatography (HPLC) system.

2.4.1 Microdialysis probe construction

Microdialysis probes of vertical concentric design which consist of a hollow fibre
dialysis membrane (cellulose, o.d. 300pm, MW cutoff:5000, Medicell, U.K.) and a
pair of glass micropipettes were used in the present experiments (Fig. 2.9b). Glass
capillary tubes (borosilicate 2.0mm o.d., Jencons Scientific Ltd, U.K.) were pulled
(Fig. 2.8a) under gravity using a glass pipette puller (Levick) and the tips broken to
85-90pm in outer diameter (about 15mm in length) using a small heated glass bead
(Corning 7570) under a standard binocular microscope with an eye-piece graticule
(Fig. 2.8b). An oblique angle (about 45°) was made (Fig. 2.8c) by heating the tapered
tips of half of the pipettes within a coil of platinum wire connected to a 6 V step-down
transformer. The tips were then cut off using a diamond-head glass cutter and inounted
onto 25 gauge needles (Figs. 2.8 d & e). Two of these micropipettes (one straight and
one bent) were positioned and glued (Epoxy-adhesive, RS Components Ltd, U.K.)
onto a 26 gauge aluminum template under a stereo-dissecting microscope (Fig. 2.9).
A tubular hollow fibre dialysis membrane was pulled over and fixed onto the glass
micropipettes and sealed at the other end with glue (Epoxy-adhesive). The active
region of the dialysis membrane was 5.0 mm in length (Fig. 2.9a).
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2.4.2 In vitro recovery of catecholamines

Because the dialysis probe is intended to monitor changes in extracellular levels of
neurochemicals in vivo, the recovery of these substances by the dialysis probes had
to be evaluated in vitro. The dialysis probe was placed into a microcentrifuge tube
(1.5 ml) containing a known concentration (SxlO '^M) of dopa, DA, DOPAC, OMD
and HVA and perfused at speeds of 1.5, 3 and 6 pl/min at 37.0±0.5°C. Recoveries
of these substances into the probe are shown in Fig. 2.10 and expressed in two ways:
absolute recovery is the total amount of a substance recovered in the perfusate per unit
time (i.e. 20 min); relative recovery is the ratio of the concentration of a substance in
the perfusate to its concentration outside tfe membrane. In subsequent experiments,
perfusion at a flow rate of 3|xl/min and collection periods of 20 minutes were chosen
to obtain perfusates containing measurable amounts of catecholamines (i.e. dopamine,
DOPAC and HVA) which would also allow duplicate analyses of undiluted perfusate
when it was necessary.

2.4.3 General microdialysis procedure

The probe was mounted onto the micromanipulator of the stereotaxic instrument with
a holder and carefully implanted into the caudate putamen (rostral 0.7-1.0; lateral
2.5-3.0; ventral 7.0mm) or hippocampus (caudal -5.8; lateral 4.6; ventral 6.5 relative
to bregma). The inlet micropipette was connected to a microinfusion pump (202U/AA
cassette pump, Watson-Marlow Ltd., U.K.) and continuously perfused with artificial
cerebrospinal fluid (ACSF; composition in mM: Na^, 147; Ca^^, 2.3; K^, 4 and C l,
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155.6, pH 6.5) (Sharp, Maidment, Brazell et al, 1984) at a flow rate of 3 |il/min for
1-2 hours before starting any experiment. Changes to ACSF with different
compositions (e.g. Ca^^-free ACSF) could be perfused through the dialysis probe using
a 3-way liquid switch (made by Mr. F. Ballhatchet, Department of Pharmacology,
University College London). The dialysate was collected every 20-min from the outlet
of the probe into a 300)11 polythene tube containing 10 |il of 1 M HCIO4 and standing
on ice. Fifty |il of dialysis sample was assayed by HPLC with electrochemical
detection for dopa, DA, DOPAC, OMD and HVA. The levels of catecholamines and
metabolites were expressed as the absolute amounts appearing in the dialysate
(pmole/50pl dialysate, not corrected for the relative recovery of the probe). In some
experiments, DA, DOPAC and HVA levels in dialysates were expressed as
percentages of the mean of 3 basal levels collected prior to drug administration.

2.4.4 Basal efflux of dopamine and metabolites and calcium dependence

To evaluate the ability of microdialysis to reflect the molecular events of dopamine
neurotransmission, the levels of endogenous DA, DOPAC and HVA appearing in
striatal (caudate putamen) dialysates were monitored and estimated over 5 hours. The
calcium dependence, which is considered to be a prerequisite of exocytotic
neurotransmitter release, of dopamine efflux into striatum dialysates was also assessed.
Fig. 2.11 shows the time course over 5 hours of the basal release of dopamine,
DOPAC and HVA. The efflux of dopamine decreased during the first hour after
implantation but reached a stable value of about 0.16+0.02 pmole/50|il before
declining further after 3 hours. In contrast, DOPAC and HVA effluxes increased

63

during the first hour and after 2 hours they reached a constant level of 17.5+2.1 and
12.3+1.2 (pmole/50|il), respectively. The omission of the Ca^^ from the ACSF and its
replacement with Na"^ resulted in the loss of DA and a rapid fall in DOPAC output
and then HVA (see Chapter 4).

2.4.5 Discussion

In the present study two types of dialysis membrane, vitafibre (acrylic co-polymer
membrane) and cellulose (hollow-fibre membrane, cuprophan), were used in
intracerebral microdialysis. From Fig. 2.10, the relative recovery of dopa, dopamine,
DOPAC, OMD and HVA, achieved with the cellulose membrane at a flow rate of
3}xl/min, was about 9-17%. From the basal efflux levels of dopamine, DOPAC and
HVA detected in dialysates of the caudate putamen, the actual extracellular
concentrations of these substances can therefore be calculated by allowing for their invitro recoveries. The in-vitro recovery performance of the cellulose membrane used
in the present study compared well with catecholamines recoveries obtained by other
workers at a lower flow rate (2|il/min) and at room temperature (Sharp, Zetterstrom
& Ungerstedt, 1986; Moghaddam & Bunny, 1990; Santiago & Westerink, 1990). The
vitafiber membrane, with a relative recovery of only 2-5% did not perform so well
but had to be used in the studies reported in Chapters 3 & 7 because the cellulose
membrane was not available until afterwards.

Fig. 2.6 shows the difference between the basal efflux of catecholamines detected in
dialysates of caudate putamen and hippocampus of the rat. It was seen that only the
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former contained dopamine, DOPAC and HVA. This is not surprising since it is
known that the highest concentrations of dopamine, and its metabolites, DOPAC and
HVA in the CNS are found in the striatum. Likewise, the sparse dopamine innervation
has also been shown since the densities of D, and Dj receptors and the level of
dopamine are very low in the hippocampus of the rat and rabbit as well as the human
brain (Cortes, Gueye, Pazos Probst & Palacios, 1989; Dewar & Reader, 1989).
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Figure 2.1 1 The time course of the basal efflux of DA, DOPAC and HVA detected
in dialysates of the caudate putamen. Values are mean±sem, n=5.
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2.5 EXTRACELLULAR SINGLE UNIT RECORDING

2.5.1

Monitoring of spontaneous activity of single unit striatal neurones

The spontaneous activity of single neurones within the caudate putamen of intact and
6 -OHDA-lesioned rats was recorded using conventional extracellular recording

techniques. Glass-coated tungsten microelectrodes made by Mr A. Ainsworth,
Department of Anatomy, University College London, were used (Merril & Ainsworth,
1972). These had an impedance of 5-10 M fl, were electrically etched to give tips of
20~25p.m in length and platinum tipped to provide low noise single unit recording of
extracellular spike waveforms. The glass-coated electrodes were inserted tightly into
a 25 gauge needle which was mounted vertically on a micromanipulator on the
stereotaxic frame and connected to the headstage (Neurolog NL 100, Digitimer Ltd,
Welwyn Garden City, U.K.) by a short length of unscreened cable.

The animal was grounded to the stereotaxic frame by an unscreened cable using a 19
gauge needle which was inserted beneath the skin of the dorsal cervical region. Both
the stereotaxic frame and the headstage were placed inside an earthed Faraday cage
to reduce electrical interference. Differential recording was performed between channel
A (connected to the recording electrode) and channel B (grounded by a short length
of unscreened cable to the stereotaxic frame) of the headstage with a 5K amplification
(NL104). Electrodes were inserted at 0 .7 -1.0mm anterior to bregma and 2.7mm lateral
to the midline suture according to the atlas of Paxions & Watson (1982). Single unit
recording was commenced from the cortical surface so that accurate depth
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measurements could be made and cortical unit activity could be observed before
reaching the striatum. Striatal units were studied at depths between 3.5 and 6 mm
below the cortical surface. Voltage signals were filtered with a bandpass of 1000 Hz
to 2.5 KHz (-3dB)(NL125). Single units were isolated and selected using a gated
amplitude discriminator (Digitimer D130) which was set to give a standard impulse
whenever the spike amplitude exceed a set threshold. The cumulative spike count was
numerically recorded on an alpha-numeric printer (IPP 144-40, ITT Instruments)
connected to the spike processor and the window output was fed to a calibrated chart
recorder (Servoscribe Is, RE 541) in the form of voltage ramps which was reset every
10 seconds. Fig. 2.12 shows in block diagram the electrophysiological apparatus for
extracellular single unit recording. The waveform of each unit was monitored on a
storage oscilloscope (Tektronix 5A18N) throughout the experiment (see Chapter 5) and
some stored waveforms were displayed on a flatbed X-Y plotter (Hewlett Packard,
7475A) (Fig. 2.13a). In general, the signal at the amplifier (NL104) was inverted to
achieve a more reliable spike discrimination because the action potential was
predominantly negative-going. The absolute noise level of the glass-coated tungsten
in situ was estimated to be 15~20p.V.

2.5.2

Characterisation of units and their activity

The baseline spontaneous activity of the caudate neurons was monitored at least 10
minutes prior to apomorphine test, during which the following electrophysiological
characteristics were monitored; direction of the initial action potential deflection
(positive or negative); action potential duration (msec); action potential amplitude
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(^lV); the waveform (monophasic, biphasic or triphasic) and firing frequency (Hz)
(Napier, Simson & Givens, 1991). The spike counts were averaged over 5-min time
intervals. Mainly, two types of spontaneously active neurons were identified from
individual cells in the caudate putamen of halothane-anaesthetized rat in the present
study (Fig. 2.13a). Type I cells may represent the most abundant type of neuron found
in the caudate putamen although type II neurons are reported to be more sensitive to
the inhibitory effects of iontophoretically-applied dopamine than type I units
(Nisenbaum, Orr & Berger, 1988). In addition, type I units also exhibit more regular
basal firing rate and consistent response to administered drugs. Extracellular single
unit recording was, therefore, performed with type I neurons. In some studies, changes
in blood pressure after drug administrations were monitored to examine that the effects
of administered drugs on spontaneous discharge of neurons were unrelated to the
effect of drugs in periphery (Fig. 2.3).

The majority of neurons tested showed a biphasic, mainly negative-positive action
potential (type I, Fig. 2.13a) with a peak to peak amplitude of 101.5±4.0 |iV, a
duration of 727±30 |is and a firing rate of 1.46±0.05 Hz (n=30). The basal neuronal
firing rate was monitored for at least 10 min before drug administration. Cells were
identified as dopamine-sensitive neurons by intravenous injection of apomorphine
hydrochloride (lOOp-g/Kg), a non-selective dopamine receptor agonist which normally
had transient but significant inhibitory effects on the firing rate of dopaminergic
neurons, at least 40-60 minutes prior to other drug treatment.
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Figure 2.13 Examples of spontaneous action potential wave forms (type I & type II) of extracellularly recorded neurones within the
caudate putamen (CPu)(a). The ordinate and abscissa scales are in units of p.V and ms respectively, positive is up. Examples of firing
patterns of recorded neurons within the CPu (b).
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2.5.3

Effects of drug vehicles and systemically administered apomorphine/
haloperidol on neuronal activity

All drugs were dissolved in either normal saline or acidic saline administered through
the femoral vein cannula in volumes ranging from 0.5 to 1.0 ml/Kg body weight.
There were no significant effects of drug vehicles on the spontaneous activity of
dopaminergic neurons in the caudate putamen (Fig. 2.14 a & b). The response to
apomorphine was measured as the maximum percentage change in the frequency of
firing (over 5-10 min after the injection) compared with basal neuronal activity.
Apomorphine (lOOfig/Kg) caused a 65.5±3.1 % inhibition of cells of the rostral
caudate putamen in 5-10 min (n=10). Full recovery usually was complete 40-60 min
after the initial dose.

The majority of neurons tested (90.5%) were inhibited by apomorphine (Fig. 2.14c)
but if a unit was stimulated by apomorphine, a stimulatory response was also obtained
with L-dopa administration. Neurons exhibiting an inhibitory response after
apomorphine were used in these experiments (Fig. 2.15a). At the end of each
experiment, either 100 or 200pg/Kg of apomorphine was injected to test if the
recorded neuron was still dopamine-sensitive (Figs. 5.5 c & d and 6.7B-d) or 2mg/Kg
of haloperidol (dopamine antagonist) was given to test if the effect of drug could be
reversed by haloperidol (Fig. 2.15b).
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Figure 2.15 Representative rate recordings show the effects of intravenously administered apomorphine (100|ig/Kg)(a) and LDME (b)
and the antagonising effect of haloperidol (2mg/Kg, i.v.)(b) on the activity of dopaminergic neuron in rat caudate putamen.
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2.6 DEGENERATION OF NIGROSTRIATAL TRACT

Some experiments were conducted to assess the effects of L-do'pa administered alone
or in combination with benserazide on striatal dopaminergic neuronal activity in 3
groups of rats subjected to 6 -hydroxydopamine (6 -OHDA) degeneration of the
nigrostriatal tract. They included an acutely lesioned group tested one week after
lesion; a group tested 3 weeks after, and another 3 weeks after lesion and with oneweek subchronic treatment of L-dopa (methyl ester) plus benserazide.

2.6.1 Induction and maintenance of general anaesthesia

Male Sprague-Dawley rats (200~250g) were anaesthetized with Hypnorm (0.3ml/Kg,
i.m.) plus diazepam (2.5mg/Kg, i.p.), placed on a heated blanket and maintained under
anaesthesia during the entire procedure. The anaesthetized (loss of corneal and limbwithdrawal reflex) rat was held in the stereotaxic frame and the skull exposed. The
incision sites and pressure points (snout and area around external auditory meatus)
were infiltrated with local anaesthetic (lidocaine). Corneal drying was prevented by
the application of sterilised distilled water. The entire procedure was carried out under
aseptic condition.

2.6.2 Unilateral administration of neurotoxic drug 6-hydroxydopamine (6-OHDA)

A hole (about 2.5mm in diameter) was trephined through the dorsal cranium vertically
above the precise position of the left substantia nigra (caudal 5.0-5.3 mm; lateral 1.9
mm, relative to bregma according to the atlas of Paxinos & Watson, 1982) (Fig. 2.2B),
the underlying dura was slit carefully with a 25 gauge needle. With the use of the
stereotaxic device, a 0.3mm needle mounted vertically onto the micromanipulator and
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connected with a microinfusion pump was lowered 8 mm ventrally to the substantia
nigra through the small burr hole. 6 -OHDA (Sfig, calculated as a free base in 4pl
saline with 0.2 mg/ml ascorbic acid) was administered through the needle at a rate of
0.8|il/min for 5 minutes, after which the injection needle was kept in place for 4
minutes to allow for complete diffusion of drug. Following 6 -OHDA administration,
the hole was sealed carefully with sterilized bone wax and the incision sutured. The
animal was observed until recovered from anaesthesia.

2.6.3 Behavioral testing

To evaluate the efficacy of dopamine depletion within the striatum, lesioned rats were
tested for rotational behaviours in response to intraperitoneal administrations of either
apomorphine (0.25mg/Kg), or D-amphetamine (2.5mg/Kg) or L-dopa methyl ester
(LDME, 50mg/Kg) with benserazide (Ben, 20mg/Kg) measured in terms of ipsilateral
and contralateral turning (van Horne, Hoffer, Stromberg & Gerhardt, 1992) (Fig. 2.16).
Behaviour testing was initiated at least one week after surgery and performed in a
plastic box (55 x 30 x 15 cm) or the home cage over a 90-minute period. The animals
were tested in random order at least 24 hours prior to the commencement of
extracellular single unit recording. During each trial, rats were allowed to habituate
to the environment for 10 minutes before the administration of drugs. The aniihals also
exhibited stereotypic behaviour such as sniffing, gnawing and rearing as well as
locomotion after drug administrations. The circling behaviour was recorded during a
90-min test with a hand-held counter. Only complete (360°) rotations were counted
and rats which showed less than 60 turns/hr either contralateral or ipsilateral to the
lesioned side were considered to be inadequately lesioned (Pan, Engber, Chase &
Walters, 1990). The number of complete rotations per minute induced by the drugs
is shown in Fig. 6.1, and these results will be discussed in Chapter 6 (section 6.3.1).
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2.7 GENERAL PROCEDURE IN VITRO

2.7.1 Preparation of rat striatal slices

This preparation was used to examine the effect of 3-O-methyldopa (OMD) on the
synthesis and release of dopamine from slices of rat striatum during L-dopa
administration. The technique employed was modified from the method used in this
laboratory (Vellucci & Webster, 1985). It involved a continuous superfusion of striatal
slices in a submersion chamber.

Male Sprague-Dawley rats (200~300g, bred in the Animal House, University College
London), were slightly anaesthetized with halothane (fluothane, ICI) and killed by
cervical dislocation. The brain was quickly removed, rinsed with cold (4°C)
carboxygenated artificial cerebrospinal fluid (ACSF), placed on an ice-chilled Petri
dish and dissected. The bilateral striata were isolated, placed on a teflon platform, cut
coronally into 500 pm slices using a Mcllwain tissue chopper with a safety razor.
Striatal slices were immediately transferred and submerged in ACSF (composition in
mM; NaCl 137, KCl 2.68, CaCl; 2.20, MgCl^ 1.04, Na^HPO^ 0.42, NaHCOj 11.9 and
d-glucose 10), which was aerated with 95% O2 and 5% CO2 and prewarmed to 37°C.
Two slices of striatum with caudate putamen, which corresponded to the area in the
in vivo experiments, were gently transferred by a soft paint brush onto a nylon gauze
disc held in each of four chambers (5mm diameter) of a superfusion apparatus
consisted of a vertical open-ended glass chamber. Each chamber was situated inside
a heating glass jacket through which pre warmed water was circulated (illustrated in
Fig. 2.16). It is known that the quicker the dissection time the better is the slice
preparation but it is also important to note that the speed factor must be counter
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balanced by a gentle and delicate dissection (DiScenna, 1987). It has been suggested
that the speed of dissection seems not nearly so important as the care taken in slicing
and handling the tissue (Dingledine, 1985). In practice, the time between cervical
dislocation and superfusion of slices was approximately 6 minutes, the procedure was
also performed as consistently as possible.

The slices of striatum were completely submerged in 250|i.l of ACSF equilibrated with
95% O2 and 5% CO 2 at 37°C and continuously perfused at lOOpl/min. ACSF was
introduced through the base of each chamber by a Gilson minipuls 2 pump (Anachem,
U.K.) and aspirated off after passing over the slices to keep a volume of 250|il, by a
Watson Marlow pump (MClO, UK). The superfusates were collected into micro
centrifuge (MCC) tubes, surrounded by ice and containing 20)il of IM HCIO4, at 10minute intervals and assayed for dopa, dopamine, DOPAC and OMD by HPLC-ECD.
At the end of perfusion, the two slices in each chamber were transferred into a pre
weighed MCC tube containing 0.5ml of IM HCLO 4, wet weight determined and then
stored at -70°C until analyzed for the tissue contents of dopa, dopamine and DOPAC.

The optimal conditions for parameters such as thickness of slices, number of slices in
each chamber, the flow rate and the time to start experimentation after the on set of
superfusion were determined in pilot experiments. To ensure that the catecholamines
in the slice superfusates came from functional, rather than damaged, monoaminergic
neurons or non-neuronal sources, the calcium-dependency of both spontaneous and
potassium-evoked dopamine and DOPAC efflux from superfused slices was evaluated.
As shown in Fig. 2.17 & 2.18, the depolarizing influence of potassium (40mM) caused
a significant and calcium-dependent increase in the efflux of dopamine with a
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corresponding increase in the level of DOPAC. The exclusion of calcium from the
perfusion medium resulted in a non-significant decline in the basal efflux of dopamine
and DOPAC (by about 42% and 17%, respectively) and induced a significant (p<0.01)
reduction in depolarisation-evoked release of dopamine (and DOPAC) which could be
reversed with re-introduction of calcium to the perfusion medium.

To determine the spontaneous efflux of dopamine and DOPAC, slices of striatum were
superfused for 120 minutes with ACSF at a rate of 100|il/min (see Chapter 8 ). In other
experiments, slices were superfused for 30 minutes under basal conditions to reach a
steady-state (or superfused with ACSF containing OMD) before basal sample
collection for analysis and L-dopa administration. All drugs (e.g. L-dopa and OMD)
were dissolved in ACSF and introduced by changing the superfusion medium for a set
period of time and perfused over the striatal slices at the appropriate concentrations.
For the potassium-evoked release of dopamine, slices were superfused for a control
period of 70 minutes with ACSF and then for 10 minutes with various concentrations
of KCl. Additional potassium chloride was substituted for sodium chloride in the highpotassium ACSF given final concentrations of KCl of 20, 40, 60, 80 and lOOmM.

2.7.2 Estimation of total amounts of catecholamines in striatal slices

At the end of perfusion, the two slices in each chamber were transferred into a pre
weighed microcentrifuge tube containing 0.5ml of IM HCIO4, and their wet weight
determined. Striatal tissue was homogenized in a 2ml glass/teflon homogenizer in 0.5
ml of 1 M ice-cold HCIO4, the homogenizing tube was washed twice with 0.5 ml of
distilled deionised water ( 4 °C ) using 30 strokes of the pestle each time. Homogenate
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and washes were collected into a centrifuge tube and the precipitated proteins removed
by centrifugation for 10 minutes at 13000 r.p.m. (12000g). The supernatant was frozen
at -70°C to await analysis of catecholamine contents.
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Figure 2.16 Schematic diagram of the in vitro striatal slice perfusion apparatus. This
system consists of a small perfusion chamber, perfusion pumps and water bath. The
perfusion medium is warmed by circulating in a flask in the water bath, which also
provides heat to the chamber jacket fluid. Two striatal slices were used in each
preparation.
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2.8 BRAIN TISSUE PREPARATION

2.8.1 Preparation of brain tissue for catecholamines analysis

Following different experiments (e.g. intracerebral dialysis, single unit recording or
without treatment), rats were deeply anaesthetized with 4% halothane. A midline
ventral incision was made, the right atrium cut and the left ventricle slowly perfused
with 20 ml normal saline. After exsanguination, to minimize the influence of drug
residue in blood, the brains were rapidly removed, blotted and placed on an ice cold
glass plate. The cerebral cortex, striatum, hippocampus in both hemispheres and
cerebellum were dissected out with forceps using visible anatomical landmarks. Each
tissue was put into pre-weighed plastic vials containing 1 ml of 1 M H CIO 4, the wet
weight determined and then stored at -70°C. Frozen brain samples were transferred
and homogenized in 2 ml glass/teflon homogenizers in 1 ml of 1 M ice-cold HCIO4.
The homogenizing tube was washed twice with 1 ml of distilled deionised water (4°C)
using 30 strokes of the pestle each time. Homogenates were transferred into centrifuge
tubes and precipitated proteins removed by centrifugation for 45 minutes at 13000
r.p.m. (12000g) at 4°C (Rotor type: 70.1 Ti, serial No. 3E 3466, Beckmen). The
supernatant was frozen at -70°C for analysis of catecholamine contents.

2.8.2 Verification of microdialysis probe placement and the injection side of 6-OHDA

Periodically, at the end of an experiment, the anatomical location of the microdialysis
probe was determined histologically. After removal of the probe, the animal was
deeply anaesthetized with 4% halothane. A midline ventral incision was made, the
right atrium cut, and the left ventricle slowly perfused with normal saline (40-50 ml)
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s t e r e o t a x ic a tla s o f T a x io n s & W a t s o n ( 1 9 8 2 ) . S c a l e bar; 1 m m .
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Figure 2.20 Histological examination of microdialysis probes placement. Coronal
sections of rat striatum (B) and hippocampus (D) stained with cresol violet show the
positions of dialysis probe (arrowed). (A) and (C) represent coronal sections through
the corresponding area and the distances from bregma according to the stereotaxic
atlas of Paxions & Watson (1982). Scale bar: 1mm.

84

2.9 STATISTICAL ANALYSIS

Throughout the thesis all values are expressed as mean±sem (standard error mean),
and the number of observations (n) is also indicated. Statistical tests were carried out
using Statistical Package for the Social Science (SPSS, 1992) and Pharmacological
Calculation System based on "Manual of Pharmacologic Calculations with Computer
Programs", (PHARM/PCS, 1986). Statistics were performed using the Student’s paired
and unpaired t-tests, one-way and two-way analysis of variance (ANOVA) with
repeated measures coupled with F test or Neuman-Keuls test as post-hoc tests when
appropriate. The 5% level was used as the criterion for statistical significance.

Student’s t-test was used to determine statistical differences in levels of tissue
monoamines and metabolites between nigrostriatal degenerated side and intact control
(contralateral side) and all possible pairings of independent and dependent variables.

Areas under the curve (AUC) were determined to compare the values of dopa, DA,
DOPAC, OMD and HVA in striatal dialysates after different treatments, and the
changes of neuronal activity over certain time periods.

Spearman’s rank correlation was used to measure the association between plasma and
cerebrospinal fluid (CSF) levels of L-dopa, dopamine and their metabolites. The
parametric equivalent is the correlation coefficient.
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CHAPTER

3

EFFECT OF BENSERAZIDE ON THE PHARMACOKINETIC PROFILE
AND CENTRAL PHARMACODYNAMICS OF L-DOPA

86

3.1 INTRODUCTION

This chapter sets out to investigate whether the concomitant systemic administration
of a peripheral decarboxylase inhibitor (PDI) with L-dopa affects the subsequent
association between the time courses of plasma and CSF dopa, dopamine and their
metabolites and the effect on the activity of dopamine-sensitive neuron in the caudate
putamen of the rat.

»

For many years, the combination of L-dopa with a PDI has been one of the most
effective treatments available for patients with Parkinson’s Disease. This co
administration allows a considerable reduction in the ultimate required dose of L-dopa,
together with amelioration of certain peripheral side-effects such as nausea, vomiting
and cardiac arrhythmias. It has also been shown that the end-of-dose akinesia can be
reduced by the combination therapy because of the prolonged half-life of L-dopa. Its
advantage of inducing rapid therapeutic response, however, can lead to the earlier and
possibly more frequent onset of involuntary movements (Barbeau, 1973; Lieberman,
Goodgold, Jonas et al, 1975). Long-term studies in large groups of patients receiving
L-dopa plus a PDI have failed to reveal any beneficial influence on the occurrence of
the ‘on-off effect which possibly results from fluctuations in plasma levels of L-dopa
(Pinder, Brogden, Sawyer et al, 1976). Detailed pharmacokinetic studies of plasma and
cerebrospinal fluid are therefore required to investigate the effect of PDIs on the actual
appearance of L-dopa in the caudate putamen after systemic administration.
Consequently I have measured the plasma levels of L-dopa and its metabolites in rats
treated with L-dopa alone or in combination with a PDI (benserazide) and compared
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them directly with those levels measured in dialysates of rat caudate putamen, which
is the most severely affected brain area in Parkinsonian patients. Intracerebral
microdialysis was also performed in rat hippocampus to assess for comparison the
effect of benserazide on the metabolism of systemically administered L-dopa in a
brain area not receiving a major dopaminergic innervation. Whilst microdialysis
provides a measure of presynaptic dopamine function (with superimposed postsynaptic
feedback effects) it dose not reveal changes in the function of postsynaptic
mechanisms controlled by dopamine. In the present study extracellular single unit
recording was therefore used in anaesthetized rats to monitor the change in the activity
of postsynaptic neurons in a dopamine-innervated area after systemic administration
of L-dopa alone or with benserazide.

In this study, L-dopa was given in a dose of 15mg/Kg which is clinically equivalent
to lg/70Kg of body weight of an adult patient, whereas 20 mg/Kg of benserazide
given intravenously is higher than the ratio used clinically for combinations of
benserazide and L-dopa (1:4). This was done to ensure the acute effective blockage
of peripheral but not central dopa decarboxylase activity (Pletscher, 1973; Bartholini,
Burkard, Pletscher et al, 1967; Clark, Oldendorf & Dewhurst, 1973; Pinder, Brogden,
Sawyer et al, 1976).

In some experiments, however, IjuM benserazide was also perfused through the
dialysis probe in an attempt to determine how much of the dopamine, DOPAC and
HVA in striatal dialysates came from administered dopa that had entered the CNS.
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3.2 RESULT

3.2.1

Effects of benserazide on plasma levels of dopa, dopamine and their
metabolites after intravenous administration of L-dopa

Neither dopa, dopamine nor any of their metabolites was clearly detectable in the
plasma of untreated animals which agrees with the results obtained by other workers
(Baruzzi, Contin, Albani et al, 1986; Dousa & Tyce, 1988; Westerink, De Vries &
Duran, 1990; Armando, Grossman, Hoffman et al, 1991). Following the intravenous
administration of L-dopa (15mg/Kg), an immediate (within 5 minutes) and significant
increase in the level of plasma dopa was produced which remained above 50 pmole
(1 pmole/litre plasma) for more than 3 hours. When the same dose of L-dopa was
given 20 minutes after benserazide (20mg/Kg) administration, plasma dopa level
increased more sharply within 5 minutes and was significantly higher than that after
L-dopa alone for 3 hours (peak level in pmole/50|il plasma: 333+21 vs 125+39,
p<0.01) (Fig. 3.1 A).

After L-dopa alone dopamine rose dramatically (but transiently) in plasma within 10
minutes to 523+ 143 (pmole/50pl plasma) before falling after 1 hour (Figure 3.2A).
Plasma DOPAC (138±85) and HVA (72±19) also peaked within 5 and 15 minutes
respectively and gradually decreased afterwards (Figs. 3.3A & 3.4A). In contrast, after
L-dopa administered with benserazide, very little dopamine and DOPAC was found
in plasma but HVA gradually and smoothly rose after 1 hour. Apart from the
differences described above, the most striking feature of these results was the rapid
rise and the much higher level of OMD (5-6 folds, 504+51 vs 80+30) appearing in
the plasma after a single dose of L-dopa administered in the presence of benserazide
compared to after L-dopa alone (Fig. 3.5A).
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3.2.2

Effects of benserazide on extracellular levels of dopa, DA and metabolites
in the caudate putamen after intravenous L-dopa administration

Basal effluxes (pmole/50p,l dialysate) of dopamine and its major metabolites DOPAC
and HVA into dialysates of the caudate putamen are shown in Table 3.1, (also see
section 2.4.4). Dopa was not detected in the dialysates before drug administration.

Figs 3.1-3.5 (B) present the changes in the extracellular CSF levels of dopa, dopamine
and their major metabolites DOPAC, HVA and OMD in the caudate putamen
following L-dopa alone and L-dopa administered after benserazide pretreatment.
Benserazide was not detected in the dialysates. After L-dopa was injected alone very
little dopa was detected in CSF (0.10+0.00) (Fig. 3. IB) but it produced a transient and
significant rise in CSF dopamine (1.88±0.80, p<0.05) (Fig. 3.2B) which paralleled its
plasma level (Fig. 3.2A) and returned to basal level within 40-60 minutes. By
contrast, in benserazide pretreated animals, L-dopa administration produced an
enormous increase in CSF dopa (peak: 1.60+0.30) which remained higher and lasted
for 3 hours throughout the recording period (Fig. 3.IB) but no increase in CSF
dopamine.

The CSF levels of DOPAC and HVA increased following L-dopa administration both
in the presence and absence of benserazide pretreatment. With L-dopa alone, CSF
levels of DOPAC (12.78+1.81) and HVA (4.83+0.59) peaked 20 and 40 minutes after
dopamine. When the same dose of L-dopa was given 20 minutes after benserazide,
although very little DOPAC and HVA had been found in plasma (Figs. 3.3A & 3.4A)
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they appeared in CSF at similar levels (Figs. 3.3B & 3.4B) to those seen after L-dopa
alone (DOPAC: 11.15+1.47; HVA:6.94±1.32) but with a further delay (40 and 60
minutes, respectively) and the elevated levels lasted over a longer time period.
Although some OMD became detectable in CSF after L-dopa administration, there was
a rapid and much larger increase after L-dopa given with benserazide. This increase
lasted throughout the recording period and was significantly higher than that with Ldopa alone (Fig. 3.5B).

»

The degree of association between plasma and CSF levels of dopa, dopamine and their
major metabolites after single dose of L-dopa in the absence or in the presence of
benserazide was determined using Spearman’s correlation and summarized in Table
3.2. When L-dopa was given alone, significant and positive correlations were observed
between plasma and CSF levels of dopamine, DOPAC and OMD whilst there was no
significant correlation between plasma and CSF dopa. After L-dopa was given in the
presence of benserazide, significantly positive correlations were also observed between
plasma and CSF levels of dopa, DOPAC, HVA and OMD. A significantly (p<0.01)
negative association between plasma and CSF dopamine was found, although little
dopamine appeared in CSF or plasma after L-dopa with benserazide.
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Figure 3.1 The time-course of changes in plasma (A) and striatal CSF (B) levels of
dopa after a single dose of L-dopa. Animais were treated intravenously with 15mg/Kg
of L-dopa alone (open symbols, n=4) or with the same dose of L-dopa given 20 min
after benserazide (20 mg/Kg)(filled symbols, n=5). Arrows represent the injection of
saline (S), benserazide (B) or L-dopa. Values are pmole/50pl plasma or pmole/50pl
dialysate (mean±sem, n=4 or 5). Statistical significance (versus basal data) was
assessed using paired t-test (★, p<0.05; *, p<0.01).
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Figure 3.2 The time-course of changes in plasma (A) and striatal CSF (B) levels of
dopamine after a single dose of L-dopa. Animals were treated intravenously with
15mg/Kg of L-dopa alone (open symbols, n=4) or with the same dose of L-dopa given
20 min after benserazide (20 mg/Kg)(filled symbols, n=5). Arrows represent the
injection of saline (S), benserazide (B) or L-dopa. Values are pmole/50p.l plasma or
pmole/50pl dialysate (mean±sem, n=4 or 5). Statistical significance was assessed using
paired t-test (*, p<0.05; **, p<0.01 versus basal data) and Student’s t-test (#, p<0.05
versus L-dopa with benserazide).
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Figure 3.3 The time-course of changes in plasma (A) and striatal CSF (B) levels of
DOPAC after a single dose of L-dopa. Animais were treated intravenously with
15mg/Kg of L-dopa alone (open symbols, n=4) or with the same dose of L-dopa plus
20mg/Kg of benserazide (filled symbols, n=5). Arrows represent the injection of saline
(S), benserazide (B) or L-dopa. Values are pmole/50|il plasma or pmole/50)il dialysate
(meantsem, n=4 or 5). *, p<0.05; **, p<0.01 significant difference from basal data;
and #, p<0.05 versus L-dopa alone.
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Figure 3.4 The time-course of changes in plasma (A) and striatal CSF (B) levels of
HVA after a single dose of L-dopa. Animais were treated intravenously with 15mg/Kg
of L-dopa alone (open symbols, n=4) or with the same dose of L-dopa given 20 min
after benserazide (20 mg/Kg)(filled symbols, n=5). Arrows represent the injection of
saline (S), benserazide (B) or L-dopa. Values are pmole/50p,l plasma or pmole/50jil
dialysate (mean±sem, n=4 or 5). *, p<0.05; **, and subsequent data p<0.01 versus
basal data; ★, p<0.05; ★★, p<0.01 significant difference between L-dopa alone and
with benserazide.
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Figure 3.5 The time-course of changes in plasma (A) and striatal CSF (B) levels of
OMD after a single dose of L-dopa. Animais were treated intravenously with 15mg/Kg
of L-dopa alone (open symbols, n=4) or with the same dose of L-dopa 20 min after
benserazide (20mg/Kg) (filled symbols, n=5). Arrows represent the injection of saline
(S), benserazide (B) or L-dopa. Values are pmole/50pl plasma or pmole/50pl dialysate
(mean±sem). Statistical significance was assessed using paired t-test (*, ★ and
subsequent data, p<0.01 versus basal data and L-dopa alone respectively.
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Table 3.1 Basal efflux of dopamine, DOPAC and HVA estimated in dialysates
of the caudate putamen and hippocampus. Values are pmole/SOpl dialysate
mean±sem).

DOPAMINE
DOPAC
HVA

caudate putamen
(n= 8 )

hippocampus
(n=4)

0.10±0.03
6.37±1.30
2.61+0.31

0.07+0.01
0.03+0.00
0.31+0.15

Table 3.2 Correlation of plasma and CSF levels of dopa and dopamine and
their metabolites in the rat after L-dopa administration.

L-dopa alone
n

r/

P

L-dopa plus benserazide
n

Ts

P

dopa

9

0.050

0.897

17

0.914 0 .000 **

DA

10

0.669

0.035*

18

-0.645 0.004**

DOPAC

14

0.651

0 .012 *

18

0.556 0.017*

HVA

13

0.668

0 .012 *

18

0.911 0 .000 **

OMD

10

0.951

0 .000 **

17

0.580 0.015*

9

0.941

0 .000 **

17

0.632 0.006**

dopa/DA^

§ Spearman’s correlation coefficient
t correlation of plasma dopa and CSF dopamine
* p<0.05; **, p<0.01 significant association between plasma and CSF level
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3.2.3 Effect of L-dopa on hippocampal extracellular levels of DA and its metabolites

The basal levels of catecholamines were almost undetectable in dialysates of
hippocampus (Table 3.1). When 15mg/Kg of L-dopa was given little dopa was
detected in dialysates after 20 minutes (Fig. 3.6 A) but there was an increase in
extracellular level of dopamine within 20 minutes which returned to the basal level
after 60 minutes (Fig. 3.6B). When L-dopa was injected again but 20 minutes after
benserazide, CSF dopa peaked immediately but the level of dopamine was not found
to be increased for 60 minutes after L-dopa administration (Fig. 3.6B). The time
course of changes in the levels of DOPAC and HVA followed the same pattern with
that in caudate putamen (Fig. 3.6 A) whilst there was no increase in levels of DOPAC
or HVA observed after L-dopa plus benserazide. OMD became detectable 40 minutes
after the first injection of L-dopa then a continuous and a more pronounced increase
was observed after L-dopa plus benserazide administration (Fig. 3.6C).

3.3

Effect of benserazide on L-dopa inhibition of spontaneous discharge of
neurons in the caudate putamen

Activity was recorded from six dopamine-sensitive neurons in rostral caudate putamen
of rats prepared as previously described, both before and after systemically
administered L-dopa in the absence and presence of benserazide (one cell per animal).
Cells which displayed the characteristic waveform and firing pattern of dopamine
sensitive neurons (section 2.5), and exhibited a stable baseline firing rate (at least for
10 minutes recording) and were significantly inhibited by apomorphine (100 |ig/Kg)
then recovered within 40-60 minutes, were selected. The spontaneous discharge rates
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were in the range 11.9-40.3 (mean±sem: 20.8±4.2, n= 6 ) spikes/10 seconds. No effect
of the drug vehicles (up to 1.0 ml/Kg) used to dissolve apomorphine (normal saline)
and L-dopa (acidic saline) was seen on the spontaneous activity of dopaminergic
neurons in the rostral caudate putamen (see Fig. 2.14 in section 2.5.3), thus, the effects
on neuronal activity of L-dopa, either alone or in combination with benserazide, were
monitored immediately after its administration.

Alone, L-dopa produced a partial inhibition of spontaneous firing within 5 minutes.
This inhibition was maintained for 15 minutes before the neuronal activity gradually
recovered close to basal firing rate approximately 60 minutes after the injection (Fig.
3.7). Twenty minutes after benserazide (20mg/Kg) administration, which did not
modify the spontaneous discharge of the neurons, the same dose of L-dopa was found
to produce not only less inhibitory effect on neuronal firing but surprisingly also
stimulation of spontaneous firing within the first 5 minutes in 4 (of 6 ) recorded
neurons (Fig. 3.8). The overall inhibition after L-dopa plus benserazide within 60
minutes was significantly less than that after L-dopa alone (F[l,22]=3.959, p<0.005,
twoway ANOVA).
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3.4

Effects of CSF benserazide on extracellular levels of dopa and its
metabolites in caudate putamen after intravenous L-dopa administration
alone or in combination with benserazide

Two hours after the implantation of the dialysis probe, IpM benserazide was
introduced into the perfusion medium (ACSF) and continuously perfused through the
probe throughout the experiment. After 2-hour perfusion with benserazide (to allow
a proper diffusion of the drug), basal efflux of dopamine into dialysate of caudate
putamen declined gradually. Basal levels of DOPAC and HVA reached a steady state,
whilst dopa and OMD remained undetectable in the dialysate.

After L-dopa (15mg/Kg) was injected intravenously, a fluctuating increase in CSF
dopa was observed (Fig. 3.9A), it was difficult to detect consistently CSF dopamine
in dialysate (data not shown). CSF DOPAC and HVA slightly increased within 20
minutes falling to basal levels in 60 and 120 minutes, respectively and they were
significantly lower than those without benserazide in the perfusate (Figs. 3.9 C & D)
whilst OMD became detectable (Fig. 3.9B). When the same dose of L-dopa was given
20 minutes after benserazide (20mg/Kg), immediate and more pronounced increases
in CSF dopa and to some extent OMD (than without central inhibition of decar
boxylation, Figs. 3.1 & 3.5) were found and their levels remained above 1 and 3
pmole (in 50|il dialysate) for 3 hours (Figs. 3.9A & B) but little CSF dopamine was
detected (Fig. 3.9B). DOPAC and HVA appeared in CSF at the levels seen after Ldopa alone but 60 minutes later (Figs. 3.9C & D).
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implantation of dialysis probe. Values shown are mean±sem (n=4 in each group). Ldopa (15mg/Kg) was injected intravenously alone (open symbol) or 20-min after
intravenous benserazide (20mg/Kg) pretreatment (closed symbol).
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Figure 3.9B Effect of l|iM benserazide on CSF levels of dopamine (DA) and OMD
in caudate putamen after L-dopa injection. The drug was added to the perfusion
medium 2 hours after the implantation of dialysis probe. Values shown are meantsem
(n=4 in each group). L-dopa (15mg/Kg) was injected intravenously alone (open
symbol) or 20-min after intravenous benserazide (20mg/Kg) pretreatment (closed
symbol).
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3.5 DISCUSSION

The findings in these experiments suggest that benserazide, a peripheral dopa
decarboxylase inhibitor (PDI), not only has a profound influence on the pharmaco
kinetic profiles (central and peripheral) of concomitantly administered L-dopa but also
modified its effects on the activity of dopamine-sensitive neurons in the intact striatum
of the rats.

The present study using intracerebral dialysis in combination with small-volume (less
than lOOpl) bloodletting not only allows the direct correlation of plasma and CSF
levels but achieves two important advantages. Firstly, the CSF levels of dopa and
dopamine obtained from the dialysates more closely represent the amount of
neurotransmitter actually available at dopamine receptors than with plasma
measurements and thus serve as a more direct measure of the physiological effects of
the administered L-dopa. Secondly, each animal serves as its own control, because
dopa, dopamine and their metabolites can be measured before and after L-dopa
administration and these levels can be simultaneously compared between plasma
samples and dialysates of interested area. Moreover, since benserazide can be detected
by HPLC with electrochemical detection, which was used routinely to analyze the
dialysis samples, if there was any benserazide appearing in the CSF samples after its
systemic administration it would have been observed from the chromatogram.

There can be no doubt that benserazide given with L-dopa inhibited its peripheral
decarboxylation, since the plasma level of dopa increased more significantly and lasted
longer than that after the same dose of L-dopa given alone (Fig. 3.1). The plasma
levels of dopamine, DOPAC and HVA were also significantly reduced (Figs. 3.2, 3.3
& 3.4), despite the dramatic increase in plasma OMD (Fig. 3.5), a metabolite of dopa
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via catechol-O-methyl transferase (COMT) pathway. All these results suggest that
dopa decarboxylation was effectively inhibited by the concomitant administration of
benserazide.

As expected, pretreatment with benserazide produced a more pronounced and
prolonged elevation in the extracellular CSF level of dopa in caudate putamen than
that after L-dopa alone (Fig. 3. IB). Surprisingly, however, although dopa alone
increased CSF dopamine there was no such increase after dopa with benserazide but
DOPAC and HVA increased both in the presence and absence of benserazide
pretreatment (Figs. 3.3B & 3.4B). These results are consistent with that observed by
Zetterstrom et al (1986). They described a short-lasting increase of extracellular
dopamine in normal striatum after administration of L-dopa (20mg/Kg, s.c.) in the
absence of a PDI. A striking effect of benserazide was the significant and rapid
increase in both plasma and CSF OMD (Fig. 3.5). When L-dopa was given 20 minutes
after benserazide, the rises in striatal CSF DOPAC and HVA were greater than after
L-dopa alone but peaked 40 and 60 minutes later (Figs. 3.3B & 3.4B). This suggests
that if the rate of DOPAC and HVA formation is indicative of dopamine synthesis
from dopa in the CNS then the source of the much earlier rise in DOPAC and HVA
after L-dopa alone, when little dopa appears in the CNS, must be different. This raises
the question of the origin not only of DOPAC and HVA but of CSF dopamine after
L-dopa alone but not after L-dopa plus benserazide. The simplesttKoujfi controversial^
explanation, is that since CSF dopamine parallels plasma dopamine after dopa alone
it can actually cross the blood-brain barrier (BBB) (Chang & Webster, 1993) and is
converted to DOPAC and HVA to give their early appearance in CSF.

It is possible that the time course of the metabolites, DOPAC and HVA, is affected
by the fact that the initial inhibition of peripheral decarboxylase by benserazide would
disappear within 2 hours of medication due to its short plasma half-life (about 2
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hours). However, striatal DOPAC and, to a lesser extent, HVA had already peaked by
2 hours after L-dopa with benserazide. In addition, plasma levels of dopamine and
DOPAC did not increase after 2 hours although the level of plasma dopa was still high
(about 200 prhole/50 |il plasma) but HVA rose smoothly from the time of drug
administration. Another possible factor is that after the peripheral decarboxylation of
L-dopa was blocked by benserazide, the large rise in plasma OMD could compete
with dopa for the transport into the brain and so, reduce its ability to increase CSF
dopamine, DOPAC and HVA but the rise in CSF dopa both after L-dopa alone or with
benserazide was earlier than that in CSF OMD. Moreover, Fahn (1974) and Luquin
et al (1989) have failed to find any correlation between changes in circulating OMD
and motor performance.

The above discussion and the positive correlation between CSF and plasma dopamine
(p<0.04) and DOPAC (p<0.02) after L-dopa alone and the delayed rise in CSF
DOPAC and HVA after L-dopa with benserazide raise the possibility that immediately
following L-dopa administration in the absence of benserazide, dopamine was formed
peripherally by the rapid conversion of a major portion of L-dopa and crossed into the
brain. How this could occur is not clear since it has always been thought that
dopamine itself is not sufficiently lipid soluble to enter the brain. It was noted that
when L-dopa was given with benserazide, the time course of the rises in CSF DOPAC
and HVA after L-dopa administration were delayed. This delay may suggest that the
rate of CSF DOPAC and HVA formation after L-dopa with benserazide was slower
than that after L-dopa alone. If dopamine was formed peripherally following L-dopa
alone and crossed the blood-brain barrier into the cerebral synaptic cleft, it would be
taken up into dopaminergic neurons very quickly and/or metabolized by MAO and
COMT to form DOPAC and HVA. In contrast, after L-dopa was given with
benserazide, L-dopa itself could be taken up into dopaminergic neurons in the CNS,
converted to dopamine and then metabolized to form DOPAC and HVA. Therefore
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a delay, as observed in the accumulation of DOPAC and HVA in striatal dialysate
would be expected.

The metabolic fate of L-dopa, given alone then after benserazide, was also found to
be similar in hippocampus, a brain area not receiving dopaminergic innervation. After
L-dopa alone, little dopa was detected and OMD only became detectable 40 minutes
after L-dopa administration while the extracellular levels of dopamine, DOPAC and
HVA in hippocampus increased significantly. In contrast, 60 minutes after L-dopa
being given with benserazide, although there was a profound increase in CSF dopa
there were no significant increases in extracellular levels of dopamine, DOPAC and
HVA. From these results it would appear that the dopamine, DOPAC or HVA
appearing in hippocampal perfusates after intravenous L-dopa alone was not
synthesized there because when L-dopa was given with benserazide although more
dopa appeared in the perfusates there was much less dopamine, DOPAC and HVA
which reflected the situation in plasma. Whilst this indicates that a brain area without
a dopamine innervation cannot synthesize dopamine (or DOPAC, HVA) from dopa
it also provides further evidence that these substances can appear in the brain without
being synthesized in dopamine terminals or even within the CNS. Unfortunately these
observations were made in experiments done simultaneously with extracellular
recording in the striatum and the time for collecting samples may not have been long
enough to observe the increases in HVA (and DOPAC), which can be delayed for 40
minutes although increased OMD was seen immediately after L-dopa/benserazide
administration. Again a striking feature is the appearance of dopamine in the
hippocampus after dopa alone, when dopamine is formed in the plasma, but not after
dopa with benserazide when it is not. It has been shown (Kuruma, Bartholini, Tissot
et al, 1972) that in rat striatum and hypothalamus, 2mg/Kg L-[^"^C]dopa in combination
with 3mg/Kg benserazide caused a greater increase of labelled catecholamines (about
130 and 120% respectively, after 2 hours) than 20mg/Kg L-dopa alone (100%). This
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of course did not distinguish between dopa and dopamine, etc and was for tissue
content rather than CSF levels. Also, the rise due to the combination of L-dopa with
benserazide in the other brain regions was not significantly different or slightly lower
than after dopa alone (e.g. hippocampus).

Since the proposal that dopamine can cross the BBB is a rather radical one, alternative
explanations for the correlation between plasma and CSF dopamine must be
considered. An obvious one is always a doubt that the so-called extracerebral
decarboxylase inhibitors may still cross the blood-brain barrier to inhibit central
decarboxylation of L-dopa in some degree although the report of Pletscher and Gey
(1963) suggested that in the brain of mice and rats doses as high as 840mg/Kg
benserazide i.p. could only cause a small but significant decrease of NE content (about
20%, p<0.01) after 4 hours. The study of Schwartz, Jordan & Ziegler (1974)
determining the total radioactivity over the 24 hours following administration of
benserazide has indicated that concentrations of benserazide in the brain was from 1.1
to 5.5% as a percentage of that simultaneously determined in plasma. To assess the
possible central inhibition of dopa decarboxylase by benserazide, l|xM benserazide
was therefore continuously perfused through the dialysis probe in the striatum for 2
hours before L-dopa administrations. This was considered equivalent to the amount
possibly reaching the brain tissue after 20mg/Kg of benserazide given intravenously
(calculation was based on the suggested percentage of the concentration of benserazide
reaching the CNS compared with the possible recovery of benserazide through the
dialysis probe). If intravenous benserazide (20 mg/Kg) could achieve the same CSF
concentration as with IfxM in the perfusate then the changes in CSF levels of DOPAC
and HVA in the striatal dialysate after intravenous injections of L-dopa and
benserazide should have been similar with those seen with local perfusion of
benserazide. In fact this was not the case, because l|iM benserazide in the CSF unlike
20 mg/Kg i.v. virtually abolished the appearance of dopamine, DOPAC and HVA in
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the CSF. The residual increase in DOPAC and HVA remaining followed the same
time course, but as suggested by Pletscher and co-workers (1963), could represent
DOPAC and HVA that had diffused from other areas without being affected by the
local perfusion of benserazide rather than being derived from L-dopa undergoing nonenzymatic decarboxylation in the striatum. What these experiments indicate, however,
is that if after CSF benserazide there is no dopamine and very little DOPAC or HVA
appearing in striatal perfusates after intravenous L-dopa alone then they must be
synthesized from dopa locally (in nerve terminals) rather than crossing the BBB from
the plasma as suggested above. This would not be affected by the fact that benserazide
can inhibit both the enzymatic conversion of dopa to dopamine and non-enzymatic
decarboxylation in the absence of tissue (Vogel, Mahoney & Hare, 1972). The
finding that after 2-hour central perfusion with benserazide there was no increase in
plasma levels of dopamine, DOPAC and HVA after intravenous L-dopa (data not
shown) implies that benserazide may have diffused out of the striatum and effectively
inhibited both central and peripheral decarboxylation. Clearly the use of CSF
benserazide has not resolved the issue whether dopamine can cross the BBB.

What is most surprising about these experiments is that although plasma and
especially CSF dopa levels are significantly higher after L-dopa is given with
benserazide than alone the inhibition of striatal neuron firing is much less. In fact after
benserazide the only effect of dopa was a transient (5 min) increase in firing.

Unfortunately firing was only monitored for one hour and so possible subsequent
changes which might reflect the later increases in CSF DOPAC and HVA could have
been missed. Nevertheless, the observed inhibition in firing which was seen after Ldopa alone peaked at 15 min and was almost over within 60 min. This did not
correlate with CSF dopa, the levels of which were very low, but did match CSF
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dopamine and DOPAC. It could be argued that the dopa had been so quickly
converted to dopamine and DOPAC that it was not detectable but if the inhibition of
firing is dopamine mediated (apomorphine has the same effect) then it is difficult to
explain why when more dopa appears in the CSF, after it has been given with
benserazide, there is not a greater inhibition of firing. One answer is that because no
dopamine is seen in the CSF after this administration of L-dopa then the inhibition
seen after L-dopa alone is due to the dopamine arriving in the striatum from the blood.
Alternatively it could be that the inhibition of striatal neuron firing, although seen
with dopamine agonists like apomorphine, is not dependent on nigrostriatal neuron
activity. In relation to the time course of motor function in Parkinsonian patients the
early rise in CSF and plasma DA could be considered to reflect more the early
dyskinesia seen after L-dopa rather than the reduction in akinesia which is generally
achieved over 3 —4 hours. The difficulty here is that dyskinesia can be more
pronounced after L-dopa with a PDI. This will be discussed further in Chapter 9.
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CHAPTER

4

EFFECT OF L-DOPA METHYL ESTER ON EXTRACELLULAR LEVELS
OF DOPA, DOPAMINE AND THEIR METABOLITES IN STRIATUM OF
INTACT RATS
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4.1 INTRODUCTION

In the preceding chapter attempts were made to assess the association between the
peripheral and central (striatal) pharmacokinetics of a single dose of L-dopa, which
corresponded to the usual dose given in patients, and also its effect on the spontaneous
discharge of striatal neurons after intravenous administration alone or with
benserazide. Since the dosage of L-dopa increases in long-term therapy, it was also
important to follow the effects and the fate of increased doses of dopa. The validity
of any observed effect is also enhanced if it can be shown to be dose related.
Unfortunately L-dopa could not be dissolved at the concentrations, that were required
in order to administer higher doses. It was therefore necessary to use the methyl ester
of L-dopa, i.e. L-dopa methyl ester (LOME). Three doses of L-dopa methyl ester
(LDME) calculated as the free base equivalent to 15, 50 and 100 mg/Kg of L-dopa
were used.

Thus, the present study was undertaken to explore: (1) The dose-related biotrans
formation of L-dopa (methyl ester) in the plasma and the extracellular compartment
of the brain after systemic administration. (2) How the concomitant administration of
benserazide influences the central (caudate putamen) and peripheral (plasma)
pharmacokinetic profile of LDME and affects the amount of LDME metabolites in
brain tissues. (3) Whether the high plasma OMD with higher doses of LDME would
actually affect the entry of dopa into the brain and (4) The nature of L-dopa-induced
DA increase in the absence and presence of benserazide.
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To facilitate the above objectives the following investigations were also undertaken.
In addition to intracerebral dialysis to correlate CSF with plasma levels of dopa and
their metabolites after LDME alone or with concomitantly administered benserazide
these catecholamines were also measured in rat brain tissue at a dose equivalent to 50
mg/Kg dopa five hours after its intravenous administration.

Since it has been suggested that OMD, which is a long-lasting metabolite of L-dopa
that accumulates in plasma during chronic therapy, could act as a competitive inhibitor
of L-dopa at the active transporter of L-dopa across the blood-brain barrier its plasma
level was artificially increased. In this study, LDME (50 mg/Kg) alone and with
benserazide were therefore given to animals with high plasma OMD produced by two
intraperitoneal pre-treatments of LDME (50 mg/Kg) plus 20mg/Kg benserazide within
the 24 hours prior to the experiment to investigate if to be resulting high levels of
plasma OMD would affect the appearance of dopa and dopamine in the striatum.

According to the results obtained with L-dopa alone (Chapter 3), there is a good
correlation between CSF and plasma dopamine whilst after L-dopa with benserazide,
despite increased plasma and CSF dopa there was little dopamine (or DOPAC, HVA).
One explanation offered was that a certain amount of dopamine, despite its poor lipid
solubility, could possibly cross the blood-brain barrier and enter the brain via some
unknown transport mechanism. Thus any increased CSF DOPAC and HVA formed
after L-dopa with benserazide would have to derive from dopamine that has been
newly synthesized from exogenous L-dopa inside the neurons and then released. If that
is so then that appearance of DOPAC and HVA should be calcium dependent. Thus,
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constant perfusion of calcium-free ACSF through the dialysis probe was used to
evaluate the possible difference in calcium dependency between the origins of
increased dopamine or its metabolites in the dialysates of rat caudate putamen after
L-dopa alone and with benserazide.

4.2 RESULT

4.2.1

Dose-dependent biotransformation of L-dopa methyl ester (LDME)

Average basal efflux (pmole/50pl dialysate) of dopamine and its major metabolites,
DOPAC and HVA into dialysates of the caudate putamen were similar among the
different experimental groups (Table 4.1). Basal levels of dopa and OMD were still
undetectable in untreated animals, despite an insignificant increase in CSF dopa seen
after benserazide pretreatment. Intravenous administration of LDME (15, 50 and 100
mg/Kg) produced significant, dose-dependent increases in the peak levels of dopa,
dopamine and their metabolites DOPAC, HVA and OMD in plasma (Fig. 4.1) as well
as in the dialysates of the caudate putamen (Fig. 4.2) except that the changes in CSF
dopamine were unexpectedly fluctuant. Fig. 4.3 (A ~ E) shows the association between
dose of LDME and the total increased plasma and CSF concentrations of all five
substances measured as the area under the concentration time course curve. The
correlation coefficients for the analysis are listed in Table 4.2. The better correlations
were found between dose and CSF dopa (r=0.996), CSF dopamine (r=0.999) (despite
the fluctuations) and plasma dopa (r=0.994), DOPAC (r=0.992) than for the other
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Table 4,1 Basal and peak levels in plasma (P) and caudate putamen dialysates (C) of dopa, dopamine, DOPAC, HVA and OMD after intravenous
administrations of L-dopa methyl ester (LDME) alone or with benserazide. Values are mean±sem of n estimations (pmole/50pl). Doses in mg/Kg
are shown in brackets. Benserazide was given 20 minutes before L-dopa administration.
LDME(50)

LDME(15)
basal (n=5) peak
DOPA
DA
DOPAC
HVA
OMD

P
C

-

714+87
0.47+0.05

P
C

0.06+0.01

P
C

29.11+2.63

P
C

22.87+3.70

P
C

-

-

basal (n=5) peak

LDME(50)
plus benserazide(20)
basal (n=5) peak

-

1010+116
1.90+0.20

0.40+0.20
-

3303+129
11.75+1.11

9.60+2.80
0.10+0.04

0.24+0.18

42+7
0.50+0.14

0 .11+0.11

51+15
37.66+3.44

23.10+3.60

232+16
42.20+6.50

22.05+2.84

329+19
43.38+5.69

-

110+21

29.89+4.19
297+39
0.48+0.13

-

424+68
3.23+1.33
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LDME(IOO)
basal (n=8) peak
-

1929+175
3.60+0.50

11+3
0.44+0.21

0.18+0.08

198+40
0.49+0.04

28.10+4.30

23.80+3.50
57.20+8.30

31.37+2.90

485+44
72.70+9.80

18.04+4.07

152+21
48.28+10.18

23.50+2.30

800+157
76.20+10.80

-

2500+354
18.20+5.00

-

1072+109
3.88+0.09

-

measures although all were significant. The association between plasma and CSF
dose-concentration curves for dopa (i^0.955) and dopamine (r=0.929) was better than
that of their metabolites. Moreover, it is noted that the total increased concentrations
of dopa and dopamine in CSF were 1,000-times lower than that in plasma.

Table 4.2 The association between dose of LDME and the total increased
concentrations of dopa, dopamine and their metabolites in plasma and CSF.

Correlation coefficient (r)
plasma/CSF

dose/plasma

dose/CSF

DOPA

0.994

0.996

0.955

DA

0.906

0.999

0.929

DOPAC

0.991

0.843

0.899

HVA

0.991

0.993

0.671

OMD

0.981

0.989

0.879
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Figure 4.1 Time course of plasma levels of dopa, dopamine, DOPAC, HVA and OMD
of rats after increasing doses of L-dopa methyl ester (LDME). Results are expressed
as pmole/50|il plasma or nmole/50|il plasma. Basai (pre-injection) levels were not
detected for any substances. Values are mean±sem of 5-8 rats.
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4.2.2

Time-course study of the effect of benserazide on the pharmacokinetic
profiles of intravenously administered LDME

Although the intravenous administration of LDME alone (50 mg/Kg) produced a rapid
rise in the plasma concentration of dopa (peak: 1.010±0.116 nmole/SOpl plasma)
(Table 4.1), after concomitant administration with benserazide (20 mg/Kg), the peak
plasma and CSF levels of dopa were 3-fold and 6 -fold greater (Fig. 4.4b) and the
half-life (ti/j) 4 times longer than that with LDME alone (Fig. 4.4a). LDME alone
produced a rapid and significant increase in plasma dopamine (Fig. 4.5a) while very
little dopamine was observed after the same dose of LDME with benserazide (Fig.
4.5b). In CSF there was a rapid but short-lasting increase in dopamine after LDME
alone, which was absent and replaced by a more pronounced rise in dopamine after
almost 3 hours following LDME with benserazide (Fig. 4.5b). Slow increases in CSF
levels of both DOPAC (Fig. 4.6b) and HVA (Fig. 4.7b) after LDME with benserazide
were greater than that after LDME alone, although peak plasma levels of DOPAC and
HVA (Figs. 4.6a & 4.7a) were significantly higher and earlier in rats treated with
LDME alone. Both plasma and CSF OMD were, however, significantly (5 times)
higher when LDME was given in the presence of benserazide (Fig. 4.8 a & b).

Correlations between time-course changes in plasma and CSF levels of dopa,
dopamine and metabolites after LDME administration alone and with benserazide are
summarized in Table 4.3. After LDME alone, plasma dopa, dopamine and DOPAC
(but not HVA and OMD) levels correlated well with those in CSF whilst in the
presence of benserazide the association was lost for dopamine but arose for OMD. A
negative but non-significant correlation was observed for HVA.
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Table 4.3 Correlations between CSF and plasma levels of dopa, dopamine and their
metabolites after LDME alone or with benserazide. LDME (50 mg/Kg) was
administered intravenously either alone or 20 minutes after benserazide (20 mg/Kg).

LDME alone
n

LDME plus benserazide
n

P

L

P

DOPA

15

0.907 0.000**

15

0.942 0 .000 **

DA

10

0.671 0.034*

12

0.158 0.625

DOPAC

13

0.943 0.000**

15

0.884 0 .000 **

HVA

15

0.331 0.229

15

OMD

15

0.496 0.060

15

-0.046 0.869
0.543 0.036*

§, r^ Spearman’s rank correlation coefficient
*, p<0.05 & **, p<0.01 significant associations between two parameters.

4.2.3

Effects of LDME alone or with benserazide on striatal and cortical tissue
contents of dopa, dopamine and their metabolites

As shown in Fig. 4.9, 5 hours after 50 mg/Kg LDME alone, the contents of dopamine
and its metabolites (DOPAC, HVA and OMD) in striatum and cortex were
significantly higher than those of control animals, although no increased dopa was
measured in either area. After benserazide (20 mg/Kg), the same dose of LDME
produced significantly more dopa in both cortex and striatum although levels were
higher in the former. There was a corresponding significant increase in dopamine in
the cortex (but not striatum) whilst DOPAC was increased in both areas. HVA was
only elevated in the striatum but OMD was strikingly (5-7 folds) increased in both
areas.
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4.2.4

The effect of high plasma OMD on CSF and plasma levels of dopa and metabolites
after LDME administration in the absence and presence of benserazide

To produce high plasma levels of OMD, two concomitant administrations of 50
mg/Kg LDME plus 20 mg/Kg benserazide were given intraperitoneally within the 24
hours before the commencement of in vivo dialysis. Twelve hours after the second
injection, basal levels of plasma and CSF OMD were detectable at 1.79±0.24 (nmole/
50pl) in plasma and 5.15±1.67 (pmole/50|xl) in dialysates (Fig. 4.10a). These were
analogous to the levels of plasma OMD 5 hours after a single injection of 50 mg/Kg
LDME plus 20 mg/Kg benserazide (Fig. 4.8b) and the CSF level of OMD 5-hour after
50 mg/Kg LDME alone (Fig. 4.8a). Basal levels of plasma dopa (0.06+0.00 nmole)
and HVA (5+1 pmole), but not dopamine or DOPAC were also detectable.

The rise in plasma dopa (1.18+0.04 nmole. Fig. 4.10b) after LDME alone was similar
to that without pretreatment (Fig. 4.4a) but more prolonged. Notably, peak CSF dopa
levels were 4-fold (after LDME alone) and 2-fold (after LDME with benserazide)
higher than those observed in animals without pretreatment (even though plasma OMD
had become elevated). A short-lasting increase in CSF dopamine was observed after
acute LDME alone, however, a gradual but more pronounced elevation of CSF
dopamine was found after LDME with benserazide, although there was no significant
change in plasma levels of dopamine except a slow increase after the rise of CSF
dopamine (Fig. 4.10c). The changes in plasma DOPAC (Fig. 4.10d) and HVA (Fig.
4.10e) after LDME alone were similar to those without pretreatment, however, the rise
in plasma HVA after LDME with benserazide was significantly augmented (Fig.
4.10e). It is striking that neither plasma nor CSF OMD were increased significantly
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after LDME alone even with such high basal levels of OMD in plasma and CSF. By
contrast, when LDME was given again but in the presence of benserazide, plasma and
CSF OMD was raised immediately and significantly after drug administration (Fig.
4.10a).
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4.2.5

The effect of reduced CSF calcium on the extracellular CSF levels of dopa,
dopamine and their metabolites after LDME alone or Avith benserazide

Constant perfusion of calcium-free ACS F for 3 hours resulted in an exponential
decline in the output of CSF DOPAC and HVA and their basal effluxes decreased to
51±3% (DOPAC) and 62±5%(HVA) of controls, respectively (Fig. 4.11 b & c). The
levels of CSF dopamine were reduced after calcium-free perfusion whilst the decrease
was not as significant as that of DOPAC and HVA. After LDME administration, there
was a transient but significant increase in CSF dopamine which peaked at 20-min and
80-min post-drug, however, a much later but more pronounced rise in CSF dopamine
was seen 2 hours after LDME with benserazide (Fig. 4.1 la). After LDME alone, CSF
DOPAC peaked immediately within 40 minutes but gradually fell to the basal level
3 hours post drug, and was followed by a rise in CSF HVA with longer half-life (Figs.
4.11b & c). As with the change in DOPAC in normal CSF (Fig. 4.6b), a 40-minute
lag was observed in the elevation of CSF DOPAC after LDME with benserazide (Fig.
4.1 lb). Unexpectedly, the increase in CSF HVA after LDME with benserazide (from
12.2±1.3 to 28.6±4.6 pmole/50p,l dialysate; 159+22%; n=5) was significantly less than
that after LDME alone (from 14.2±1.3 to 48.9+8.1 pmole/50|il dialysate; 240+23%;
n=5) during calcium-free perfusion, moreover it was also less than that with normal
calcium (Fig. 4.7b). This reduced increase in CSF HVA after LDME plus benserazide
with local calcium depletion may implicate a more calcium dependent mechanism (i.e.
exocytosis) for the origin of its parent amine (dopamine?) and suggest that Jhe rise in
" so m e of

CSF HVA after LDME with benserazide has an intraneuronal origin.
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4.3 DISCUSSION

The purpose of the present work was to study the dose-related biotransformation of
dopa and the time course of CSF and plasma levels of dopa, dopamine and their
metabolites (as described in Chapter 3) after increasing doses of systemic L-dopa (15,
50 and 1(X) mg/Kg). The effect of concomitant benserazide on the plasma and striatal
pharmacokinetics of L-dopa as well as on the amount of its metabolites in brain
tissues were investigated. An attempt was also made to differentiate the nature of
dopamine formed from exogenous dopa after L-dopa alone from that of L-dopa plus
t

benserazide by perfusing with normal or calcium-reduced ACSF.

The most notable finding was the fluctuant time course of CSF dopamine after
increasing doses of LDME although the total amounts in both plasma and CSF dopa,
dopamine and their metabolites increased dose-relatedly, whilst the calcium-depletion
study showed that the increase in CSF HVA after LDME with benserazide is more
calcium-dependent than that after LDME alone.

Since L-dopa methyl ester (LDME) rather than L-dopa itself was used in the present
study, it could be argued that the change in extracellular CSF dopa, dopamine (and
other metabolites) following LDME administration was not dependent on the actual
availability of L-dopa itself. However, this possibility can be ruled out since although
LDME has a retention time which is different from that of L-dopa and was detectable
on our HPLC system, no LDME was ever observed in the plasma and dialysis samples
after its intravenous injection. Moreover, the increases in plasma and CSF dopa
immediately follow administration of LDME and were dose-related. LDME and Ldopa are also known to produce, dose for dose, similar behaviour and biochemical
changes in rats (Cooper, Marrel, Testa and Marsden, 1984). Nevertheless the time
course of plasma dopa after LDME 15mg/Kg (Fig. 4.1) shows a higher but shorter
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peak than after the same dose of L-dopa (Fig. 3.1).

4.3.1

The fluctuant time course of CSF dopamine

While the extent of bioavailability of LDME increased dose-dependently (Fig. 4.1 &
4.2), there were striking fluctuations in CSF levels of dopamine after the
administrations of 15 and 100 mg/Kg LDME (Fig. 4.2). Although no such variations
were observed in the time course of its plasma levels (Fig. 4.1), in the CSF there were
swings over a 40~60-min time period after 100 mg/Kg LDME. The oscillations were
not seen with CSF DOPAC and HVA. Such fluctuations are of interest since it has
long been speculated that the response fluctuations in parkinsonian patients may be
induced by L-dopa administration itself. Moreover, it has been suggested that it is
swings in brain rather than in plasma dopa concentrations which are responsible for
the ’on-off phenomenon (Hardie, 1990). Although this may be the first and only a
preliminary observation of actual changes in the time course of CSF dopamine after
a single dose of systemic L-dopa, it provides evidence to support that suggestion,
although in man, unlike these experiments, L-dopa is invariably given with a PDF

4.3.2

The site of dopamine formed from exogenous dopa

Although systemically administered LDME dose-relatedly increased plasma and CSF
levels of dopa, dopamine and their metabolites (section 4.2.1), the actual site of
dopamine formation from exogenous dopa within the brain is as yet unknown and
largely speculative. It has been suggested that the surviving dopamine neurons are the
main sites for the conversion of exogenous L-dopa into functional dopamine in the
striatum in parkinsonism (Hornykiewicz, 1974) whilst in rats with extensive 6hydroxydopamine induced lesions, the normal L-dopa induced increase in striatal
dopamine is reduced but not abolished (Orosz & Bennett, 1992; Brannan, Knott,
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Kaufmann & Yahr, 1990; Snyder & Zigmond, 1990). By contrast, several available
lines of evidence have shown that: 1) Initiation of L-dopa treatment is beneficial even
in patients in the "terminal stage" or in the postencephalitic Parkinsonism, where
nigrostriatal neurons are almost totally absent (Bernheimer, Birkmayer, Hornykiewicz
et al, 1973; Duvoisin, Lobo-Antunes & Yahr, 1972). 2) L-dopa increases dopamine
levels in the striatum of rats even after complete loss of dopamine terminals and in
brain regions that lack dopamine neuronal inputs, for examples, the cerebellum
(Melamed & Hefti, 1984). 3) Surviving dopamine neurons do become hyperactive and
accelerate their rates of dopamine turnover when more than 60% of the nigrostriatal
projection have been destroyed, but there is no experimental proof that they also show
increased utilization of exogenous L-dopa. Thus, it seems that dopamine formation
from exogenous L-dopa in striatum can take place independently of dopamine nerve
terminals. Certainly several clinical studies which suggest that loss of responsiveness
to long-term L-dopa treatment is related to the duration of treatment and not to the
duration of Parkinsonism and its progression. Thus the decline of L-dopa efficacy can
frequently be redressed by a temporary discontinuation of drug treatment (L-dopa
holidays) (Yahr, 1990). However, it is not known whether dopamine formed from Ldopa in non-dopaminergic striatal elements can (or needs to) be released
physiologically and, if so, how this occurs.

As discussed in the previous chapter, it is proposed that the origin of the CSF
dopamine formed after dopa alone may be different from that after dopa plus
benserazide. Also it was suggested that dopamine formed peripherally from dopa can
actually cross the blood-brain barrier via some unknown mechanisms, despite the
general belief that dopamine, with very low lipid solubility can hardly penetrate
biological membranes, such as the BBB. The position maybe influenced by the fact
that there are two types of dopamine in plasma and in CSF samples; free and
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conjugated (dopamine sulfate) both of which would have been estimated together in
one analysis. The later is one of the most abundant metabolites of L-dopa present in
plasma as well as in CSF of patients with Parkinson’s disease during treatment with
L-dopa (Tyce, Sharpless, Kerr & Muenter, 1980) and it has been shown that it can be
desulfated to a considerable extent and then undergo further metabolism, as does the
parent amine (Merits, 1976). Dencker et al (1967) and Jenner and Rose (1973) also
suggested that the sulfates of catecholamines may penetrate biological membrane more
readily than the catecholamines, and that the sulfates may represent a convenient form
of transport of the parent amines. Thus it has been demonstrated that less dopamine
sulfate was present in CSF of dogs when the peripheral levels were lower (i.e., after
administration of a PDI). Tyce et al (1980) have also shown that the amounts of
conjugated dopamine in the plasma of dogs were reduced to a greater extent than the
amounts of free dopamine when carbidopa was given with L-dopa. Therefore, it seems
probable that dopamine sulfate in CSF had been transported there from the periphery.
In accordance with this are the significant associations between plasma and CSF levels
of dopamine after dopa alone (15mg/Kg L-dopa and 50 mg/Kg LDME), which
produced a significant increase in plasma dopamine, but not after L-dopa with
benserazide, when the peripheral decarboxylation was virtually inhibited and no
dopamine was observed in plasma or CSF (Chapter 3 & section 4.2.2). After 100
mg/Kg of LDME alone, however, more than one peak of CSF dopamine was found
(Fig. 4.2). If transport of dopamine sulfate from the periphery into the brain can really
occur (with subsequent metabolism to dopamine or to noradrenaline) it is still not
clear how this is associated with the therapeutic response of patients to L-dopa
particularly if their CSF dopamine levels also vary. Certainly most patients show a
more stable response after combination treatment (Marsden, Parkes & Rees, 1973).
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4.3.3

The effects of concomitant benserazide

In accordance with the results shown in Chapter 3 for L-dopa, there were significantly
greater increase's in plasma and CSF dopa after concomitant administration of LDME
(50 mg/Kg) with benserazide (20 mg/Kg) than following the same dose of LDME
alone. These increases in CSF and plasma dopa were not only 6 and 3-times higher
than that after the same dose of LDME alone but also 3 and 1.5-times greater than
that after 100 mg/Kg of LDME alone (Table 4.1). This is perhaps not surprising since
one of the outstanding advantages of adding PDI to L-dopa is the lowered dose of
amino acid required to produce equivalent therapeutic benefit. Moreover, clinical trials
with the combination have already reported a decrease, usually of the order of
60-80% in the dose of L-dopa needed for optimum results (Mones, 1974; Papavasiliou, Cotzias, Diiby, Steck, Fehling & Bell, 1972). It was also noticed that a little
dopa was detected in plasma samples after benserazide administration alone which
may be due to the nonspecific inhibition of decarboxylation produced by benserazide.
Thus inhibition of tyrosine decarboxylase (to form tyramine) could elevate tyrosine
and cause more precursor available for dopa synthesised in the plasma.

The increase in CSF dopamine after LDME (50 mg/Kg) with benserazide although
delayed was more significant (Fig. 4.5b) than that obtained with LDME alone or Ldopa (15 mg/Kg) plus benserazide (section 3.2). A possible explanation for this
difference may be due to more synthesis of dopamine in the brain caused by a higher
dose of LDME (50 mg/Kg) even in the presence of benserazide. In addition, a rapid
and more pronounced increase in CSF dopamine was also observed after LDME given
with benserazide to animals pretreated with two intraperitoneal injections of LDME
(50 mg/Kg) plus benserazide (20 mg/Kg)(Fig. 4.10c) than after a single dose of Ldopa. This may be analogous to the clinical finding that control of parkinsonian
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symptoms with L-dopa/PDI becomes apparent within a period of weeks and may then
be sustained for variable period of time (Yahr, 1990). Nevertheless, the slow but
insignificant rise observed in plasma dopamine after LDME and benserazide may
possibly be due to the wearing-off of the peripheral effect of benserazide. Also of
course it would not correlate with the improvement in motor function in man which
would be wearing off rather than improving at two hours.

Since LDME with benserazide produced more significant increases in plasma and CSF
dopa than LDME alone, it is not surprising that more dopa was found in the brain
tissue after LDME with benserazide (Fig. 4.9). It was also noted that the increase in
dopa was greater in the cortex than in the striatum which is the principle target of
dopaminergic efferents from the substantia nigra (A9). There are more dopamine
terminals in the striatum than in the cortex, thus, more dopa will be converted to
dopamine, sequentially released and metabolised in the striatum than cortex where
dopa levels could consequently remain higher. The lack of synthesizing capacity in the
cortex would also explain the lower basal levels of dopamine, DOPAC and HVA in
the cortex (Hefti, Melamed & Wurtman, 1980). Since OMD, which was barely
detectable in controls, showed a more even distribution in these two areas, and was
significantly higher after benserazide, suggests that the major portion of OMD within
the brain could be transported from the periphery.

4.3.4

The origin of dopamine’s metabolites

The measurement of brain levels (Fig. 4.9) also showed that in the striatum the
increase in dopamine after LDME with benserazide was not different from that with
LDME alone, however, the increase in levels of DOPAC and HVA were significantly
greater in the presence of benserazide. It has been suggested that a major portion of
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the metabolites of dopamine is derived from an intraneuronal pool of newlysynthesized dopamine (Racke, Bohm & Muscholl, 1987; Soares-da-Silva & Garrett,
1990a), which is deaminated to DOPAC without being released (Soares-da-Silva,
1987). Many studies have also shown that changes induced experimentally in the
synthesis of dopamine affect primarily the concentrations of DOPAC in brain and not
that of dopamine since the rates of change in the content of DOPAC and HVA were
greater than for dopamine (Mignot & Laude, 1985; Nissbrandt, Sundstrom, Jonsson,
Hjorth & Carlsson, 1989). Thus much of brain DOPAC may well reflect intraneuronal
dopamine metabolism and arise from the cytoplasmic dopamine pool supplied by
dopamine synthesis rather than recently released dopamine (Zetterstrom, Sharp, Colin
& Ungerstedt, 1988; Zetterstrom, Sharp & Ungerstedt, 1984). If 3-methoxy tyramine
(3-MT) formed from dopamine by the action of COMT, located on the postsynaptic
neurons and/or extraneuronal uptake sites, cannot be detected because of its rapid
conversion to HVA (Tokunaga & Ishikawa, 1992) then the more pronounced increase
in the content of HVA after LDME/benserazide may indicate enhanced release of
functional dopamine.

The above conclusion appears to be substantiated by perfusions with calcium-free
medium. Thus after LDME alone, the changes in CSF dopa and all metabolites were
similar to those formed with normal calcium perfusion. However, when LDME was
given with benserazide, the increase in CSF HVA was significantly diminished by
partial calcium depletion while the increase in CSF DOPAC was still the same. Thus
increases in DOPAC and HVA may arise from dopamine of different origins and
reflect the intraneuronal synthesis of dopamine and its functional release, respectively.
These results demonstrate indirectly that the LDME/benserazide-induced dopamine
release is exocytotic in nature and hence, derived from neurons in the striatum.
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4.3.5

Role of OMD and OMD/DOPA ratio

As noted previously (section 3.2.2), there are good correlations between the time
courses of plasma and CSF levels of dopamine and its metabolites after a single dose
of L-dopa (15 mg/Kg). Results in this chapter (section 4.2.1) also show that the levels
of dopa, dopamine and its metabolites in both the plasma and dialysates of rat CPu
increased in a dose-related manner after graded doses of LDME (15, 50 and 100
mg/Kg) whilst the changes in time course of CSF dopamine were fluctuant. In
addition, there was a better correlation between the total increased concentrations in
,

plasma and CSF levels for dopa (r=0.955) and dopamine (r=0.929) than for the other
measures.

One of the most striking feature was that after 100 mg/Kg LDME (Fig. 4.1), plasma
OMD not only increased sharply and reached a plateau within an hour without falling
throughout the overall experimental period (5 hours post-drug) but was much higher
than expected in relation to that seen after 50 mg/Kg LDME. This disproportionate
increase in plasma OMD could also imply that at high dose levels comparatively more
dopa is being transformed by COMT rather than by other enzyme systems. Its effect
on dopa function is uncertain. However, the results obtained in animals with LDME
pretreatments (see section 4.2.4) do not support the conclusion that high plasma OMD
could compete with dopa at the large neutral amino acid transport system across the
BBB (Wade & Katzman, 1975).

A high plasma OMD/dopa ratio has also been implicated as a contributory factor in
the occurrence of on-off fluctuations (Hardie, Malcolm, Lees, Stem & Allen, 1986)
although others reported that neither plasma OMD levels nor the plasma OMD/dopa
ratio correlate with the occurrence of on-off fluctuations (Boomsma, Meerwaldt, Man
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in’t Veld, Hovestadt, Schalekamp, 1989). In these studies peak plasma OMD/dopa
ratios were not different after 3 doses of LDME (0.416, 0.420 and 0.556, respectively)
whereas it was 3 or 4-times higher (1.573) when 50 mg/Kg LDME was given to
benserazide-pretreated animals. However, the results of experiments using rats with
high plasma OMD, achieved by pretreatment (section 4.2.4; Figure 4.10a), showed that
when 50 mg/Kg LDME was given, the rise in CSF dopa was 4 times higher than that
in untreated animals (Figure 4.4a), although there was already high plasma OMD and
no further increase in plasma dopa (Figure 4.10b & 4.4a). This result gave direct
evidence that the existing high plasma OMD did not affect the entry of plasma dopa
after systemic administration of LDME. Furthermore, when the same dose of LDME
(50 mg/Kg) was given with benserazide (20mg/Kg) to the pretreated animals, a
significant increase in CSF dopamine was observed much earlier than the rise in
plasma dopamine.
4.4 CONCLUSION

The results discussed in this chapter have shown the dose-related biotransformation
of systemically administered L-dopa within the brain and have also confirmed that co
administered benserazide can enhance the bioavailability of L-dopa and enable more
dopa to be accumulated within the brain and neurons. However, the origin of
dopamine synthesised from exogenous dopa in the presence of benserazide may be
different from that after dopa alone. These results also demonstrated that high plasma
OMD, as a result of the coadministration of benserazide (or accumulation during
chronic L-dopa therapy), did not obstruct the entry of dopa aiihoujh it is still possibly
related to the fluctuations in motor function. Nevertheless, the results suggest that a
better understanding of the central-peripheral metabolism of LDME (L-dopa) with
increasing doses may be of considerable help in adjusting the dose of L-dopa to
obtain optimal therapeutic effect.

150

CHAPTER

5

EFFECT OF L-DOPA METHYL ESTER ALONE OR WITH BENSERAZIDE
ON SPONTANEOUS ACTIVITY OF STRIATAL NEURONS IN INTACT
RATS
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5.1 INTRODUCTION

The results described in the previous chapter using intracerebral microdialysis have
demonstrated that systemically administered L-dopa methyl ester (LDME) doserelatedly increased the extracellular level of dopa as well as the total efflux of its
metabolites in dialysates of the rostral caudate putamen (CPu) of intact rat.
Additionally, these results also showed that concomitant administration of benserazide
modified the pharmacokinetic profile of systemic LDME by augmenting its bio
availability within the brain and that of dopamine and its metabolites, although the
time courses of their increases were delayed. It was, therefore, considered of interest
to complement the dialysis results by examining whether benserazide would modify
the effect of systemic LDME on the spontaneous discharge of postsynaptic dopaminesensitive CPu neurons in parallel with the changes in CSF dopa and dopamine as it
did with L-dopa (Chapter 3).

Little is known of the precise effect of systemic L-dopa on the activity of dopaminesensitive neurons in the striatum, which are the principal targets of dopaminergic
efferents from substantia nigra pars compacta (A9 dopamine neurons). They have a
primary role in regulating the activity of neurons in the globus pallidus and substantia
nigra pars reticulata (Freund, Powell & Smith, 1984; Walters, Bergstrom, Carlson et
al, 1987; Twery, Thompson & Walters, 1993) and will determine the outcome of Ldopa-induced changes in dopamine neurotransmission. In the present study, the
changes in the function of postsynaptic mechanisms induced by dopamine derived
from intravenously administered LDME in the absence and presence of benserazide
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were investigated using extracellular recording (see section 2.5) from single dopaminesensitive cells within rat CPu, which has been implicated as one of the areas mediating
the therapeutic action and neurological side effects of dopamine replacement therapy.
As in vivo extracellular single unit recording after systemic drug administration
provides a more physiological approach than iontophoretic application or slice
perfusion experiments in examining the dynamics of the postsynaptic actions of
dopamine (Williams & Millar, 1990), it is hoped to provide some electrophysiological
evidence of the mode of action of LDME in the intact striatum. In some experiments
concurrent measurement of CSF or plasma dopa and dopamine were combined with
single unit recording.

Finally, it has been suggested that constant intravenous infusion of L-dopa can reduce
the frequency of fluctuations in motor performance (Hardie, Lees & Stern, 1984; Nutt,
Woodward, Hammerstadt et al, 1984; Quinn, Parkes & Marsden, 1984) and sustain
mobility (Shoulson, Glaubiger & Chase, 1975) in Parkinsonian patients with on-off
fluctuations. However, the underlying processes responsible for alterations in the
functional state of the dopaminergic system remain unclear. Thus, the effect of
intravenous infusion of LDME at constant rate (lmg/3|xl/min) on the spontaneous
discharge rate of striatal dopamine-sensitive neurons was also studied.
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5.2 RESULT

5.2.1

Identification and confirmation of CPu dopamine-selisitive neurons

The electrophysiological characteristics of recorded neurons in the caudate putamen
were described in chapter 2 (section 2.5.2). The spontaneous firing rate of an isolated
striatal neuron was monitored for at least 10 minutes before drug administration. A
single unit was identified as a dopamine-sensitive neuron by intravenous injection of
apomorphine hydrochloride (100 |ig/Kg), a non-selective dopamine receptor agonist,
»

which can produce a transient but significant inhibition of the discharge rate of
dopamine-sensitive neurons. Only those units with a firing rate that had been reduced
to at least 60% or lower by apomorphine and fully recovered within an acceptable
time (40-60 minutes) were used in this study. This inhibitory effect of apomorphine
on the firing rate of a unit could be reproduced after recovery from previous drug
administration (Fig. 2.15a). Only one cell was monitored in each animal and at the end
of each experiment, either apomorphine (100 jig/Kg) or haloperidol (2 mg/Kg) was
given to further validate that the observed rate changes were achieved by an action on
dopamine receptors (Figs. 5.5 & 5.6) and ensure that the neurone had remained
responsive to dopamine.

5.2.2

Effects of drug vehicles on firing rate of recorded neurons

Control studies had already shown that neither drug vehicle (saline or acidic saline)
significantly altered the spontaneous discharge rate of the neurons studied (Fig.
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2.14).

5.2.3

The effect of LDME alone or with benserazide on the spontaneous activity
of CPu dopamine-sensitive neurons

After a 10-minute period of stable recording, LDME was administered via the femoral
vein at a slow rate, to avoid any transient effects of the injection itself, followed by
0.1 ml saline to ensure that the cannula contents were flushed into the blood stream.

All three doses of LDME (15, 50 and 100 mg/Kg) produced marked reductions in
firing rate of 24 out of 26 neurons studied (Figs. 5.1-5.3). The inhibitory effects,
which tended to be biphasic but were not dose related (Fig. 5.4), were fairly rapid in
onset to about 60% of normal in 10 minutes and then gradually (15 mg/Kg) increased
to 40% at 40 minutes or showed a secondary reduction to that level at the same time
after some transient recovery (50, 100 mg/Kg).

By contrast with these inhibitory effects of LDME alone, when given 20 minutes after
benserazide (20 mg/Kg) the 15 and 100 mg/Kg doses of LDME did not affect the
spontaneous discharge of neurons, i.e. their inhibitory effects were completely
abolished, apart from a transient and slight decrease in firing following administration.
Surprisingly, 50 mg/Kg LDME after benserazide decreased striatal cell activity over
a similar time course to that produced by the same dose of LDME alone (Fig. 5.2).
As with the 3 doses of LDME alone the same 3 doses with benserazide showed no
dose related effect (Fig. 5.4). Significant differences were observed, however, between
the 2 groups of administrations (LDME alone and with benserazide) after 15 and 100
mg/Kg of LDME (p<0.05 and p<0.01, respectively).

These results showed that co-administration of benserazide with LDME significantly
diminished the inhibitory effects of 15, 100 mg/Kg LDME on neuronal firing within
155

the first hour post-drug whereas there was no significant difference between the two
administrations of 50 mg/Kg (Fig. 5.5). An example of the changes in spontaneous
firing rate of a neuron in rostral caudate putamen after LDME alone and with
benserazide is illustrated in Fig. 5.6(A). No significant change in amplitude of the
recorded action potential was observed after drug administrations (Fig. 5.6B).
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Figure 5.1 Effects of L-dopa methyl ester (LDME) alone or with benserazide on the
spontaneous activity of neurons in the rostral caudate putamen. LDME (15 mg/Kg)
was administered intravenously either alone or 20 minutes after benserazide (20
mg/Kg). The mean basal firing rates of these neurons before LDME (open symbol)
or 20-min after benserazide (closed symbol) were 8.05±1.00 and 7.34±1.19 spikes/10
seconds (n=5), respectively.
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Figure 5.2 Effects of LDME alone or with benserazide on the spontaneous activity of
neurons in the rostral caudate putamen. LDME (50 mg/Kg) and benserazide (20
mg/Kg) were administered intravenously. The mean basal firing rates of these neurons
before LDME (open symbol) or 20-min after benserazide (closed symbol) were
5.9+1.0 and 5.9+1.1 spikes/10 seconds (n=5), respectively.
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Figure 5.3 Effects of LDME alone or with benserazide on the spontaneous activity of
neurons in the rostral caudate putamen. LDME (100 mg/Kg) and benserazide (20
mg/Kg) were administered intravenously. The basal mean rates of neuronal firing
before LDME (open symbol) or 20-min after benserazide (closed symbol) were
14.8±4.2 and 10.8±2.5 spikes/10 seconds (n= 6 ), respectively.
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Figure 5.4 Inhibitory effects of LDME alone (open circles) or with benserazide (closed
circles) on the spontaneous discharge rate of dopaminergic neuron in the caudate
putamen of intact rat. Each point was expressed as mean±sem (n=5 or 6 ) of the values
of area under the curve over one hour recording. *, p<0.05; **, p<0.01 significant
difference between LDME alone and LDME plus benserazide.
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5.2.4

Simultaneous monitoring of striatal dialysate monoamines and neuronal fîring

In these experiments, a dialysis probe was inserted into one striatum and neuronal
activity recorded from the other. As in the previous experiments (Chapters 3 & 4),
benserazide (20 mg/Kg) significantly enhanced the accumulation of CSF dopa and
OMD after 100 mg/Kg LDME administration compared with LDME alone (peak dopa:
17.7+2.1 vs 4.7+1.9 pmole/ 50|il dialysate) (Fig. 5.7a). The rapid and significant
increases in CSF DOPAC and HVA after LDME alone were not observed within 2
t

hours when LDME (100 mg/Kg) was given after benserazide pretreatment (Fig. 5.7c)
whereas the increase in CSF dopamine was seen both after LDME alone and with
benserazide (Fig. 5.7b). The inhibition in the spontaneous discharge rate of the striatal
dopamine-sensitive neurons after LDME with benserazide was significantly reduced
and considerably delayed compared with LDME alone (Fig. 5.8) although the level
of dopa in the brain was significantly higher (Fig. 5.7a).

5.2.5

Effect of constant intravenous infusion of L-dopa methyl ester on the
spontaneous activity of striatal neuron

The effect of a continuous intravenous infusion of LDME on plasma levels of dopa
and dopamine and the spontaneous activity of caudate putamen dopamine-sensitive
neurons was tested in 4 rats. An example of the responses is shown in Fig. 5.9(a &
b). Intravenous injection of 50 mg/Kg LDME followed by its constant infusion at a
rate of lmg/3|il/min produced a rapid rise in the plasma level of dopa which was
maintained at a concentration as high as 3 nmole/50pl plasma (60 nmole/ml plasma)
(Nutt, Woodward, Hammerstad et al, 1984). Plasma dopamine increased continuously
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and reached a level of 0.7 nmole (in 50^il plasma) within 2 hours. The maximal
inhibition on neuronal firing was about 60%. After the second injection of LDME (50
mg/Kg), both plasma dopa and dopamine were further increased (Fig. 5.9a), and the
spontaneous firing rate of the recorded cell further inhibited (to 20 %) within one hour.
Such inhibition could still be reversed by intravenous administration of 2 mg/Kg
haloperidol (Fig. 5.9b).
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5.3 DISCUSSION

The object of the experiments described in this chapter was to see if the time course
of inhibition of spontaneously active dopamine-sensitive neurons in the CPu could
actually be related to the time course of plasma and/or CSF dopa and dopamine levels
(as described in Chapter 4) by
1)

Testing the effect of three graded doses (15, 50 and lOOmg/kg) of L-dopa
(LDME) and

2)

Observing their effects with and without prior administration of the PDI
benserazide.

The results were surprising since despite the fact that increasing the dose of LDME
had been shown to increase plasma (and CSF) dopa levels (Chapter 4) the inhibition
of neuronal firing was no greater with 50 and 100 than with 15 mg/Kg, whilst after
benserazide LDME actually produced less inhibition of firing at 15 and 100 mg/Kg
than on its own and only the same degree at 50 mg/Kg.

Before these results can be analyzed fully it is important to consider how systemic
dopa may be modifying CPu neuronal firing. It is generally believed that the
depression results from the stimulation of dopamine receptors by dopamine formed
from the exogenous L-dopa by decarboxylation. However, the site of dopamine
formation and how it (and dopa) actually affects the activity of the CPu neurons in
vivo is less well understood partly because most studies on these dopamine neurons
have been performed using iontophoretic or in vitro slice preparations where the
dopamine acts mainly at the striatal synapses. In vivo it can also act on the cell bodies
of the dopamine neurons in the substantia nigra (SN) and on synaptic auto-receptors
to modify dopamine release as well as affect feedback pathways to the SN.
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5.3.1

The site of action of dopamine formed from L-dopa

It has been demonstrated that systemically administered L-dopa evoked inhibitory
effects on dopamine-containing neurons in rat SN (Bunney, Aghajanian & Roth,
1973). However, whether dopamine is an inhibitory or excitatory neurotransmitter in
the corpus striatum has been controversial (Siggins, 1978; York, 1979; Wang, White,
Mereu et al, 1987). Most studies examining the effects of dopamine agonists and
antagonists on the firing rate of CPu cells have suggested that dopamine pre
dominantly produced an inhibition, but also caused excitation in a small population
(approximate 5%) of the CPu neurons (Ohno, Sasa & Takaori, 1987). However, it is
unclear how the systemically administered L-dopa influences the spontaneous
discharge of CPu neurons.

In fact it was first reported by Moore and Bloom (1978) that there are differences
between the effects of substantia nigra (pars compacta) stimulation and the presumed
release of endogenous dopamine, and that of exogenous dopamine applied
iontophoretically, on the caudate nucleus (CN) neurons. The former is usually an
excitation and the latter an inhibition. It has also been reported that the CPu neurons
have at least two subtypes of dopamine receptors (D, and D2 receptors) that mediate
inhibitory and excitatory responses of the neuron to dopamine, respectively (Akaike,
Ohno, Sasa et al, 1987). Additionally, it is thought that excitatory Dj receptors (which
are different from the presynaptic autoreceptors) exist on the postsynaptic area of the
CN neurons innervated by the dopaminergic neurons derived from the SN, and the
inhibitory D, receptors are extra-junctionally located on the CN cells outside the
dopaminergic synapses (Ohno, Sasa & Takaori, 1987; Hu & Wang, 1988; Williams
& Millar, 1990). However, CPu cells are more sensitive to Dj than D2 agonists and
D, receptors in the CPu may, therefore, have a critical role in mediating the effect
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produced by dopamine (Hu & Wang, 1988). Thus, it is likely that iontophoretically
applied dopamine acts on both D, and

receptors but predominantly induces the

extra-synaptic D, receptor-mediated inhibition. There is however considerable
controversy over the location and actions of the two dopamine receptors. But
irrespective of whether synaptic dopamine receptors are different from extra-synaptic
ones, either in their classification or effect, their location affects the response to dopa
since the latter will respond to dopamine synthesized from dopa in nerves and released
whilst the former can be stimulated by dopamine formed outside the nerve terminals
or outside the CNS. This might explain why LDME alone caused a greater inhibition
of CPu neuron firing than with benserazide. The former could be produced by
dopamine which was synthesized peripherally and so acted as exogenous dopamine
whilst the later followed the release of newly synthesized dopamine from dopamine
nerve terminals of the striatum from dopa protected from metabolism to dopamine
peripherally and so entering the brain. Moreover, the release of dopamine from the
terminals of the nigrostriatal dopaminergic neurons can be modulated by dopamine
itself, since both the electrical activity of the dopaminergic neurons and the turnover
of dopamine can be regulated by dopamine "autoreceptors" located on either the
terminals or the soma and dendrites of the nigrostriatal dopaminergic neurons (Stoof
& Kebabian, 1984). Thus, in the presence of benserazide, more dopamine would be
formed centrally from the extra dopa entering the brain and could inhibit the firing of
the dopamine neurons themselves and dopamine release so that there is less natural
synaptic dopamine in the striatum and therefore more exogenous dopamine is required
to produce inhibition than in the absence of benserazide. Why this only applied to 15
and 100 and not 50 mg/Kg LDME is difficult to explain. Bunney et al (1973) reported
that only high doses of L-dopa, such as 75-100 mg/Kg intraperitoneally, decreased the
firing rate of cells in the zona compacta and ventral tegmental areas by 25-40% with
a rapid recovery to baseline (5 minutes). They observed when the peripheral
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decarboxylation of L-dopa was blocked by 50 mg/Kg of benserazide, given
intraperitoneally 30 minutes before 25 mg/Kg of L-dopa, that the depression of
dopamine unit activity was increased to 40-90% for more than 30 minutes. The route
of L-dopa administration was of course different and it has been reported that only
about 0.1% of an intraperitoneal dose of L-dopa is present in brain as either dopa or
dopamine and that 80% of the labelled L-dopa is destroyed within 20 minutes of
injection (Wurtman, Chou & Rose, 1970). Consequently the doses of L-dopa used in
Bunney’s study given once intraperitoneally may not have been enough to provide
sufficient amounts of dopa (or dopamine) inside the brain to evoke endogenous
dopamine effects. In addition, the optimal dose ratio of benserazide to L-dopa remains
debatable, so although the ratio used clinically for combinations of L-dopa and
benserazide is 4:1, the doses of benserazide used in most experimental studies have
been much higher ,such as the work of Bunney et al (1973). This may offer a possible
explanation for the equal inhibitions produced by 50 mg/Kg of LDME alone and with
benserazide (20 mg/kg) (50:20) whilst LDME with benserazide at 15:20 and 100:20
ratios were less active than those doses of LDME alone. Since the effect of on-going
dopamine formation clearly complicates the interpretation of any effect of exogenous
dopamine, these experiments were repeated in rats with 6 -OHDA-induced nigra striatal
lesion (Chapter 6 ).

It is unlikely that the reduction and delay in the inhibitory effects of LDME plus
benserazide compared with LDME alone is due to central decarboxylase inhibition (as
discussed previously in section 3.4). In addition, the possibility of benserazide entering
the CNS due to tissue damage caused by the insertion of the recording electrode and
so stopping conversion of dopa to dopamine in the striatum is even more unlikely than
with the dialysis probe (o.d. 300|xm). The role of peripherally formed dopamine
cannot, however, be excluded. The start of the significant inhibition seen one-hour
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after 100 mg/Kg of LDME with benserazide (Fig. 5.8) was consistent with the time
course of the slow rise in CSF dopamine (Fig. 5.7b) and likewise, the rapid inhibition
on neuronal firing seen after LDME alone is also compatible with the simultaneous
dialysis results, which showed rapid increases in CSF levels of dopamine and DOPAC
after LDME administration (Figs. 5.7b & c). This, again, suggests that dopamine
formed peripherally may enter the brain and exert an inhibition on CPu neurons.
Another possible factor for the postponed inhibition after LDME plus benserazide may
be the rapid accumulation of OMD in CSF after peripheral decarboxylase inhibition.
Although OMD dose not seem to affect the entry of dopa into the brain, it has been
suggested that high CSF OMD may affect the normal function of dopaminergic
neurons via some unknown mechanisms (Boomsma, Meerwaldt, Man in’t Veld et al,
1989). The possible effects of OMD on dopamine synthesis and the spontaneous or
high potassium-evoked release of dopamine have also been investigated and will be
discussed in details in Chapter 8 . The effect of high CSF and plasma OMD levels on
the response of striatal neurons to LDME was unfortunately not tested.

In the present experiments, 92% of the spontaneously active dopamine-sensitive
neurons in rat CPu were depressed by the systemic administration of LDME.
However, this response when measured as total inhibition within one hour was not
related to the administered doses (Fig. 5.4). One of the possible explanations is that
even the lowest dose (15 mg/Kg; equivalent to lg/70Kg body weight) of intravenous
LDME was high enough to produce the maximal inhibition of neuronal activity
obtainable so that it was difficult to see further significant inhibitory effects produced
by the higher doses of LDME. Certainly the higher doses of LDME are known to
cause higher central levels with or without benserazide, however, the time course
studies (sections 4.1 & 4.2) have shown that the changes in CSF dopamine after
different doses of LDME did not exactly follow the changes of CSF dopa, its
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immediate precursor (Fig. 4.2), and it may be again that the balance between
modifying on-going dopamine effects and inducing dopamine effects from the
exogenous sources is important.

What is surprising is that although it has been established that LDME is immediately
converted to L-dopa in the body the inhibition of neuronal firing after 15mg/Kg Ldopa never exceeded 30% (Fig. 3.8) and was actually over within 1 hour whereas the
same dose of LDME (Fig. 5.1) produced a greater (60%) inhibition that was monitored
over the hour. This in fact is more like the response in man but there is no obvious
,

explanation for the differences observed.

5.3.2

Constant intravenous infusion of LDME

According to the results described in section 4.2.4, after LDME plus benserazide given
to animals premedicated with LDME and benserazide, CSF dopamine increased more
rapidly and continuously even in the presence of benserazide. The continuous increase
in plasma dopamine during LDME infusion related well to the inhibition in neuronal
activity and supports the hypothesis that peripherally formed dopamine can actually
enter the brain and exert its effect on dopamine-sensitive neurons. In addition, the
continuous increase in plasma levels of dopa and dopamine, the further inhibition
produced by the second injection of LDME as well as the reversal generated by
haloperidol indicate a continuously functional state for the postsynaptic dopaminergic
receptors and suggest that clinical improvement can be achieved by maintaining and
controlling dopa levels. Of course these acute studies may not represent the position
in a patient receiving therapy for a number of years.
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CONCLUSION

Taken together, the results of the present study suggest that the differences between
the onset of LDME-produced inhibition on the spontaneous activity of CPu neurons
in the absence and presence of benserazide might be due to the stimulations of
dopamine receptors by dopamine from different origins when derived from exogenous
L-dopa. Thus, further study concerning the site of dopamine formation from
exogenous L-dopa is important.
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CHAPTER

6

EFFECTS OF L-DOPA METHYL ESTER ALONE OR WITH
BENSERAZIDE ON THE SPONTANEOUS ACTIVITY OF STRIATAL
NEURONS AFTER 6-HYDROXYDOPAMINE TREATMENT
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6.1 INTRODUCTION

The results from the preceding chapter suggested that the difference between the time
courses of LDME-induced inhibition with and without benserazide on the spontaneous
activity of dopamine-sensitive neurones in the intact striatum might be due to the
stimulations of dopamine receptors (in particular presynaptic autoreceptors and
postsynaptic D, receptors) by dopamine from different origins when derived from
exogenous dopa. The present study on rat CPu neurons is aimed at investigating how
the effects of systemic LDME, either in the presence or in the absence of benserazide,
on striatal neurone firing are actually affected by

1) degeneration of the nigrostriatal

tract following 6 -hydroxydopamine (6 -OHDA), which can eliminate the effect of
presynaptic regulation via dopamine autoreceptors 2 ) the developing denervation
supersensitivity caused by 6 -OHDA lesions of the nigrostriatal pathway and

3) how

this would be altered with repeated dosing of LDME. These observations could also
be of particular importance in relation to the clinical situation where the effects of Ldopa therapy may be modified by an initial supersensitivity due to nigro-striatal tract
degeneration and the subsequent chronic therapy.

While extracellular single unit recording can reveal changes in the function of
postsynaptic mechanisms controlled by dopamine, presynaptic activity may also be
involved (Kebabian & Greengard, 1971). Thus changes in the spontaneous discharge
of CPu neurons after LDME may be caused partly by changes induced in the release
of endogenous dopamine. Activation of postsynaptic dopamine receptors results in the
reflex inhibition of the spontaneous discharge of dopamine neurons in the substantia
nigra (Robertson & Robertson, 1988; Savasta, Dubois, Benavides & Scatton, 1986)
and concurrent stimulation of presynaptic receptors on the nigrostriatal terminals also
reduces the release of dopamine. Both processes inhibit dopamine turnover (Bunney,
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Aghajanian & Roth, 1973; Nissbrant, Pileblad & Carlson, 1985) and would influence
the overall effect of dopamine (and LDME) on CPu neuron activity. Thus, in this
chapter, an attempt was made to reduce the above indirect effects of systemic LDME
by removing the dopamine afferent input to the striatum by unilateral 6 -OHDA
injection in the substantia nigra of the rat (see section 2.6). This is considered a
reliable model for Parkinson’s disease (Albin, Young & Penney, 1989; Gerfen, 1992)
and should be relevant to the clinical situation in Parkinsonian patients who show
degeneration of the substantia nigra.

There is a hypothesis that in man the degeneration of dopamine neurons in the SN
(Carlssqn, 1959; Homykiewicz, 1963) initially causes a supersensitivity to dopamine
(and dopa) which declines with chronic dosing. Since rats are virtually insensitive to
MPTP (Johannesson, Chiueh, Burns & Markey, 1985; Riachi, Behmand & Harik,
1991; Irwin & Langston, 1993), 6 -OHDA-induced lesion of dopaminergic nigro-striatal
tract of rats is now one of the most widely used animal models of Parkinson’s disease
(MacDonald & Sirvio, 1993). Administration of 6 -OHDA directly into the substantia
nigra (pars compacta, SNc) can inflict damage on dopamine-containing neurons and
in adult rats no recovery is observed even 2 years after the lesion (Ungerstedt, 1971;
Jolicoeur & Rivest, 1992). Recent studies have suggested that both presynaptic and
postsynaptic mechanisms are invoked however to compensate for the loss of dopamine
function. Presynaptically, the remaining dopaminergic afferents increase the rate of
synthesis and release of dopamine, which is evidenced by an elevation in dopamine
turnover rate (Zigmond, Acheson, Stachowiak & Strieker, 1984; Keller, Kuhr,
Wightman & Zigmond, 1988; Snyder, Keller &

Zigmond, 1990), whilst post-

synaptically, dopamine supersensitivity develops (Lee, Seeman, Rajput, Farley &
Homykiewicz, 1978; Creese & Snyder, 1979; Schneider, Murrin, Pfeiffer & Deupree,
1984; Whishaw, Funk, Hawryluk & Karbashewski, 1987), with the maximal responses
occurring three weeks after the lesion (Tassin, Hervé, Blanc, Thierry & Glowinski,
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1987). In this study, 6 -OHDA-lesioned rats were tested for rotational behaviours in
response to intraperitoneal administrations of either apomorphine, D-amphetamine or
LDME (with benserazide) to evaluate the efficacy of unilateral dopamine depletion
within the striatum. Apomorphine is a non-selective dopamine agonist which is
thought to act by directly stimulating dopamine receptors in both striata but since their
number increases after some days on the lesioned side the response is greater here
than on the intact side and so animals turn away from the lesion (contralateral turning)
in tight circles by pivoting around one hindleg (Hefti, Melamed & Wurtman, 1980;
Robertson, Fine & Robertson, 1991). By contrast, D-amphetamine is known to
facilitate the release of newly synthesized dopamine from neurons and/or block the
reuptake of released dopamine from the synapse (Zetterstrom, Herrera-Marschitz &
Ungerstedt, 1986; Porras & Mora, 1993). Since this can only occur on the intact side,
amphetamine induces ipsilateral rotation (turning towards the lesion) in unilateral 6 OHDA-lesioned rats. LDME plus benserazide should work like D-amphetamine since
although some may be converted to dopamine to have an effect on the lesioned side
where supersensitivity has developed it should more readily increase the biosynthesis
of dopamine and consequently the release of dopamine in the non-lesioned side.

Whilst behavioral and biochemical studies have shown that chronic L-dopa treatment
reverses the increased dopaminergic activity and dopamine receptor functional
supersensitivity seen after 6 -OHDA lesions (Carey, 1991; Hossain & Weiner, 1993),
little is known about the effect of systemic L-dopa (alone or with a PDI) on the
electrophysiological changes of the spontaneous activity of surviving dopamine
neurons in the CPu of rats with 6 -OHDA lesions. To assess dopaminergic functional
sensitivity in the striatum of rats with unilateral 6 -OHDA lesions, and the ability of
chronic L-dopa/benserazide treatment to change this altered response, the effects' of
acute administrations of LDME (with or without benserazide) was tested on the
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spontaneous firing of striatal neurons in three groups of rats: Group 1) 5-7 days after
degeneration when there should be a loss of dopamine terminals and biochemical
compensations are still in transition (Hollerman & Grace, 1990) and no developed
supersensitivity to dopamine; Group 2) after 2-3 weeks when supersensitivity should
have developed and Group 3) after the time lapse for (2) but with two intraperitoneal
injections of LDME and benserazide (50 and 20 mg/Kg, respectively) daily for 7 days
to see if that had counteracted the supersensitivity. The effects of 50 mg/Kg LDME,
either alone or with 20 mg/kg benserazide, on the activity of surviving CPu neurons
were studied and compared with the results obtained in the intact rats (Chapter 5).
Since unilateral degeneration of the nigro-striatal pathway does not change dopamine
metabolism in the contralateral side this was used as a control (Agid, Javoy &
Glowinski, 1973). The tissue levels of dopa, dopamine and their metabolites DOPAC,
HVA and OMD in striata ipsi- and contralateral to the lesions were determined as an
index of the severity of the dopamine neuronal destruction, and to see if chronic
administration of LDME could suppress the utilization of exogenous dopa in forming
dopamine in animals with intact or 6 -OHDA-degenerated striatum.

Group 1

Acute 6 -OHDA lesions
tested at 5-7 days

Expected to show
ipsilateral* turning to
D-amphetamine

Group 2

Tested 2-3 weeks after lesion
Denervation supersensitivity
assumed to have developed

Expected contralateral*
turning to apomorphine

Group 3

Tested at 3 weeks post lesion
but after 1 week daily treatment
with LDME and benserazide

Turning response to
apomorphine assumed to.
be reduced

* in respect of lesioned side
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6.2 RESULT

6.2.1

Establishment of lesioned state and dopamine receptor sensitivity through
drug-induced circling behaviour

The histological inspection (see section 2.8.2) indicated that the local injections of 6 OHDA were placed within the intended targets (Fig. 2.19) and produced significant
cell death of dopamine-containing neurons in the SNc (Fig. 6.2).

The lesioned animals were tested behaviourally to determine the extent of the
dopamine denervation. Three groups of rats as outlined above were injected with 6 OHDA into the substantia nigra and tested for circling behaviour 1, 2 or 3 weeks after
the operation. Animals were tested with two standard drugs (see section 2.6.3). 1)
Apomorphine, which is a dopamine receptor agonist causes contralateral turning (away
from the lesioned side) because of the supersensitivity induced to dopamine or
dopamine agonists on the lesioned side. 2) Amphetamine, which releases dopamine
and can therefore have little or no effect on the denervated side to which animals
rotate (ipsilateral turning). The effect of LDME on turning was also evaluated.
Complete rotations were counted and rats which manifested a minimum of 500 turns
(within a 90-min period) contralateral to the lesioned striatum in response to
apomorphine were considered to be well lesioned i.e., less than 10- 20 % normal
dopamine level (Herrera-Marschitz, Stromberg, Olsson, Ungerstedt & Olson, 1984;
Hudson, van Horne, Stromberg, Clayton, Brock, Masserano, Hoffer & Gerhardt, 1991).

The contrasting effects of these drugs on the rotational behaviour of unilateral
nigrostriatal-degenerated rats are shown in Fig. 6.1. Five rats with acute 6 -OHDA
lesions (Group 1) demonstrated ipsilateral rotations after D-amphetamine injection
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(544±83 turns/90 min). Nine of 14 animals (Group 2 and Group 3) with developed
supersensitivity turned contralaterally after apomorphine, whilst 6 of 8 animals with
subchronic pretreatment of LDME plus benserazide (Group 3) turned ipsilaterally after
the concomitant injection of LDME plus benserazide, but became virtually
unresponsive to apomorphine.
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Figure 6 .1 Contrasting effects of apomorphine, amphetamine and L-dopa methyl ester
(LDME) with benserazide on the rotational behaviour of unilateral nigrostriataldegenerated rats. Shown are mean±sem of 5-9 estimations. Blank columns and
hatched column represent ipsilateral and contralateral turning, respectively.
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Figure 6.2A Histological pictures of crcsol violet-stained coronal section through the
substantia nigra (SN) of rat injected stereotaxically with 6 -OHDA into left SN (a).
Boxed areas of (a) aie shown at higher magnification in (b) and (c). Right panel
pictures show the intact neuronal morphology corresponding to the lesioned site.
Scale: 0.5 mm.
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Figure 6.2B Higher magnification of histological picture showing the effect of 6 OHDA lesions (one-week) in rat substantia nigra (SN). (a) 6 -OHDA-lesioned site with
the trace made by the injection needle (arrow) compared to unlesioned control (b).
Scale: 50 fxm.
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6.2.2

Effects of 6-OHDA lesions of nigrostriatal pathway on the basal firing rate
of surviving CPu neurons

The mean basal firing rate of 34 spontaneously active neurons was 10.66+1.27 spikes
per 10 seconds (range 3.2 to 29.4) in rats with an intact striatum. In accordance with
the report of Hollerman and Grace (1990), destruction of the nigrostriatal pathway did
not alter the neuronal discharge patterns of CPu neurons but significantly increased
(p<0.01) the basal firing rates in all three groups (Table 6.1). The increase in Group
2 (14-21 days post 6 -OHDA) was also significantly greater than in the Group 1
animals and partly (but not significantly) reversed after LDME.

Table 6.1

Summary of the effects of nigrostriatal destruction on the basal

firing rate of CPu neurons of the rats.

Group

number
of
cells

1
2

34
7
7

3

8

control

significance^

spikes/ 10 secs
mean
10.66+1.27
28.93+6.81
48.98±9.48
36.63+7.02

min

max

2.1

31
58.5
90
63

5.5
12.1

15.3

p<0.01
p<0.01 (p<0.05^)
p<0.01

Values are expressed as meantsem. Statistical analysis done by one way
ANOVA with Neuman-Keuls test. § Significantly different from control group,
t, Significantly different from Group 1.
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6.2.3

The effects of 6-OHDA degeneration of nigrostriatal tract on LDMEinduced inhibition of the spontaneous activity of CPu neurons

Group 1 Although a rapid but transient inhibition to about 70% of normal was
observed within 5 minutes after 50 mg/Kg LDME although this was significantly less
(F= 16.511, p<0.001, oneway ANOVA) than that produced by LDME in the intact
animal (Control group) (Fig. 6.3a). It also tended to show a secondary reduction to the
same level (70% of basal firing rate) 30 minutes after LDME injection which is
analogous to the observation obtained from intact animals.

Group 2 By contrast in the striatum of rats with developed supersensitivity, there
was no significant difference (F=0.211, p=0.810) in the inhibitory effect of LDME on
the spontaneous discharge of neurons when compared with that for intact rats. As
illustrated in Fig. 6.3b, a rapid but short-lasting inhibition (approximately 50%) was
seen within 5 minutes after LDME administration and the time course curve was
almost overlapped with that of normal rats.

Group 3 In this group LDME plus benserazide produced an inhibition of firing for
20 minutes slightly (but not significantly) greater than in controls but the secondary

inhibition was not observed (significantly less than control group, F=6.525, p<0.005)
and firing returned to normal after 40 minutes (Fig. 6.3c). When the inhibitory effect
of LDME was compared in the three groups that observed in Group 2 animals was
significantly greater (more prolonged) than in the other two groups (p<0.001 vs Group
1 and p<0.01 vs Group 3. In addition, the inhibitory response in Group 3 differed
from that in Group 1 (p<0.05).
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Figure 6.3 Time-course of changes in the spontaneous activity of neurons in the intact
and unilaterally 6 -OHDA-lesioned rat striatum after intravenous LDME (50 mg/Kg).
Percentage values were calculated relative to the mean discharge rate during the last
10-minutes before drug administration as (% of basal firing rate, mean±sem) for the

following groups: control 0, n=5; (a) Group 1 with acute 6 -OHDA lesions, n=5; (b)
Group 2 with denervated supersensitivity, n=7; and (c) Group 3 with one-week
treatment with LDME/benserazide, n=6 .
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6.2.4

The effects of 6-OHDA degeneration of nigrostriatal tract on LDME with
benserazide-induced inhibition of the spontaneous activity of CPu neurons

Although LDME with benserazide produced less inhibition of neuronal firing in all
three groups compared with control, the difference was only significant for Group 1
(F=4.567, p=0.012; Fig. 6.4a) and Group 3 animals (F=7.162, p=0.001; Fig. 6.4c). In
the first 20 minutes post-drug, there was no difference between the inhibition of in the
three test groups and that in controls but thereafter firing returned to normal (Group
1) or above (Group 3) and whilst it was maintained in Group 2 (Fig. 6.4b) no group
showed any secondary reduction throughout the recording period after LOME with
benserazide.

When the inhibitory effect of LDME in the presence of benserazide was compared in
the three groups, that observed in Group 2 animals was, again, significantly greater
than in Group 3 (p<0.001). The effects of LDME alone or with benserazide on the
discharge of CPu neurons in the three groups are shown in Fig. 6.5. Significant
differences were obtained in Group 2 and Group 3 (F= 12.835, p<0.001 and F=9.264,
p< 0 .01 , respectively).

The inhibitory effects on neuronal firing rates were also measured as the area under
the curve and expressed as total inhibition. This showed (Fig. 6 .6 ) that after LDME
alone or with benserazide the inhibition was less marked in Group 1 although the
difference did not reach statistic significance. In Group 2 LDME alone or in the
presence of benserazide inhibited the spontaneous activity of surviving neurons to -the
same extent as that seen in control groups. Most interestingly, however, was the
186

finding that in Group 3, not only was the inhibitory effect less than those of the
control and the other groups after administration of LDME and benserazide, but it was
almost completely abolished. Despite this lack of effect of LDME alone or with
benserazide, a significant inhibition of neuronal firing with rapid onset was seen after
the intravenous administrations of apomorphine (Fig. 6.7 A) and dopamine (Fig. 6.7B
& C), and was reversible by haloperidol (Fig. 6.7B).
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Figure 6.4 Time-course of changes in the spontaneous activity of neurons in the intact
and unilaterally 6 -OHDA-lesioned rat striatum after intravenous LDME (50 mg/Kg)
and benserazide (20 mg/Kg). Percentage values were calculated relative to the mean
firing rate during the last 10-minutes monitoring before drug administration as (% of
basal firing rate, mean±sem) in the following groups: control ♦, n=5; (a) Group 1 with
acute 6 -OHDA lesions, n=5; (b) Group 2 with denervated supersensitivity, n=7; and
(c) Group 3 with one-week treatment with LDME/benserazide, n=6 .
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6.2.5

Effects of 6-OHDA lesions and chronic pretreatment with LDME plus
benserazide on utilization of exogenous dopa in rat striatum

At the end of extracellular single unit recording (about 2 hours after last LDME with
benserazide), rat brains were removed immediately and the tissue levels of dopa,
dopamine and their metabolites were determined in both the intact and denervated
striata. In comparing dopamine levels in these animals which are higher than those
given in Fig. 7.2 and in the literature generally it must be remembered that prior to
killing the animals had received two doses of LDME (alone and with benserazide). As
shown in Fig. 6 .8 , the tissue levels of dopamine and DOPAC are significantly lower
in the denervated striatum of all three groups compared with the intact side (Table
6.2). There is no significant difference in the levels of dopa, OMD and HVA between
the intact and denervated striata, although the striatal dopa levels are higher and HVA
levels lower in the denervated side. LDME-induced dopamine elevations in both the
intact and denervated striata of rats with denervation supersensitivity (Group 2) were
significantly greater than those in the same striata of rats with acute lesions (Group
1). In the denervated striatum of rats subchronically pretreated with LDME plus
benserazide, the levels of OMD are the highest and HVA, the lowest among the three
groups.

After administrations of LDME with benserazide, striatal dopa levels were 2-3 fold
higher in the denervated striata (Fig. 6.9) whereas the levels of dopamine and its
metabolites were only 10% to 30% compared to the contralateral non-lesioned side
(Table 6.2). In addition, the percentage of HVA in the denervated striatum of rats

194

Table 6.2 Effects of coadministration of LDME with benserazide on striatal tissue contents of
dopa, DA, DOPAC, OMD and HVA in 3 groups of 6 -OHDA-lesioned rats

g ro u p

n

t i s s u e c o n t e n t s ; (pm ol/m g)
r ig h t

le ft
DOPA

DA

DOPAC

OMD

5
7
7

8 . 2 ± 1.9**
1 8 . 4 ± 2. 7**' "
1 4 . 2 ± 1.7**

37.6 ± 5.5
5 9 . 7 ± 4. 1^^
46.8 ± 4.6

3 1 . 8± 4 . 6
33 . 7± 6 . 7

6

7
7

4.3 ± 1 . 1*
1 0 . 8 ± 2 . 1 **
8 . 2 ± 5. 7**

23 .0 ± 6 . 6
4 1 . 9 ± 8. 3
24.6 ± 5.2

15. 8 ± 4 . 3
1 8 . 2± 4 . 2
16.4112.6

4
7
7

12 . 4 ± 7 . 3
24.8 ± 4.5
3 5 . 4 ± 1 1 .9

16.2 ± 6.3
17.8 ± 5.4
21.0 ± 8.6

0.81 0 . 0
1.41 0.5
1. 71 0.3

6

12 . 9 ± 5 . 0
8.5 ± 2.9
3.9 ± 1.9

28.0 ± 8.8
27.5 ± 4.9
22.2 ± 4.0

47.7110.5
29.51 6.5
9 . 1 1 3. 3^^

1
2

1
2

3
HVA

8

3

3

1
2

3

100)

18.2 ± 4.9
13 . 1 ± 2 . 3
13 .3 ± 5 . 0

6

7

1
2

(L /R *

40.6 ± 7.4
24.6 ± 6.4
27 . 4 ± 9 . 6

1
2

3

p e rc e n ta g e

7
7

313 ± 64
± 46
249 ± 38

222

2 1 . 8± 3.3

*, p<0.05; **, p<0.01 significantly different from the intact (right) side; f, p<0.05; ff,p<0.01
significantly different from the acute lesioned group (Group 1). Group 1, with acute lesions; Group
2, tested 3 weeks after the lesions, with supersensitivity; Group 3, 2 weeks after lesions rats were
treated every day with two intraperitoneal injections of LDME (50mg/Kg) plus benserazide
(20mg/Kg) for 1 week. Each value represents the mean±sem of n determinations in each group.
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on

th e d a y o f e x p e r im e n t.

V a lu e s

are

e x p r e s s e d as p m o l e / m g w e t t i s s u e ( m e a n ± s e m o f 6 - 8 ra ts). S t a t i s t i c a l l y s i g n i f i c a n t
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p a ir e d t- te st) . t , p < 0 . 0 5 ; f t , p < 0 . 0 1 s i g n i f i c a n t l y h i g h e r a s c o m p a r e d w i t h rats o n l y
w i t h a c u t e l e s i o n s ( G r o u p 1 ).
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6.3 DISCUSSION

The main aim of the present study was to investigate how the effects of systemic
LOME, either alone or in the presence of a PDI, on the spontaneous discharge rate of
neurons in the striatum would be modified by their denervation through removing the
dopamine input after injection of 6 -hydroxydopamine (6 -OHDA) into the substantia
nigra (pars compacta, SNc) not only acutely (Group 1) but after the development of
denervation supersensitivity (Group 2). An attempt was also made to assess if any
initial denervation supersensitivity of postsynaptic dopamine receptors would decline
with repeated dosing of LOME (Group 3).

The use of 6 -OHDA also reduces the possibility that newly formed dopamine derived
from systemic LOME (either alone or with benserazide) was producing some effects
through the formation and release of dopamine from presynaptic dopamine nerve
terminals and could thus help to support the hypothesis proposed in the previous
chapters that some dopamine newly formed from exogenous L-dopa may not be
synthesized inside dopaminergic terminals. Since 6 -OHDA, a neurotoxic substrate for
both dopaminergic and noradrenergic presynaptic uptake mechanisms, was injected
stereotaxically into the SNc (section 2.6.2), it was not necessary to give the specific
blocker of noradrenaline uptake, such as desmethylimipramine (Rosin, Clark,
Goldstein, Roth & Deutch, 1992).

6.3.1

Behaviour testing

To evaluate the efficacy of unilateral dopamine depletion within the striatum, rats were
tested for rotational behaviours in response to intraperitoneal administrations of either
apomorphine (0.25mg/Kg), D-amphetamine (2.5mg/Kg) or LDME (50 mg/Kg) plus
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benserazide (20 mg/Kg) (see section 2.6.3). It has been reported that apomorphine,
which induces contralateral circling by directly stimulating supersensitive receptors in
the denervated striatum, is only effective in animals with more than 90% of
nigrostriatal neurons destroyed (Ungerstedt, 1971) but that the ipsilateral circling
induced by amphetamine facilitating the release of dopamine and blocking its reuptake
(Porras & Mora, 1993) is achieved with much smaller lesions (about 50% loss) (Hefti,
Melamed & Wurtman, 1980). In animals with denervation supersensitivity, an
apomorphine test is reported to be a sensitive index of imbalance in striatal dopamine
activity (Ernst & Smelik, 1966; Sullivan, Fraser & Szechtman, 1994). The maximal
response to apomorphine has also been reported to occur three weeks after the lesion
(Tassin, Hervé, Blanc, Thierry & Glowinski, 1987; Carman, Gage & Shults, 1991).

The rats with acute 6 -OHDA lesions (Group 1) responded well to D-amphetamine
administration but not to apomorphine, which indicated the efficient unilateral lesion
caused by 6 -OHDA injection. As suggested by Ungerstedt (1971), when tested 2-3
weeks post-lesion the lesioned rats (Group 2) demonstrated contralateral rotations after
apomorphine (8.9±2.3 turns/min) which represents the development of denervation
supersensitivity to dopamine in the lesioned side of striatum. Interestingly, this
contralateral circling behaviour in response to apomorphine was significantly reduced
or disappeared after subchronic administration of LDME plus benserazide (in Group
3 animals) whilst ipsilateral rotations developed to LDME plus benserazide itself.
Winkler and Weiss (1989) had observed that the behavioral supersensitivity were
reduced by chronic administration of selective D, or D2 agonists which indicate that
the developed supersensitivity at postsynaptic receptors was desensitized through
repeated stimulation by administered dopamine agonists (or LDME). One possible
explanations for this reversed supersensitivity to apomorphine is that chronic
stimulation of dopamine receptors and the restoration of dopaminergic function in the
lesioned side after repeated dosing with LDME plus benserazide could in fact counter
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the hypersensitivity and restore receptor numbers to normal. However, LDME with
benserazide acted like D-amphetamine indicating that dopa was being converted to
dopamine in the dopamine terminals of the intact striatum which also demonstrated
the functional significance of striatal nerve terminals for dopamine synthesis from
LDME. The turning responses to D-amphetamine, apomorphine and LDME indicate
that the treatment objectives for the 3 groups were achieved.

6.3.2

Electrophysiological changes in the hasal firing rate o f surviving dopamine
neurons

The main electrophysiological changes observed in the striatum of rats with 6 -OHDA
lesions were an increase in the number of neurons exhibiting spontaneous activity and
a significantly higher (p<0.01) spontaneous discharge rate (28.93+6.81 spikes/10
seconds) compared with controls (10.66±1.27) (Group 1, Table 6.1) after 5-7 days but
no specific change in firing pattern was noted, which accords with the observation of
Walker and co-works (1989). This increase in spontaneous activity of striatal neurons
has also been reported by others to be already established within a few days after the
lesions of dopamine cells with 6 -OHDA (Schultz & Ungerstedt, 1978; Orr, Gardiner,
Strieker, Zigmond & Berger, 1986; Stromberg & Bickford-Wimer, 1991) and is
expected to result from the increase in the excitability of striatal neurons due to the
reduced inhibitory action of dopamine on them (Mercuri, Bemardi, Calabresi,
Cotugno, Levi & Stanzione, 1985; Florio, Di Loreto, Cerrito & Scarnati, 1993). An
even greater increase in spontaneous discharge rate was found, however, in the
striatum of rats tested 2-3 weeks after the lesions which was significantly higher than
that measured in the striatum of rats with acute lesions (48.98±9.48 vs 28.93+6.81,
p<0.05). This further increase, also shown recently by Florio et al (1993), may be due
to extra glutamate released from cortical fibres no longer under the control' of
dopamine released from nigro-striatal neurons (Romo, Cheramy, Godeheu &
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Glowinski, 1986) and controlling the ability of cortical glutamatergic input to
depolarize neuronal spines in the CPu (Calabresi, Mercuri, Stanzione, Stefani &
Bernardi, 1987; Smith & Bolam, 1990). Interestingly, the increased basal firing rate
after denervation tended to be reversed after repeated dosing with LDME plus
benserazide which may indicate a restoration of dopaminergic activity.

Thus, as with turning behaviour, monitoring the spontaneous discharge of striatal
neurons indicates that the objectives of the 6-OHDA lesions have been realised i.e.
increased response to dopamine (Group 1 and 2) and partially reversed by repeat
dosing of LDME with benserazide (Group 3).

6.3.3

The effects of 6-OHDA degeneration of nigrostriatal tract on LDMEinduced inhibition of spontaneous activity of CPu neurons

The results obtained in the previous chapter suggested that the early inhibition of
spontaneous discharge rate produced by LDME (section 5.2.3) may be due to the entry
into the brain of a substantial amount of peripherally formed dopamine which
stimulates dopamine Dj receptors located extrajunctionally outside the dopaminergic
synapses (Ohno, Sasa & Takaori, 1987; Hu & Wang, 1988; Akaike, Ohno, Masashi
& Takaori, 1987; Williams & Millar, 1990), whereas the later inhibition is caused by
newly formed dopamine released from the terminals of nigrostriatal dopaminergic
neurons and acting at the synapse. In fact, systemic LDME produced a rapid but
transient inhibition of neuronal firing within 5-15 minutes and then a secondary and
longer-lasting (30 minutes) reduction (Figs. 5.2 & 5.3). Since such inhibitions may be
due to the stimulation of dopamine receptors by dopamine formed from exogenous
dopa at different sites they could be affected differently by 6-OHDA denervation. In
fact the biphasic effect produced by LDME was still observed in the denervated
striatum of rats with acute 6-OHDA lesions (Group 1) but both the initial and
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secondary inhibitions were significantly less than in the intact striatum (F= 16.511,
p<0.001) (Fig. 6.3a). This may indicate the reduced synthesis of dopamine from
exogenous dopa owing to the loss of dopaminergic nerve terminals as well as greater
amounts needed to overcome the increased excitability of striatal neurons after 6OHDA lesions.

In contrast, no significant difference in the inhibitory effect of LDME was observed
between the denervated striatum of rats tested 2 -3 -weeks after lesion (Group 2) and
normal controls, although the initial inhibition lasted even longer. This is probably due
to changes in the responsiveness of the neurons. Thus it is known that after an
essential period of time following 6-OHDA lesions in adult rats, surviving dopamine
neurons show 1) increased dopamine turnover e.g., increasing synthesis (through upregulation of tyrosine hydroxylase [TH] activity), release and catabolism and 2) the
development of postsynaptic receptor supersensitivity (Whishaw, Funk, Hawryluk &
Karbashewski, 1987; Rogers & Dunnett, 1989). In addition, turnover may rise due to
an increase in the amount of dopamine released per pulse from residual dopamine
terminals together with a decrease in dopamine uptake (Abercrombie & Zigmond,
1990). The surviving dopamine neurons could therefore maintain normal function
through denervation-induced supersensitivity and other compensatory mechanisms.
Also according to my observations (Chapters 3, 5 & 7), the early inhibitory effect of
LDME on neuronal firing may result from extracellular dopamine formed from
administered dopa outside the CNS and entering the brain. Thus, the prolonged initial
inhibition produced by LDME in the striatum of rats with denervation-induced
supersensitivity may possibly provide an electrophysiological evidence for reduced
presynaptic uptake.

Most interestingly, in the denervated striatum of rats with 7 daily treatments of two
intraperitoneal injections of LDME plus benserazide per day (Group 3), the secondary
203

inhibition produced by LDME on the spontaneous discharge rate of dopamine neurons
was completely abolished, although the initial inhibition after LDME still existed.
According to Carey (1991) chronic L-dopa treatment produces a partial tolerance in
the conversion of L-dopa to extracellular dopamine, which supports the proposal that
the early inhibition is due to the different origin of dopamine formed from exogenous
dopa and agrees with other reports which suggested that repeated dosing with LDME
and a PDI can reverse the increased presynaptic activity and the dopamine receptor
functional supersensitivity seen after 6-OHDA lesions (Melamed & Hefti, 1984;
Hossain & Weiner, 1993). Generally these findings suggest that the initial transient
inhibition of striatal firing produced by LDME is sufficiently similar in all 6-OHDA
denervated and control animals to imply that it arises from dopamine formed outside
dopamine neurons and even outside the CNS. The smaller inhibition in Group 1
animals being due to the enhanced background firing.

6.3.4

The effects of 6-OHDA degeneration of nigrostriatal tract on LDME-induced
inhibition of spontaneous activity of CPu neurons in the presence of benserazide

Albeit there was no significant difference between all three groups and the controls
within the first 20 minutes post-drug, the secondary inhibition was diminished after
concomitant administration of LDME and benserazide in the rats with acute lesions
(Group

1) and especially

in those receiving

subchronic

pretreatment with

LDME/benserazide (Group 3) (p=0.012 & p=0.001, respectively) (Fig. 6.4a & c). The
inhibitory effect of LDME was also found to be less in the group with denervation
supersensitivity without reaching statistical significance (p=0.075) (Fig. 6.4b). These
results support the hypothesis made in Chapter 5 that the secondary inhibition was
exerted by dopamine newly synthesized in and released from dopaminergic terminals.
When LDME was given after benserazide, although more dopa entered the brain
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(protected by benserazide from peripheral decarboxylation) it cannot be used
sufficiently to synthesis dopamine because of the loss of dopaminergic neurons after
6-OHDA lesions. Thus, it is not surprising that when LDME was given in the
presence of benserazide the inhibition observed in both groups of rats with the longer
period of 6-OHDA lesions (Group 2 and Group 3) was significantly less than that after
LDME alone (Fig. 6.5). In fact, overall there was virtually no inhibitory effect
produced by LDME plus benserazide on spontaneous activity of striatal neurons within
the first hour post-drug in the lesioned rats with subchronic pretreatment (Fig. 6.6).
Interestingly, the fact that these units could still be inhibited immediately by
intravenous injections of apomorphine or dopamine (which directly act on dopamine
receptors) further supports the need for dopamine synthesis from dopa (Fig. 6.7B &
6.7C) and indicates that despite the loss of presynaptic dopamine terminals caused by
6-OHDA lesions postsynaptic dopamine receptor junction is unimpaired. Furthermore,
it has long been speculated that the high levels of dopa and OMD (the major
metabolite of dopa after LDME with benserazide) accumulated in the nerve terminals
may possibly lessen the biosynthesis and/or release of dopamine which may explain
why the least inhibition produced by LDME was found in the rats receiving
subchronic pretreatment of L-dopa plus benserazide.

6.3.5

The effects of subchronic pretreatment of LDME with benserazide on the
utilization of exogenous dopa in nigrostriatal degenerated rats

There is considerable evidence that, after brain damage in adult rats, the synthesis and
release of dopamine within the existing dopaminergic terminals are increased relative
to their rates in intact control animals (Zigmond, Acheson, Stachowiak & Strieker,
1984; Zigmond, Abercrombie, Berger, Grace & Strieker, 1990). In addition, in
severely lesioned rats, dopamine metabolism, estimated from the ratio of DOPAC or
HVA to dopamine, was also increased in the lesioned hemisphere compared with the
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intact side (Altar, Marian & Marshall, 1987). Postsynaptically, dopamine denervation
supersensitivity is known to develop by the receptor up-regulation observed in
biochemical studies (Gnanalingham & Robertson, 1994; Qin, Chen & Weiss, 1994).
As suggested by Melamed et al, the increased turnover that occurs after dopamine
depletions of 50-60% or more may reflect an increase in the capacity of these
terminals to release dopamine and thereby compensate for the loss (Melamed, Hefti
& Wurtman, 1982).

In the present study, the tissue contents of dopamine, DOPAC and HVA but not dopa
and OMD were found to be significantly less in the denervated striatum than in the
intact controls after LDME administration (Fig. 6.8, 6.9). If tissue dopamine content
can be taken to reflect the number of dopaminergic terminals, and the ratio of HVA
to dopamine is an index of dopamine turnover per terminal (Zigmond, Abercrombie,
Berger, Grace & Strieker, 1990) then the increased HVA/dopamine ratio (2.11-fold
higher than in intact rats (Group 1) (Table 6.2) indicates an increased dopamine
turnover rate. Interestingly, the increased ratio of metabolite/dopamine was only seen
in the acute lesioned group which coincides with the finding of Altar et al (1987) that
these ratios are maximally elevated at the earliest postoperative time studied.

The accumulation of dopa (222-313% of control) observed in the lesioned striatum
(Fig. 6.9) is perhaps surprising in view of the lost storage capacity with terminal loss
even if it also indicates the loss of capacity to utilize exogenous dopa and form
dopamine (Fig. 6.10). This is supported by the lower concentrations of dopamine,
DOPAC and HVA measured in the denervated striatum (Fig. 6.8). Both dopa and
OMD levels were similar in all three groups on the intact side which may be due to
the general distribution of these two substances whereas the dopamine level in the rats
with the longer period of lesion (Group 2) was significantly higher (p<0.01) than that
in the intact striatum of rats with acute lesions (Group 1) (Fig. 6.8 lower panel) as if
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there was some cross-side compensation. Most interestingly, in both striata of rats
pretreated with LDME and benserazide (Group 3) the levels of dopa, dopamine and
DOPAC were not higher than those levels in the other two groups and the HVA level
in the denervated striatum was even significantly lower (p<0.01) than that in the acute
lesion group (Group 1). These results were consistent with that reported by Melamed
& Hefti (1984) that after L-dopa administration, striatal dopa levels were similar but
that no decrease in striatal accumulation of dopamine from exogenous L-dopa was
found if rats were pretreated with L-dopa for less than 30 days. Moreover, in Group
3 the concentration of HVA (after LDME/benserazide administrations) in the lesioned
side compared with the intact side was also found to be significantly less which may
indicate the reduced turnover rate in the impaired striatum after repeated dosing of
dopa with benserazide. This reduced increase in synthesis/release of striatal dopamine
(indicated by the lowest level of HVA and the low ratio of HVA to dopamine) in
Group 3 rats is also consistent with the lower inhibition of neuronal activity seen after
acute LDME/benserazide (Fig. 6.3 & 6.4). It is also consistent with the reports that
long-term L-dopa therapy with PDIs in Parkinson’s disease is often associated with
a decrease in the efficacy of this drug (Hossain & Weiner, 1993). Besides, despite the
much higher tissue contents of dopa, the striatal levels of dopamine and DOPAC were
still only 15-30% of the intact sides (Table 6.2) after two intravenous administrations
of LDME (with and without benserazide separately). This may indicate that restoration
of dopamine is a rather slow process and may possibly explain why the clinical
control of parkinsonian symptoms with L-dopa/PDI usually requires a period of weeks
especially when L-dopa is administered orally since even less (only 1-3% of the oral
dose) dopa will be able to enter the CNS and reach the deficient side.

The levels of OMD in the lesioned side (Groups 1, 2) were similar to those in intact
striata, but higher in the rats after subchronic pretreatment (Group 3) and accompanied
by the lowest level of HVA (Fig. 6.7). These results imply a possible association
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between high CSF OMD and reduced dopamine turnover rate after long term L-dopa
treatment. The effect of high OMD on striatal dopamine release will be studied and
discussed in Chapter 8.

CONCLUSION

These results support the hypothesis that some synthesis of dopamine from exogenous
dopa does not occur inside dopaminergic terminals. This study also gave direct
evidence that chronic L-dopa/PDI treatment reverses the increased activity of surviving
dopaminergic neurons and the functional supersensitivity of dopamine receptors seen
after 6-OHDA lesions (Hossain & Weiner, 1993) and suggest that long term
administration of L-dopa may affect its own utilization and effect in the striatum
(Melamed & Hefti, 1984).
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CHAPTER

7

EFFECTS OF SYSTEMICALLY ADMINISTERED DOPAMINE ON THE
LEVELS OF DOPAMINE AND NEURONAL FIRING IN THE STRIATUM
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7.1 INTRODUCTION

The results presented in Chapters 3 and 4 revealed that when there was a rapid and
significant rise in plasma dopamine after intravenous dopa there was an increase in
CSF dopamine. In addition, the results described in Chapters 5 and 6 illustrated that
after LDME administered alone, an early and significant inhibition on neuronal firing
was seen with the same time course as the rise of plasma dopamine whereas both
were diminished when peripheral dopa decarboxylation was blocked by benserazide
(section 5.2.3, 6.2.4). The question was therefore raised by such results as to whether
dopamine formed in the periphery after L-dopa alone could enter the brain and
directly exert central effects on dopamine-sensitive neurons even though there is a
generally held concept that dopamine is not sufficiently lipid soluble to cross the
blood brain barrier (BBB).

Several studies which were done during the 1950’s to early 1970’s have suggested that
there is unlikely to be a general penetration of dopamine into the brain (Raab &
Gigee, 1951; Euler, 1956), although technical limitations (such as the inability to
distinguish between dopa and dopamine) (Robson & Stacey, 1962; Constantinidis,
Bartholini, Tissot & Pletscher, 1968) and difficulties in measuring the change in trace
amounts of central neurotransmitters may have affected interpretation. In the doseresponse studies of Bertler and colleagues (1966), they reported that a fluorescence
with very weak intensity in the brain capillaries was registered first only at a dose
level as high as 40 mg/Kg (i.p.) or 20 mg/Kg (i.v.). They also showed that after both
the intraperitoneal and the intravenous administration, a clear-cut increase in the
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diffuse parenchymal fluorescence occurred first at the 80 mg/Kg level. The sensitivity
of such histological procedures do not of course compare with microdialysis and
HPLC which is able to detect minute changes in the extracellular levels of
catecholamines as low as 10^-10^° M (see section 2.3). There are results obtained by
others, however, such as increased catecholamine levels in rabbit brain after i.v. or i.p.
administration of noradrenaline and dopamine following pretreatment with reserpine
and MAO inhibitors which suggested that the BBB is permeable to catecholamines
under some conditions (Dahlstrom and Haggendal, 1966; Werdinius, 1966; Schain,
1960; Dencker, Haggendal & Ilves-Haggendal, 1966).

The aim of the work described in this chapter was to re-evaluate the possibility that
dopamine can penetrate into the brain. To achieve this the technique of intracerebral
microdialysis was employed to monitor the time course of dopamine in the extra
cellular fluid of rat CPu following its intravenous administration. Additionally, the
effect of systemically administered dopamine on the spontaneous activity of striatal
dopamine-sensitive neuron was also monitored. This simple approach could provide
pharmacological as well as electrophysiological evidence for the penetration, if there
is any, of dopamine to exert central effects. Moreover, an attempt was also made to
study the underlying mechanism for dopamine transport.

The dose of dopamine chosen for intravenous administration (10 mg/Kg) was one that
produced a plasma dopamine concentration similar to that formed from L-dopa
administration (section 3.2.1). It was given either alone or in the presence of
domperidone, which is known to be a very potent and specific dopamine antagonist
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that does not act centrally like neuroleptic drugs (Niemegeers & Janssen, 1979;
Brogden, Carmine, Heel, Speight & Avery, 1982). Since ex vivo and in vivo
experiments have indicated that domperidone is unable to reach dopamine receptors
in rat striatum (Laduron, Ley sen, 1979) it should eliminate any peripheral effects of
dopamine. After intravenous administration, dopamine levels were monitored in striatal
dialysates, which reflect synaptic dopamine concentrations (Orosz & Bennett, 1992),
and its effects on neuronal activity were also determined.

t

In some experiments, increasing doses of dopamine were given to the rats after
pretreatment with a-methyl-p-tyrosine (aM T), which is a competitive inhibitor of
tyrosine hydroxylase, the rate limiting enzyme in catecholamine synthesis (Nagatsu,
Levitt & Udenfriend, 1964; Spec tor, Sjoerdsma & Udenfriend, 1965; Widerldv &
Lewander^. 1978) and is able to produce a substantial depletion of cytoplasmic
dopamine (Axt, Commins, Vosmer & Seiden, 1990). It was anticipated that in the
absence of endogenous striatal dopamine any changes in the striatal CSF levels of
dopamine and its metabolites would more likely reflect that coming from the
periphery.
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7.2 RESULT

7.2.1

The effects of intravenous administration of dopamine on the plasma and
striatal CSF levels and tissue contents of dopamine, DOPAC and HVA

Dopamine and its metabolites, DOPAC and HVA were monitored in plasma as well
as in striatal dialysates following its systemic administration. Immediate increases in
plasma levels of dopamine, DOPAC and HVA (to 235±6, 162±13 and 256±23 pmole/
50|il plasma, respectively) (Fig. 7.1) were detected 5 minutes after intravenous
administration of 10 mg/Kg dopamine. In CSF, a significant rise in dopamine level
(0.25±0.05 vs 0.09±0.02 pmole/50pl dialysate, p<0.05) (about 250±33%) was observed
within 20 minutes (Fig. 7.1 A). However, neither CSF DOPAC nor HVA was increased
significantly (Fig. 7.1 B & C) although plasma HVA was still above 100 pmole 40
minutes later. By contrast, in the striatum the tissue contents of dopamine (from
20.43+1.11 to 26.34+1.26 nmole/g wet tissue, n=10), DOPAC (5.10+0.37 to 6.61
±0.27) and HVA (2.91+0.19 to 5.34±0.47) all increased significantly (p<0.01) 20
minutes after intravenous injection of 10 mg/Kg dopamine compared with that of a
control group treated with the same volume of saline (Fig. 7.2A). In the cortex, the
tissue contents of dopamine, DOPAC and HVA in naïve untreated animals are much
lower than those in the striatum (about 3-4% ). However, the contents of dopamine
(0.66db0.06 to 1.06+0.13, p<0.05) and DOPAC (0.21±0.01 to 0.47±0.04, p<0.01) were
also increased significantly after dopamine administration (Fig. 7.2B) and their
percentage increases (161% & 224%) were also greater than those in the striatum
(129% & 129%).
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7.2.2

Effects of intravenous dopamine on the spontaneous activity of neurons in
the caudate putamen of intact and 6-OHDA pretreated rats

As shown in Fig. 7.3 (A & B), increasing doses (1 ,5 , 10 and 25 mg/Kg) of dopamine
administered intravenously produced a dose-related inhibition on the spontaneous
discharge of dopamine sensitive neurons in the CPu of intact rats. A more rapid and
significant inhibition on the spontaneous activity of such neurons after 3-week
nigrostriatal degeneration was also observed after a single dose of inp*avenous
dopamine (10 mg/Kg) (Fig. 7.4) although the mean maximal inhibition produced by
apomorphine (Fig. 1.1 A) and dopamine (Fig. 7.7B) was not significantly different
from that on CPu neurons in intact rat. This inhibitory effect of dopamine was
reversed by 2 mg/Kg haloperidol which also blocked the inhibitory effect of
apomorphine (ED 5q= 0.102±0.007 mg/Kg) (Dailey, 1992) up to 1 mg/Kg (Fig. 7.4).
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7.2.3

The effects of intravenous administration of dopamine on striatal CSF levels
of dopamine, DOPAC and HVA of rats pretreated with a-methyl-p-tyrosine

One hour after the subcutaneous injection of 150 mg/Kg a-methyl-p-tyrosine (aM T),
which was administered 100 minutes after implantation of the dialysis probe, rats were
injected intravenously either with increasing doses (1, 5, 10 and 25 mg/Kg) of
dopamine or with an equivalent volume of saline (control group) at one-hourly
intervals. In the control group, CSF dopamine could not be detected consistently after
a period of time (data not shown) while a gradual reduction in the basal effluxes of
DOPAC and HVA in the striatal dialysates started 80 minutes after the administration
of aM T and decreased to 60% and 45% respectively of basal efflux 5 hours later. The
administration of 1 mg/Kg dopamine did not affect the CSF dopamine level but it
alleviated the decline in DOPAC and HVA. Higher doses of dopamine (5 and 10
mg/Kg) produced dose-related increases in CSF dopamine which were accompanied
by transient and slight increases in CSF DOPAC and HVA. After 25 mg/Kg
dopamine, the increase in the levels of both CSF dopamine and DOPAC were more
pronounced with DOPAC peaking 20 minutes later than dopamine. Interestingly, the
reduction in CSF HVA after aM T administration was entirely abolished by the
injection of dopamine, and the highest dose (25 mg/Kg) of dopamine also produced
a more pronounced rise in CSF HVA (Fig. 7.5).
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Fig. 7.5 Effect of intravenous injection of dopamine on CSF levels of DA, DOPAC
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7.2.4

The effects of systemic dopamine on CSF dopamine and neuronal activity
in rat striatum in the presence of domperidone

The changes in dopamine and its metabolites, DOPAC and HVA were monitored in
striatal dialysates after intravenous administration of 10 mg/Kg dopamine either alone
or following pretreatment with domperidone (50 |Xg/Kg) (Fig. 7.6). The peak in CSF
dopamine (0.30+0.04 from 0.12+0.01 pmole/20 min) after its systemic administration
was slightly lower in the presence of domperidone (0.26+0.05 from 0.12+0.00) without
reaching statistical significance. No significant increase in the levels of DOPAC and
HVA in striatal dialysates was observed when dopamine was given after domperidone.
The changes in CSF DOPAC and HVA in the presence of domperidone were not
significantly different from those after dopamine alone.

When tested electrophysiologically, concomitant administration of domperidone (100
pg/Kg) significantly (p<0.01) reduced the inhibitory effect of apomorphine on
spontaneous activity of CPu neurons (Fig. 7.7A). The mean inhibition of neuronal
firing after systemic dopamine was also reduced following pretreatment with
domperidone (100 pg/Kg), however, the responses were very variable and too few in
number (n=5) to give reliable data and reach statistical significance (Fig. 7.7B).
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pretreatment with domperidone (filled symbol). Values are expressed as % of basal
efflux (mean±sem of 5 rats). *, p<0.05 statistical significance from the basal level was
assessed using paired t-test.
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Figure 7.7 Effects of domperidone on the inhibitory effects of apomorphine (A) and
dopamine (B) on spontaneous firing rate of rat CPu neuron. Apomorphine (apo, 100
pg/Kg), dopamine (DA, 10 mg/Kg) and domperidone (Dom, 100 pg/Kg) were
administered intravenously. Values are group mean±sem of 5 or 6 animals. **, p<0.01
statistical significance from apo alone was assessed using paired t-test.
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7.3 DISCUSSION

The main aims of the present study were to re-examine whether plasma dopamine
could cross thèl)lood brain barrier to enter the brain and to investigate the possible
mechanisms underlying such transport of peripheral dopamine by measuring the effect
of systemic dopamine on

1)

CSF levels of dopamine and its metabolites in striatal dialysates

2)

the spontaneous activity of dopamine sensitive neurons in the intact and
6-OHDA-lesioned CPu of rats using extracellular single unit recording

3)

striatal and cortical tissue contents of dopamine, DO?AC and HVA

The results were striking since plasma dopamine appeared to cross the BBB and
exerted an inhibitory effect on the spontaneous firing rate of dopamine-sensitive
neurons in the CPu of rat despite consensus on the lack of permeability of the BBB
to peripheral dopamine. It does, however, foster uncertainty as to the site of dopamine
formation in the striatum after complete loss of dopamine terminals or in brain regions
that lack dopamine neuronal inputs (Melamed & Hefti, 1984; Touchet & Bennett,
1989; Abercrombie, Bonatz & Zigmond, 1990).

7.3.1

The integrity of blood brain barrier (BBB)

It is crucial to consider the integrity of the BBB during the experiment to avoid the
possibility of direct contamination of the dialysates with dopamine from the systemic
circulation, before the results obtained in this study can be fully interpreted as either
the microdialysis probe or recording electrode inserted into the striatum area could
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have damaged the BBB. Several lines of evidence suggest that after the implantation
of a dialysis probe, there is most probably an initial damage to the barrier which is
followed quickly by a repair process to exclude communication with the blood stream
(Ungerstedt, 1984). Tossman and colleagues suggested that the perfusates collected
within the first 50-min after implantation should be disregarded (Tossman, Segovia &
Ungerstedt, 1986). Another study using sodium technetate (Na^^'^TcOJ, which cannot
cross the BBB, administered intravenously in rats has shown that the ratio of perfusate
to blood radioactivity did not alter during the first four 20-minute collection periods
(Tossman & Ungerstedt, 1986). In addition, other studies using a-amino-isobutyrate,
which is an inert amino acid that does not cross the BBB rapidly, have also shown
that the amino acid composition in blood differs considerably from that of the
extracellular fluid which indicate an intact BBB during microdialysis (Blasberg,
Fenstermacher & Patlak, 1983; Benveniste, Drejer, Schousboe & Diemer, 1984).
Accordingly, it was concluded that the BBB was not significantly damaged during
intracerebral microdialysis. In addition, it was also observed in the present study that
in striatal dialysates, only CSF dopamine was significantly elevated after its
intravenous injection although there were equivalent increases in plasma levels of
DOPAC and HVA over the same time course. Moreover, the level of plasma HVA
was even higher than that of dopamine (Fig. 7.1), which may indicate that the
increased CSF dopamine is unlikely to be due merely to damage to the BBB caused
by the insertion of the dialysis probe.

7.3.2

Dose-related central effects of systemic dopamine

When plasma dopamine was increased to a similar level to that produced by the
intravenous injection of a low dose of L-dopa (15 mg/Kg, see Chapter 3), it appeared
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to cross the BBB and was detected in the CPu of intact rat. Dose-response studies
using intracerebral dialysis and single unit recording, therefore, were performed to
investigate the effects of systemic dopamine on striatal CSF levels of dopamine (as
well as its metabolites) and the spontaneous discharge rate of neurons in the rat
caudate putamen. Since it is a well accepted and generally held concept that the
catecholamines (and 5-HT) do not reach the brain parenchyma from the circulation,
most studies on the effects of dopamine on dopaminergic and dopamine sensitive
neurons were performed using iontophoretic preparations and there was no study to
evaluate the possible central effect of systemic dopamine. The increasing doses of
dopamine used in this study were 1,5, 10 and 25 mg/Kg given intravenously. It was
intended to produce different concentrations of plasma dopamine since in the initial
clinical trials, many patients were given intravenously high doses of L-dopa alone. As
observed previously (in Chapter 3), a substantial amount of injected L-dopa would be
converted into dopamine within the circulation. In 1960, Degkwitz, Frowein,
Kulenkampff and Mohs administered L-dopa (50 to 350 mg) intravenously to insane
and normal subjects and, as was known from animal experiments (Carlsson, Lindquist
& Magnusson, 1957), they were able to demonstrate that the sedative effect of
reserpine which should have reduced the storage and hence release of dopamine was
effectively neutralized by L-dopa. This would have been possible if peripherally
formed dopamine could have entered the brain and directly activated its receptors.
Also the side effects which were experienced such as nausea, tachycardia, Sweating,
anxiety and vomiting can be considered as peripheral effects of dopamine. Birkmayer
and Hornykiewicz (1961) slowly injected 50, 100 and 150 mg L-dopa intravenously
and observed that the effect of a single intravenous L-dopa injection consisted mainly
of a complete or significant reduction of the akinesia. Such doses would be unlikely
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to elevate brain dopamine significantly after transport across the BBB whereas plasma
dopamine would have been elevated and could have entered the CNS directly.

The basal output o f dopamine and of its metabolites in CPu perfusates was found to
be critically dependent on the synthesis of dopamine, as administration of aM T
rapidly and markedly reduced the output of dopamine and its metabolites in the
dialysates (Imperato & Di Chiara, 1984). The effectiveness of the acute administration
of aM T (150 mg/Kg, s.c.) was shown by a reduction in CSF DOPAC to 60% of basal
efflux within 4 hours and a parallel decrease in the output of HVA to 50% (Fig. 7.5)
whilst dopamine could not be detected consistently. The fall of HVA took place with
a delay of about 20 minutes from that of DOPAC which is consistent with the origin
of most HVA as a product of DOPAC through COMT. Intravenous administration of
increasing doses of dopamine produced transient and significant dose related increases
in the level of dopamine in dialysates from the striatum after aM T pretreatment (Fig.
7.5). DOPAC (probably deaminated from exogenous dopamine) and HVA outputs
were also increased temporarily after dopamine and, again, the rise of HVA took place
20 minutes after that of DOPAC. Interestingly, the reduction in CSF HVA after aM T
was entirely abolished by injections of increasing doses of dopamine although the
level of DOPAC was still reducing, apart from transient replacements after each
dopamine administration (5 & 10 mg/Kg). Although extracellular DOPAC and HVA
concentrations are often difficult to interpret in intracerebral dialysis experiments
(Inoue, Kiriike, Okuno, Ito, Fujisaki, Matsui & Kawakita, 1993), it has been
demonstrated that changes in extracellular dopamine metabolite concentrations
(especially DOPAC) more closely reflect changes in synthesis rather than changes in
the release of dopamine (Imperato & Di Chiara, 1985; Zetterstrom, Sharp, Collin &
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Ungerstedt, 1988; Westerink, Hofsteede, Tuntler & De Vries, 1989). Hence after the
inhibitory effect of aM T on dopamine synthesis to diminish the effect of endogenous
dopamine, these results may imply that the transient increase in DOPAC and the
retention of HVA could result from dopamine not synthesized in the striatal neurons
but presumably derived from that entering the brain directly from the blood.

In addition to the dose-related elevation of CSF dopamine after intravenous injections
of dopamine in rats with aM T pretreatment, a surprisingly dose-related inhibition of
the spontaneous activity of dopamine-sensitive neurons was also observed after intra
venous administrations of dopamine to untreated animals (Fig. 7.3). Likewise, the
inhibition after dopamine (10 mg/Kg) was greater on the firing rate of neurons in the
CPu of rats with denervation supersensitivity after 6-OHDA lesions (79.3±7.0, n=6 vs
54.6±11.5, n=5) (Fig. 7.7B) and with longer duration (Fig. 7.4). The longer duration
of inhibition may be due to the lack of the high-affmity uptake to eliminate synaptic
dopamine after the loss of dopaminergic nerve terminals. Moreover, this inhibition
could be reversed by haloperidol, which also blocked the inhibitory effect of
apomorphine on neuronal firing (Fig. 7.4). These results, therefore, indicate that
dopamine can have direct central effects after systemic administration that can be
considered to be pharmacologically relevant.

As reported by Birkmayer and Hornykiewicz (1961), when higher doses of L-dopa
(150 mg/Kg) were administered to the patients or the intravenous injection was given
too rapidly, sweating and vomiting occurred. In addition, the blood pressure (BP) and
the heart rate (HR) rose. Similar side effects were also seen after intravenous injection
of dopamine (see Fig. 2.3 for arterial BP, data for HR not shown). However, Imperato
and Di Chiara (1984) had reported that in a dialysis study dopamine, DOPAC and
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HVA outputs were quite independent of spontaneous physiological changes of arterial
BP and heart rate. Moreover, the changes in the spontaneous activity of neurons in rat
CPu were also independent from the changes of BP and HR since although
intravenous administration of apomorphine depressed, whilst L-dopa and dopamine
elevated the blood pressure (Fig. 2.3) all these drugs inhibited the spontaneous
discharge of dopamine sensitive neurons in rat CPu.

7.3.3 The possible mechanism for the entry o f systemic dopamine into the brain

Systemically administered dopamine elevated the tissue content of dopamine, DOPAC
and HVA in both "dopamine-innervated" (striatum, DA: 26.34± 1.26 vs 20.43+1.11
nmole/g wet tissue, n=10, p<0.01) as well as in "non-dopaminergic" (cortex, DA:
1.06±0.13 vs 0.66+0.06, n=10, p<0.05) brain areas, although the increases were
markedly different in these two areas (Fig. 7.2 A & B). Since these data were obtained
from intact tissues without the insertion of a dialysis probe or electrode into cortex
and striatum, possible damage to tissue and BBB can be excluded whilst transcardiac
exsanguination minimized the influence of any drug residue in the blood. If the
increases in dopamine were due to drug residue in cerebral capillaries, then it should
have occurred to the same extent in both areas (assuming similar blood supply) but
it was in fact 15-fold greater in the striatum (Fig. 7.2).

Although dopa and dopamine could not be directly distinguished in the studies by the
fluorescence microscope (Owman & Rosengren, 1967), it has been demonstrated by
a histofluoremetric method that there is an enzymic trapping mechanism for L-dopa
(or dopamine?) present in brain capillaries (Bertler, Falck, Owman & Rosengren,
1966) and that the greatest increased concentration of dopamine derived from
exogenous dopa was found in the caudate nucleus (Bertler & Rosengren, 1959;
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Pletscher & Bartholini, 1971). Robson and Stacey (1962) also suggested that there
might be special receptors for dopa and/or dopamine in the walls of the cerebral blood
vessels. As discussed in Chapter 4, dopamine sulfate is one of the most abundant
metabolites of L-dopa present in plasma as well as CSF of parkinsonian patients
during treatment with L-dopa (Tyce, Sharpless, Kerr & Muenter, 1980), and it can
penetrate biological membrane more rapidly than the catecholamines (Dencker et al,
1967; Jenner & Rose, 1973). Merits (1976) also showed that dopamine sulfate can be
desulfated to a considerable extent and then undergo further metabolism, as does the
parent amine. In addition, studies of the carrier-mediated transport system of amino
acids had suggested that some substances do not cross the BBB rapidly (with low rate
of transport across normal brain capillaries), but are rapidly taken up and concentrated
by brain cells (Blasberg, Fenstermacher & Patlak, 1983). Although histochemical
studies in mice have shown that no fluorescence could be observed in the walls of the
intracerebral vessels or in the contiguous brain parenchyma, even after administration
of huge doses (500 mg/Kg) of dopamine, at which dose level the luminal content is
highly fluorescent (Bertler, Falck, Owman & Rosengrenn, 1966). This does not prove
that the luminal membrane is more or less impermeable to dopamine; it may penetrate
this membrane but then rapidly disappear (for example being taken-up speedily into
nerve terminals) from the vascular walls without ever reaching a concentration there
high enough to be demonstrated histochemically.

A specific transport of dopamine into nerve terminals has also been shown more
recently in structure-activity studies of the transport of exogenously added, nonradioactively labelled dopamine into rat striatal suspensions (McElvain & Schenk,
1992). The transporter appears to be quite specific in that although dopamine and
norepinephrine are transported, epinephrine and the major metabolites of dopamine
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(such as DOPAC and HVA) are not transported at all. Moreover, the dopamine
transporter seems to be more specific than the other transporters (e.g. glucose
transporter and amino acid transporter) because it has a more narrow structural
specificity and appears to distinguish substrates even within the catecholamine class
of molecules (Meiergerd & Schenk, 1994) possibly a similar transporter occurs in
brain capillaries which would be consistent with the intracerebral dialysis results
represented in this chapter (section 7.2.1).

Although the increase in CSF dopamine after dopamine with domperidone
pretreatment was not significantly less than that after dopamine alone, neither DOPAC
nor HVA were elevated in striatal dialysates even though they were transiently
increased after each dose of dopamine alone. Unlike haloperidol, domperidone did not
increase CSF levels of DOPAC and HVA (data not shown). It could be that as only
a peripherally acting dopamine antagonist (Brogden, Carmine, Heel, Speight & Avery,
1982; Lahlou, Duarte & Demenge, 1993) domperidone cannot block the stimulation
of striatal presynaptic dopamine receptors and so increase the turnover of dopamine
and the synthesis of DOPAC.

In the light of these observations, it is suggested that peripheral dopamine may be able
to enter the brain via a receptor-like mechanism (e.g. specific transporter for
dopamine). This assumption was also supported by electrophysiological studies
(section 7.2.4) which showed that pretreatment with domperidone reduced both the
inhibitory effects of apomorphine (p<0 .01 ) and dopamine (without reaching statistical
significance) on spontaneous firing rate of CPu dopamine-sensitive neurons (Fig. 7.7).
It was shown that systematically administered apomorphine accumulated well in
dopamine receptor-rich areas, but poorly in the cerebellum, which suggested that most
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of apomorphine accumulation is due to receptor binding (Melzacka, Wiszniowska &
Vetulani, 1978). Although apomorphine with a high lipid solubility is thought to
diffuse directly into the brain, it was shown that haloperidol dramatically prevents its
accumulation (or penetration?) in the striatum (Vetulani, Melzacka & Wiszniowska,
1978), Its effect on striatal neuron firing could only be reduced by domperidone if it
modified apomorphine’s penetration into the CNS (assuming domperidone cannot
enter). In that case domperidone’s reduction of the dopamine effect could imply that
dopamine is being transported across the BBB and that competition between them for
the dopamine-receptor (or transporter) binding sites (such as in the walls of cerebral
capillaries) is a possible explanation for the observed effects.

The possibility that the effects of intravenous dopamine on striatal neuron firing is the
result of a peripherally instituted reflex or cardiovascular effect that could be blocked
by a peripherally acting dopamine antagonist cannot be entirely ignored but seems
unlikely.

CONCLUSION

Judging from the results and discussion in this chapter, it appears that peripheral
dopamine can cross the BBB and selectively enter specific areas and exert its effect
centrally. The data also suggest that whilst a dopamine-receptor/transporter may be
involved in the passage of peripheral dopamine into the brain the exact mechanism
and actual site of such a transporter remain uncertain and need to be investigated.
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CHAPTER

8

EFFECTS OF OMD ON L-DOPA FACILITATED SYNTHESIS AND
EFFLUX OF DA FROM RAT STRIATAL SLICES
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8.1 INTRODUCTION

Fluctuations in motor performance develop in a majority of parkinsonian patients
receiving chronic L-dopa therapy with peripheral dopa decarboxylase inhibitors. They
experience immediate benefits after each dose but after prolonged treatment (about
4-6 years), many patients find that the therapeutic effects wear off, and parkinsonian
symptoms gradually reemerge about 3-4 hours after each dose, i.e. end-of-dose
akinesia (McDowell & Sweet, 1976). They also show abrupt swings between
parkinsonian symptoms (OFF) and dyskinesias and chorea movements (ON)
(Melamed, Globus, Friedlender & Rosenthal, 1983). The pathogenesis of these two
major response patterns, wearing-off and on-off phenomena, remains obscure although
alterations in L-dopa transport (Nutt, Woodward, Hammerstad, Carter & Anderson,
1984), further loss of nigrostriatal dopaminergic terminals (Rinne, Rinne, Laakso,
Lonnberg & Rinne, 1985), or a modification of postsynaptic receptors (Fahn, 1974;
Lee, Seeman, Rajput, Farley & Hornykiewicz, 1978) have been implicated. Clinical
studies suggest that the wearing-off phenomenon may also be related to the
accumulation of'high levels of plasma and brain 3-O-methyldopa (OMD) after long
term medication with high doses of L-dopa plus extracerebral dopa decarboxylase
inhibitors (Boomsma, Meerwaldt, Man-in’t-Veld A.J., Hovestadt & Schalekamp,
1989). It is known that O-methylation by catechol-O-methyl transferase is the major
metabolic transformation of L-dopa after decarboxylase inhibition. OMD, the Omethylated and major metabolite of L-dopa, was initially thought to potentiate the
antiparkinsonian action of L-dopa by serving as a long half-life reservoir (Kuruma,
Bartholini, Tissot & Pletscher, 1971). Subsequently, however, OMD was shown not
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only to be of no therapeutic value, but actually to antagonise the response to L-dopa
in animals and in parkinsonian patients (Feuerstein, Serre, Gavend, Pellat, Ferret &
Tanche, 1977; Hardie, 1989; Gervas, Muradas, Bazan, Aguado & Yebenes, 1983).
Attenuation of the dopamine replacement effect in nigrostriatal-degenerated rats has
also been explained by competition between OMD and L-dopa for uptake into the
brain (Reches & Fahn, 1982), because OMD has a greater affinity for facilitated
neutral amino acid transport into the cerebrospinal fluid (CSF) than L-dopa, and
competes with L-dopa for uptake into the CSF (Gervas, Muradas, Bazan, Aguado &
Yebenes, 1983). However, recent studies have suggested that elevated OMD in
association with the occurrence of wearing-off in parkinsonian patients is not through
competition with L-dopa for uptake into the brain, but through other unknown
mechanisms within the brain (Tohgi, Abe, Kikuchi, Takahashi & Nozaki, 1991).

The results described in preceding chapters (Chapter 3, 4) showed that in the presence
of the peripheral decarboxylase inhibitor, benserazide, not only were the levels of
plasma and CSF dopa and OMD after L-dopa administration several times higher than
after L-dopa given alone, but the inhibitory effect of L-dopa after benserazide on the
firing rate of dopaminergic neuron was also found to be significantly less in both
intact and 6 -OHDA pretreated rats (see Chapter 6 ). To evaluate further the possible
contribution of elevated OMD to the loss of efficacy of L-dopa, superfusion of striatal
slices was employed to investigate the effect of OMD on the actual synthesis and
release of dopamine in rat striatum.
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In this study, slices were perfused with L-dopa either alone at different concentrations
or in the presence of OMD. The chosen concentration ratio of OMD to L-dopa was
5 which mimics that in plasma of Parkinsonian patients receiving chronic L-dopa
therapy with peripheral dopa decarboxylase inhibitors (Baruzzi, Contin, Albani &
Riva, 1986; Armando, Grossman, Hoffman & Goldstein, 1991; Merello, Lees,
Webster, Bovingdon & Gordin, 1994). The tissue contents of dopa, DA and their
metabolites were also analyzed after superfusion. It was hoped to provide some direct
evidence to explain the correlation between accumulated OMD and the loss of efficacy
of L-dopa in clinical patients undergoing long-term therapy.

8.2 RESULTS

8.2.1

Spontaneous efflux of DA and DOPAC from slices of rat striatum

Basal effluxes of DA and DOPAC from slices of rat striatum gradually declined
during the first 30 minutes of superfusion with the control ACSF and then became
stable in each of the subsequent two 10-min fractions (DA: 0.15db0.07 & 0.15±0.06
pmole/mg wet tissue/10 min; DOPAC: 1.10+0.11 & 1.03+0.06, n=7) and remained
detectable throughout a 120-min superfusion period (Fig. 8.1). In the following
experiments, the first sample analysed was that collected between 30 and 40 min after
the start of superfusion. The efflux of HVA was not significantly altered by
stimulation or by L-dopa superfusion (see also Tyce & Rorie, 1985), and therefore
data for HVA are not shown in this chapter.
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8 .2.2

Potassium-evoked release of DA and DOPAC from rat striatal slices

Depolarisation of slices of rat striatum for 10 min (70-80 min) with high
concentrations of potassium (20-100 mM) resulted in concentration-dependent
increases in the efflux of DA, which were accompanied by much lower increases in
DOPAC (Fig. 8.2). The highest levels of dopamine in the superfusate was obtained
during the first 10-min period of

application and then progressively declined (Fig.

8.3). In this study, 40 mM KCl was chosen to induce a submaximal depolarization of
the tissue.
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8.2.3

Effects of L-dopa on the spontaneous and potassium-evoked release of DA
and DOPAC from rat striatal slices

The addition of L-dopa at lOpM resulted in significant increases in spontaneous efflux
of DA (from 0.13+0.05 to 1.17+0.41 pmole/mg wet weight of tissue/ 10 min, n=8 ,
p<0.05)(Table 8.1a) and DOPAC (from 1.43+0.13 to 11.48+2.22, n= 8 , p<0.01) (Table
8.1b). No increases were seen after IpM L-dopa.

After L-dopa at 1 and lOpM, the effect of potassium (40mM) on DA release was
facilitated in a concentration-dependent manner. However, there was no additional
depolarisation-induced increase in DOPAC efflux after high

at lOpM L-dopa

(Table 8.1b). The total effluxes of DA and DOPAC during the overall superfusion
time, including depolarisation were also increased in a concentration-dependent
manner (Fig. 8.4).

8.2.4

Effects of OMD on L-dopa augmented release of DA from slices of rat striatum

After 30 minutes of superfusion with ACSF containing 50|xM OMD, the spontaneous
effluxes of DA^and DOPAC were lower than without OMD but did not reach
statistical significance. Twenty minutes after the subsequent addition of 10|iM L-dopa,
the subsequent increased spontaneous efflux of DA and that evoked by KCl were also
reduced but again not significantly different from that in the absence of OMD (Table
8.1 a & b). The total efflux of DA during the overall superfusion time, including
depolarisation was, however, significantly lower than when L-dopa was added alone
(5.84+1.02 vs 10.82+1.19, n= 6 , p<0.05) (Fig. 8 .6 ). In contrast, the effect of L-dopa
on DOPAC efflux was not modified by OMD (Fig. 8.7). The overall time course of
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Table 8.1a Effects of L-dopa in the presence and absence of OMD on endogenous efflux and
40mM KCl-evoked release of dopamine.
-

L-dopa
OMD

(I^IM)

(1|LIM)
(5|lIM)

D A ef f lu x

(10|IM)

(n=ll)

(n=6 )

40
50
60
70
80
90
100

0.16±0.07
0.16±0.06
0.13±0.03
0.17±0.03
2.8710.49':
0.8510.21
0.1810.05

0.1410.05
0.1510.05
0.1110.03
0.1110.03
3.7210.79^
1.3510.29^'
0.1010.03

0.1310.09
0.1110.09
0 .0810.06
0.1110.07
2.4510.48^'^
0.9310.17®'':
0.0410.01

total
efflux

4.4111.13

5.6811.11

3.8610.41

(n=6 )

32.6314.47

28.0712.34

(n=8)
0 .1610.06
0.1310.05
0.3410.11
1.1710.41'^
5.1310.57®'':
2.4710.29^'':
1.1910.43'^

(n=6)

(n=6 )

0.0310.03
0.0010.00
0.1310.08
0.3410.16
3.5510.60®
1.7210.47*^
0.0710.07

0.1110.05
0.0610.03
2.0610.39='**
2.5710.44':
21.8011.85®':'**
3.7810.67=
1.3810.33=

11.7011.87

5.8411.02*

31.8712.93**

31.3112.22

39.7713.19*

tissue/70m in)

tissue 28.63±1.55
content
(pmole/mg w e t

(25|liM)

(pmole/mg wet tissue/10 min)

min

(pmole/mg w et

(lO^lM)
(50^LM)

45.0816.34*

tissu e)

•

E x p e r i m e n t a t i o n s t a r t e d 30 m i n u t e s a f t e r s u p e r f u s i o n , L - d o p a w as a d d e d
20 m i n u t e s l a t e r . V a l u e s f o r 4 0 , 50
m i n r e p r e s e n t b a s a l r e l e a s e , t h o s e f o r 6 0 , 70 m i n s h o w t h e L - d o p a f a c i l i t a t e d s p o n t a n e o u s r e l e a s e . F o r t y mM
KCl w a s i n t r o d u c e d f o r 10 m i n u t e s d u r i n g t h e p e r i o d o f 7 0 - 8 0 m i n . V a l u e s a r e mean±SEM o f n e s t i m a t i o n s . OMD
w as a d d e d f r o m t h e v e r y b e g i n n i n g o f s u p e r f u s i o n .
* * , p < 0 . 0 1 v s L - d o p a ( 10p.M) a l o n e ( S t u d e n t ' s t - t e s t )
*, p < 0 . 0 5 v s L - d o p a (lOfiM) a l o n e ( S t u d e n t ' s t - t e s t )
a, p < 0 .01 v s L-dopa f a c i l i t a t e d s p o n t a n e o u s e f f l u x ( p a i r e d t - t e s t )
b, p < 0 . 0 5 v s L - d o p a f a c i l i t a t e d s p o n t a n e o u s e f f l u x ( p a i r e d t - t e s t )
c, p < 0 .01 v s sp o n ta n e o u s e f f l u x (p a ir e d t - t e s t )
d, p < 0 . 0 5 v s s p o n t a n e o u s e f f l u x ( p a i r e d t - t e s t )
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Table 8.1b Effects of L-dopa in the presence and absence of OMD on endogenous efflux and
40mM KCl-evoked release of DOPAC.
-

L-dopa
OMD

(1|1M)

(1|IM)
(5|IM)

(10|IM)

DOPAC e f f l u x

(n=ll)

40
50
60
70
80
90
100

1.10±0.11
1.0310.06
1.0510.09
0.9110.14
2.1210.22^^
2.3210.24^
1.1410.14

total
efflux

9.9511.07

16.0413.20

13.1411.59

Tissue 12.1410.97
content

5.2010.42

5.1110.95

*,
a,
b,
c,
d,

p<0.01
p<0.05
p<0.01
p<0.05
p<0.01
p<0.05

vs
vs
vs
vs
vs
vs

1. 6610.35
1.4710.31
1.5510.29
1.5010.28
2 .9210.68
4.5010.93^'=
2 .4410 .43^’'=

(25p.M)

( p m o le / m g w e t t i s s u e )

min

(n=6 )

(lO^M)
(50|1M)

(n=6 )

(n=8)

(n=6 )

1.3010.16
1.3310.17
1.4710.23
1.4310.26
2.2810.40
3.4410.56'^
1.8910.29

1.5610.15
1.4310.13
8.6813.23
11.4812.22^
11.1011.78^
11.8511.76'=
7.3410.85'=

1.2310.31
1.0610.32
6.9311.27
11.8212.08^
11.8111.61'=
13 .2811.84^

56.63112.57

58.6019.01

74.0019.00

9.2711.56

11.5713.28

11.3912.18

L - d o p a (10p.M) a l o n e ( S t u d e n t ' s t - t e s t )
L - d o p a (lO^iM) a l o n e ( S t u d e n t ' s t - t e s t )
L-dopa f a c i l i t a t e d s p o n ta n e o u s e f f l u x
L-dopa f a c i l i t a t e d s p o n ta n e o u s e f f l u x
spontaneous e f f l u x (paired t - t e s t )
spontaneous e f f l u x (paired t - t e s t )

(paired t - t e s t )
(paired t - t e s t )
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12 .4613 .07'=

(n=6 )
1.3110.09
1.2110.07
3.3610.63
8.2810.89'=
30.6014.56^'*='**
14.6211.94'=
15.3012.21'=

8.2.5

Effects of OMD on L-dopa induced changes in DA content of striatal slices

The amount of DOPAC was not significantly altered in the striatal slices after
superfusion of L-dopa at different concentrations (1, 10 and 25p.M) and depolarization,
although small increases were observed. The accumulation of dopa and DA in striatal
tissue was increased in a concentration-related manner. However, when the slices were
pretreated with OMD (50pM), the levels of dopa and DA (but not DOPAC) were
significantly higher (p<0.01 & p<0.05 respectively) than in those perfused with L-dopa
alone (Fig. 8 .8 ).

8.2.6

Effects of excess L-dopa (25|iM) on DA release from and content of striatal
slices

Since the release and content of dopa in striatal slices was greater in the presence than
absence of OMD it was necessary to see whether the observed inhibitory effects of
OMD on DA release and formation could have been affected by the higher levels of
dopa rather than the OMD itself. Slices were therefore perfused with a higher
concentration of L-dopa (25pM). This significantly elevated the spontaneous efflux
of dopa to a level (283±34) just above that achieved with lOpM L-dopa plus 50pM
OMD (244±44) (Fig. 8.5) but the spontaneous and

stimulated release of DA still

significantly increased ie from 0.06+0.03 to 2.57+0.44 (n=6 , p<0.05) and from
2.57+0.44 to 21.8+1.85 (p<0.01) respectively (Fig. 8.6 & Table 8.1a). In fact after this
higher concentration of dopa, 40mM KCl evoked a release of dopa (not seen with
lOpM alone or with OMD) (Fig. 8.5) and much greater releases in DA and DOPAC
(Fig. 8 .6 , 8.7). Tissue contents of dopa and DA but not DOPAC was also increased
significantly more than with lOpM L-dopa alone or with OMD (Fig. 8 .8 ).
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Figure 8.5 Time course of the efflux of dopa from superfused striatal slices. Dopa
levels in the superfusates (pmole/mg wet tissue /1 0 min) are shown as line graphs.
The bar graphs show the total effluxes of dopa (pmole/mg wet tissue/70 min) in
different experiments. Slices were superfused with 10|iM ( 0 - 0 , blank bar, n=7) and
25pM (g — 0 , hatched bar, n= 6 ) L-dopa alone or with lOpM L-dopa plus 50pM
OMD ( # - # , filled bar, n=4). The arrows indicate the times that OMD and L-dopa
were introduced into the superfusate. Values are mean±sems. *, p<0.05 & **,
p<0.01 significant difference from those perfused with lOpM L-dopa alone. ++,
p<0.01 significant difference from corresponding control value (at 70 min) using
Student’s t-test and paired t-test.
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wet tissue /10 min, line graphs) and its total effluxes (pmole/mg wet tissue/70 min,
bar graphs) from striatal slices under control ACSF
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crosshatched bar, n=l 1)
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hatched bar, n=6 ) or 10p.M L-dopa with 50p.M OMD (a-a, filled bar, n=6 ). Values
are meantsems. -t-, p<0.05 significant difference from the absence of OMD; * &
**, p<0.05 & p<0.01 significant differences from the absence .of L-dopa and OMD.

247

<
Q
O

o

c

36
O ■□
□ — □
■
□ —□

E

o
(D

- 80

without L—dopa
10/iU L—dopa
SOf M OUD+10/Jul L -d o p a
25/Jül L—dopa

27 - 60

Zît
CO

CO

- 40

0)

en

E

OMD

L—dopa
-

o
E
Q-

30

T

T

T

50

70

90

20

c
E
o
p<u
3
C
(O
0

X
3
H
—
M—

110

40mMKCI
TIME (minute)
Figure 8.7 Spontaneous and evoked efflux of DOPAC from striatal slices during
L-dopa superfusion. DOPAC levels against time course (left panel) and vertical
bars (right panel) show the effects of 10p.M L-dopa in the absence (□ -□ , blank bar,
n= 8 ) and presence (■ -■ , filled bar, n= 6 ) of 50fiM OMD and 25pM L-dopa alone
(D-—□, hatched bar, n= 6 ) on the spontaneous and KCl-evoked efflux of DOPAC
along with its total efflux during 30-100 min superfusion time including
depolarisation. Values are mean±sems.

-I-,

p<0.05 significant difference from those

perfused with L-dopa alone. **, p<0.01 significant difference from those perfused
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8.3 DISCUSSION

The results in this chapter reveal that OMD accumulated in striatal slices can actually
inhibit the synthesis and release of dopamine from exogenous L-dopa even when the
nigrostriatal system is intact. These observations may help to explain how high brain
and plasma levels of OMD caused by long-term therapy of L-dopa plus decarboxylase
inhibitor in parkinsonian patients could affect the therapeutic efficacy of L-dopa within
the brain.

8.3.1 Characterization of the superfusion experiments

The in vitro superfusion system has been proved to be a reliable and useful method
in which to examine in vitro drug effects on endogenous neurotransmitter release
(Becker & Ramirez, 1980; Becker, Castaneda, Robinson and Beer, 1984). In this
study, basal effluxes of DA and DOPAC remained detectable throughout a 120-min
superfusion period (Fig. 8.1) and the levels were similar to those found by others
(Tyce & Rorie, 1982). Furthermore, the tissue retained a high degree of viability
during the superfusion period as evidenced by the rapid response to

stimulation

(Fig. 8.3) and calcium dependence (Figs. 2.18 & 2.19) (see Schurr, Teyler & Tseng,
1987). Consistent with previous findings (Snyder & Zigmond, 1990), superfusion with
L-dopa increased the spontaneous efflux of DA and DOPAC from striatal slices and
also their effluxes during high K^-induced depolarization (Table 8.1). These results
indicate that DA formation can be achieved and that it is accelerated by addition of
L-dopa in this slice preparation.
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8.3.2 Potassium-evoked release and L-dopa facilitated effluxes of DA and DOPAC

Depolarization of untreated rat striatal slices with high potassium resulted in a dosedependent increase in dopamine efflux accompanied by an insignificant increase in the
overflow of DOPAC, its intraneuronal deaminated metabolite (Fig. 8.2). It is known
that DA released by

comes mainly from vesicles passing directly into the synaptic

cleft (Tyce & Rorie, 1985) and is probably washed out immediately in the slice
preparation before significant deamination. Thus the release of DA is not necessarily
accompanied by an increase in DOPAC and it has been suggested that most of the
DOPAC in superfusates do not originate from the recently released dopamine but from
a non-releasable intraneuronal pool of dopamine (Herdon & Nahorski, 1987; Racké
& Muscholl, 1986; Herdon, Strupish & Nahorski, 1985). Nevertheless, the slightly
increased efflux of DOPAC after high K"" may result from deamination of some
dopamine that was still taken up into nerve terminals after being released into the
biophase. (Cubeddu, Hoffman & Ferrari, 1979).

In agreement with the observations of others (Soares-da-Silva & Garrett, 1990a), the
addition of L-dopa (10 and 25|iM) to the superfusate increased the basal effluxes of
DA and DOPAC. These increments could be because whilst DA formed from
exogenous L-dopa by decarboxylation may be taken up into vesicles, this uptake is
limited and so DA is deaminated to DOPAC in the cytoplasm. When

was applied

to the slices in the presence of lOfiM L-dopa, there was a more significant, increase
in DA efflux but no further increase in DOPAC. The absence of increased DOPAC
efflux after high

during L-dopa administration therefore provides further evidence

that the extracellular DA which arises after potassium stimulation comes mainly from
newly synthesized cytoplasmic DA after L-dopa administration (Soares-da-Silva &
Garrett, 1990b).
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8.3.3 Effects of OMD on L-dopa augmented synthesis and release of DA and its
tissue content

The most important finding of this chapter was that OMD attenuated L-dopa
facilitated efflux of dopamine from superfused slices of rat striatum. This effect of
OMD has never been substantiated before, although it has been suggested recently that
OMD reduces the effectiveness of L-dopa in Parkinsonian patients under chronic
treatment through some unknown mechanisms within the brain rather than competition
with L-dopa entry into the brain (Tohgi, Abe, Kikuchi, Takahashi & Nozaki, 1991).

In this study, the addition of OMD reduced the spontaneous as well as L-dopafacilitated efflux of DA, which imply that OMD may either inhibit the synthesis of
dopamine inside the neuron, or attenuate the release of dopamine from nerve
terminals. However, the increased tissue levels of dopa and dopamine after superfusion
with L-dopa in the presence of OMD suggest that it is the release, rather than the
synthesis, of dopamine which was inhibited by OMD. This is also supported by the
following findings. Firstly, although potassium-evoked effluxes of DA during L-dopa
administration were diminished, but not significantly, by different concentrations of
OMD (Table 8.1a) the total efflux of dopamine during the overall superfusion time
(with lOjiM L-dopa), including depolarization was significantly less in the presence
than in the absence of 50|iM OMD (p<0.05. Fig. 8.4). Secondly, the increased efflux
of DOPAC after potassium stimulation in the presence of 50|iM OMD (Table 8.1b)
could arise from the deamination of newly formed dopamine from exogenous L-dopa
without being released. All these findings indicate that OMD possesses an inhibitory
effect on dopamine release.
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Since more dopa appeared in the superfusate in the presence than in the absence of
50p,M OMD (Fig. 8.5) after lOjxM L-dopa, the reduction in K^-evoked DA efflux in
the presence of OMD could have been due to the OMD, as concluded above, or in
some way to the higher dopa level (Melamed, Globus, Friedlender & Rosenthal,
1983). A higher concentration (25|iM) of L-dopa was therefore applied to the slices
to produce a level of dopa in the superfusate before KCl-stimulation and tissue
contents of dopa, DA and DOPAC after superfusion and depolarization, which were
similar to those when perfused with 10|iM L-dopa plus 50|iM OMD. After this higher
concentration (25|iM) of L-dopa, the increases in spontaneous DA efflux and the KClevoked release of DA and DOPAC were significantly higher (p<0.01) than the same
effluxes from slices which gave the same level of L-dopa in the superfusate but in the
presence of 50p.M OMD. These results establish that it is the presence of OMD that
reduced the release of DA after 40mM KCl depolarization rather than the increased
levels of dopa. A K'^-induced efflux of dopa was also seen in 25p,M L-dopa
superfusion which is in accord with the observations of Goshima and colleagues
(Goshima, Kubo & Misu, 1988). The possible explanations for the increased L-dopa
in the presence of 50|iM OMD, both in tissue and in the superfusate, may be caused
from the reduction in utilization of exogenous L-dopa by OMD inhibition of dopa
decarboxylase and the saturation of the active carrier-mediated system for L-dopa on
the membrane of nerve endings (Goshima, Kubo & Misu, 1988).

8.3.4 The possible mechanisms for OMD inhibition of L-dopa augmented dopamine
release

It has been suggested by Elverfors & Nissbrandt (1992) that in the striatum the rate
of dopamine synthesis seems to be more effectively regulated by terminal dopamine
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autoreceptors than by neuronal firing. It has also been recognized that presynaptic
autoinhibition of dopamine release occurs locally at the terminal level and is mediated
by an autoreceptor of the D 2 type located either on the terminals themselves or on
glial cells embedding them (Suaud-Chagny, Ponec & Gonon, 1991). Many reports
have shown that the D, agonist (SKF 38393) and the D, antagonist (SCH 23390) do
not affect the evoked dopamine release while activation of prejunctional dopamine D2
receptors (i.e. quinpirole) resulted in a significant decrease in the release of dopamine
by K^-stimulation. According to evidence that many transmitters and neuroactive
substances modify neurotransmission via presynaptic receptors (Patel, Trout & Kruk,
1992; Suaud-Chagny, Ponec & Gonon, 1991 and Starke, Gothert & Kilbinger, 1989),
a hypothesis is therefore made to suggest that OMD, as an exogenous autoreceptor
agonist, exerts its inhibitory effects on dopamine synthesis and release by activation
of prejunctional dopamine receptors (both the release-inhibiting and synthesismodulating autoreceptors) and/or direct inhibition of the enzyme dopa decarboxylase
inside the axon terminals. In addition, the significantly increased tissue content of
dopa in the presence of OMD indicated that OMD competition for L-dopa entry into
the nerve terminals can be ruled out.

8.4 CONCLUSION

The significant reduction in dopamine synthesis and release from striatal slices after
L-dopa in the presence of OMD described here is the first direct demonstration that
release (and synthesis) of dopamine is actually inhibited by OMD. Sequentially, these
results may have some relevance in phenomena such as the decreased therapeutic
efficacy of L-dopa and the development of ‘ON-OFF’ phenomena or wearing-off
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sometimes encountered during chronic L-dopa therapy. The nature of the inhibitory
effect of OMD remains to be investigated and the implication of the experimental
findings to the treatment of Parkinsonism will be further discussed (General
Discussion). Of course this effect of OMD is only valid if dopamine is still being
released from nerve terminals after synthesis from dopa in PD patients.
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The principle goals of this work were to investigate experimentally (1) whether the
time course of plasma dopa and its metabolites after systemic administration of Ldopa, either given alone or with a peripheral dopa decarboxylase inhibitor, reflect
those found in the striatum, and the effect on the spontaneous activity of striatal
neurons; and (2) the possible effect of OMD, the O-methylated metabolite of dopa,
on the response of striatal neuron firing to L-dopa, its uptake into the brain and the
synthesis and release of dopamine.

The dopamine-rich striatum (putamen and caudate nucleus) was chosen for study,
because it is known to be the most severely affected area in the brain of parkinsonian
patients (section 1.1.1). To eliminate the variability caused by erratic gastrointestinal
absorption, L-dopa (or LOME) and benserazide were administered intravenously. The
results presented in this thesis have raised some important implications concerning the
mode of action and loss of efficacy of L-dopa in parkinsonian patients and the role
of OMD.

1 ).

The correlation between plasma or CSF levels o f dopa, dopamine and their
metabolites with the inhibition o f striatal neuron firing

It is generally believed that the dopamine formed after L-dopa administration activates
dopamine receptors on the striatal neurons, which, in turn, act immediately via a chain
of synaptic events including the actions of cholinergic intemeurons and GABA-ergic
output neurons to reverse the dopamine loss-related PD symptoms. No correlation
between CSF (or even plasma) dopamine or dopa and the firing of striatal neurons
has, however, been previously determined. In the present experiments this was
possible and the results for 100 mg/Kg LDME are plotted in Figs. 9.1-9.5. In chapters
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3 and 4 the time courses of striatal CSF dopa and dopamine and their metabolites
correlated significantly overall with those in plasma after intravenous L-dopa (or
LDME) either alone or with benserazide (sections 3.2.2. & 4.2.2). The correlations
between plasma or CSF levels and the inhibition of striatal neuron firing over the full
time course are shown in Table 9.1. This shows that it is CSF OMD or DOPAC and
HVA which show better correlations with

the reduction in firing than dopa or

dopamine. Nevertheless if the time courses are compared in detail over shorter time
periods then other features emerge. Thus it can be seen from Figs. 9.1 and 9.2 that
within the first 20-min after i.v. injection of LDME (100 mg/Kg) alone the rapid rises
in plasma dopa and dopamine (within 5 min) correlated well with the "early"
inhibition of striatal neuron firing which suggests that a portion of administered dopa
could have been readily converted to dopamine in the plasma to subsequently enter
the brain (as stated previously) and inhibit the spontaneous activity of striatal neurons.
Unfortunately, it was not possible to monitor the changes in CSF dopa and dopamine
over the same initial time course due to the 20 -min time resolution of dialysate
collection, although CSF dopa peaked within 20 minutes and CSF dopamine also
increased significantly over the same time course. As illustrated in Fig. 9.2, the later
but greater inhibition of neuronal firing was paralleled by a further increase of CSF
dopamine while the levels of both plasma and CSF dopa have been significantly
diminished (Fig. 9.1). The levels of DOPAC, HVA and OMD also rose in plasma
following the peaks of dopa and dopamine within 10 min but lasted much longer
(Figs. 9.3 ~ 9.5) which was consistent with their consequent formation over the time
course. In addition, the gradual rises in CSF DOPAC and HVA correlated significantly
with the later inhibition on neuronal firing which represent the on-going synthesis,
release and metabolism of newly-formed dopamine. It is unlikely that the very slow
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and slight increase in CSF OMD (peak concentration: -4x10 ®M; Fig. 9.5) would be
associated with the increasing inhibition of neuronal firing, although there was a
significant linear association between them, likewise, it is also difficult to conclude
the significant association between plasma OMD and the inhibition of neuronal firing
is of physiological significance. However, studies of the possible effects of CSF (or
even plasma) OMD on the spontaneous activity of striatal and the output neurons are
needed.

The plasma levels of dopa and its metabolites were not measured after LDME (100
mg/Kg) with benserazide (Figs. 9.1-9.5, lower panel) so as to avoid upsetting the
HPLC with the massive increases in plasma dopa and, in particular, plasma OMD that
would have been obtained after the combined administration. However, according to
the study of Doller et al (1978) and the results obtained with lower doses (50mg/Kg)
of LDME with and without benserazide (section 4.2.2) the peripheral pharmacokinetics
of lOOmg/Kg of LDME with benserazide was likely to be similar to that after 50
mg/Kg but with even more dopa and OMD. Surprisingly, after LDME with
benserazide only the constantly and significantly increased CSF OMD correlated well
with the inhibition of neuronal firing. Nevertheless, if it is the case then OMD could
be associated with L-dopa-induced dyskinesia.
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Figure 9.1 The changes of plasma and striatal CSF levels of dopa and the inhibition
of striatal neuron firing after intravenous administration of LDME (100 mg/Kg) alone
(upper panel) or 20 minutes after benserazide (20 mg/Kg) (lower panel) over the same
time course.
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Figure 9.2

The changes of plasma and striatal CSF levels of dopamine and the

inhibition of the spontaneous activity of striatal neuron after intravenous administration
of LDME (100 mg/Kg) alone (upper panel) or 20 minutes after benserazide (20
mg/Kg) (lower panel) over the same time course.
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Figure 9.3

The changes of plasma and striatal CSF levels of DOPAC and the

inhibition of the spontaneous activity of striatal neuron after intravenous administration
of LDME (100 mg/Kg) alone (upper panel) or 20 minutes after benserazide (20
mg/Kg) (lower panel) over the same time course.
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Figure 9.4 The changes of plasma and striatal CSF levels of HVA and the inhibition
of the spontaneous activity of striatal neuron after intravenous administration of
LDME (100 mg/Kg) alone (upper panel) or 20 minutes after benserazide (20 mg/Kg)
(lower panel) over the same time course.
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Figure 9.5 The changes of plasma and striatal CSF levels of OMD and the inhibition
of the spontaneous activity of striatal neuron after intravenous administration of
LDME (100 mg/Kg) alone (upper panel) or 20 minutes after benserazide (20 mg/Kg)
(lower panel) over the same time course.
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Table 9.1 Correlations between plasma and CSF levels of monoamines and their metabolites and the inhibition of spontaneous
activity of striatal neuron. Calculated over one-hour time course (2 hours for LDME 100).
L-dopa. (15)
plasma
levels
DOPA
DA
DOPAC
HVA
OMD
CSF
levels

r
0.952
0. 694
0 .780
0.518
0.294
r

DOPA
0.329
DA
0.764
0 .056
DOPAC
HVA
-0.295
OMD
0.718

P
0 .003**
0.126
0 .067
0.292
0.571

P

0.272
0.002**
0.856
0.327
0.006**

L-dopa (15)
benserazide

LDME

(50)

LDME (50)
benserazide

r

P

r

-0.325
-0.703
-0.274
-0.099
0.216

0.530
0.119
0.599
0.852
0.681

0.564
0.771
0.549
0.836
0.902

0.244
0.073
0.259
0.038*
0.014*

0.398
0.799
0.825
0.794
0.731

0.434
0 .056
0.043*
0.059
0.099

P

r

P

r

P

r

-0.119
0.378
-0.375
-0.437
-0.290

0.699
0.202
0.206
0.135
0.336

0.149
-0.360
0.066
0.651
0.771

P

r

0.627
-0.808
nd
0.251
0.838
0.826
0.022*
0.705
0.867
0.002**

r, correlation coefficient; p, significance: *, p<0.05; **, p<0.01
nd, not detected; nm, not measured.
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P

LDME

r
-0.794
-0.761
-0.764
-0.492
0.787
r

0.001** -0.903
nd
-0.226
0. 001**
0 .689
D.007**
0.860
0.000**
0.816

(100)

P

LDME (100)
benserazide
r

0.019*
0.028*
0.017*
0.178
0.012*

P

p

nm

r

0 .001** -0.067
0.667
0.558
0.556
0.040*
0 .003** -0.509
0.007**
0.905

p

0.899
0.147
0.252
‘0.303
0.013*

The correlation between CSF DOPAC, HVA and neuronal firing (Table 9.1) is
consistent with the findings reported by Tohgi et al (1990) and Chia et al (1993) that
CSF HVA and DOPAC were decreased as clinical disability became worse in PD
patients. Also, an earlier study of Hardie et al (1982) reported that certain
parkinsonian patients demonstrate a ’freezing’ phenomena under conditions that cannot
be explained by peripheral pharmacokinetics. Recent studies have shown that the
peripheral pharmacokinetic handling of L-dopa is not different in patients with long
and short duration of L-dopa therapy (Gancher, Nutt & Woodward, 1987) nor in
patients with ’on-off symptoms compared with those without them (Murata &
Kanazawa, 1993; Chia, Cheng & Kuo, 1993). Although several causes of the "on-off
phenomenon and of the loss of efficacy of L-dopa during the course of long-term
therapy with L-dopa have been proposed, the information on the pathogenesis of these
phenomena remains insufficient and no direct evidence has yet been obtained. In fact
cerebral pharmacodynamic factors have long been considered to determine the
response to L-dopa. Williams (1981) suggested that studies of changes in CSF
chemistry could usefully reflect changes in response to a particular drug like L-dopa.
Unfortunately because of the difficulty of collecting CSF samples from patients the
relationship of clinical disability and symptoms to CSF monoamines and their
metabolites has been neither easily nor entirely determined. If, however as stated in
section 7.3.2 the changes in striatal extracellular DOPAC and HVA reflect the changes
in synthesis of (section 7.3.2) and the synaptic release of dopamine (Zetterstrom,
Sharp, Collin & Ungerstedt, 1988; Tokunaga & Ishikawa, 1992) this may explain the
close relationship between their CSF levels and the changes in neuronal activity.

Most strikingly, in the dose-related studies apparent fluctuations in striatal CSF
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dopamine were seen both after 100 mg/Kg intravenous LDME alone (section 4.2.1)
and with benserazide (section 5.2.4). The levels of CSF dopamine oscillated over a
40-60-minute time period although no such variation was observed in their plasma
time courses. It has long been speculated that the response fluctuations in parkinsonian
patients may be induced by L-dopa administration itself (Clough, 1991). However,
these inhibitory effects with oscillations on the spontaneous activity of CPu neurons
after LDME (section 5.2.4, Fig. 5.8) have provided more direct evidence that the high
dosage L-dopa administration may be associated with the prevalence of abnormal
involuntary movements. On the other hand, although the total increases in plasma and
CSF levels of dopa, dopamine and their metabolites were significantly dose-related
(section 4.2.1), the correlation between the doses of LDME and the total inhibition of
neuronal activity after LDME (area under the inhibition curve) were not linear.
Moreover, the inhibitory effect was even reduced after 100 mg/Kg of LDME given
with benserazide (section 5.2.3). In addition, in the infusion study plasma dopa and
dopamine were continuously increased but the inhibited neuronal activity still
recovered 30-min after LDME injection (Fig. 5.9). Taken together, it is unlikely that
changes in peripheral kinetics of dopa and/or the metabolites, in individual patients
could possibly account for the development of fluctuations.

Unfortunately, in this study the 20-min time resolution for the CSF concentrations in
the striatal dialysate and the 5-min interval for the measurement of neuronal activity
have made the analysis of the results much harder. Using the technique of in vivo
high-speed cyclic voltammetry, release of dopamine can be measured more
simultaneously with neuronal activity immediately following L-dopa administration
(Kuhr & Wightman, 1986; Stamford, Kruk & Millar, 1986) which may provide an
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even closer comparison between the changes in specific neuroactive substances in
extracellular space and neuronal activity.

2 ).

How does benserazide affect the central effect o f L-dopa?

Although it is mainly the long-term therapy with L-dopa/PDI which is troublesome,
the pharmacological basis for the metabolism of L-dopa after the acute administration
of a single dose alone or with a PDI remains to be fully resolved. The dialysis results
(sections 3.2.1, 4.2.2 & 4.2.4) showed that when benserazide was administered
concomitantly with L-dopa, it not only increased the peak levels of dopa in both
plasma and CSF but also prolonged its half-life (ti/2) and sustained the appearance of
dopa in the striatal extracellular space. Significant increases in the levels of dopa,
dopamine and their metabolites in both striatal and cortex tissue also indicated that
benserazide increased the bioavailibity of administered L-dopa (section 4.2.3).
Moreover, the significantly reduced HVA efflux from the striatal dialysates with Ca^^depleted perfusion (section 4.2.5) further illustrated that those increases in CSF levels
of dopa and its metabolites after administration with benserazide are of intraneuronal
origin.

Despite the significant increases in plasma and CSF dopa after benserazide, there was
an unexpectedly significant reduction in the inhibition it produced on striatal neuron
firing as compared with after L-dopa alone both in the intact and 6 -OHDA-lesioned
rat (sections 3.3, 5.2.3 & 6.2.4). Moreover, in the presence of benserazide when the
dose of LDME was increased (100 mg/Kg) the total inhibition of neuronal activity
exerted by LDME was even less (Fig. 5.4) although this is, of course, only over a 2-
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hour period. Reasons for these results may be the change in the ratio of LDME to
benserazide (from 15/20, 50/20 to 100/20), the extra dopa accumulated or the rapid
rise in OMD within the brain after the high dose of LDME with benserazide.
Nevertheless it remains surprising that the inhibitory effect of L-dopa or LDME on
striatal neuron firing is so strikingly reduced in the presence of benserazide if such
inhibition is a valid reflection of dopamine function in the striatum. Whether it is the
effect that is required to restore function in the striatum of Parkinsonian patients
cannot be readily established but since it is a genuine dopamine effect one would
expect it to increase, with the extra precursor reaching the CSF after benserazide,
rather than decrease. The fact that it does not suggest that the attenuation of the
dopamine effect could be due to unphysiological levels of CSF dopa or OMD.

The relationship between the time course of inhibition of striatal neuron firing in these
experiments and motor improvement in man after L-dopa and a PDI also requires
consideration. In Chapter 3 any such inhibition induces by L-dopa (15mg/Kg) was
short lived (less than 60 min) and abolished by benserazide. This is not consistent with
what is seen in after LDME (lOOmg/Kg) with benserazide the marked inhibition of
striatal neurons seen over the two hours following LDME administered alone was
replaced by a slowly developed smaller inhibition that was still increasing after 2
hours. In man the clinical improvement could be maximal at 30-60 min and declining
at 2 hours (Shoulson, Glaubiger & Chase, 1975). Since the neurons studied were
clearly inhibited by dopamine and DA agonists and as their spontaneous activity was
increased by denervation and the loss of a dopamine input thus can be assumed to be
inhibitory. Thus inhibition of striatal neurons should be what is required to reduce the
symptom of PD and the fact that the time course of such inhibition is not similar to
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the improvement of motor symptom in man is difficult to explain.

There is no doubt that the combination of L-dopa with peripheral decarboxylase
inhibitor decreases peripheral side-effects but it has been noticed that abnormal
involuntary movements appear earlier (sometimes by the first week) and more
frequently, whilst oscillations in performance and progressive unresponsiveness appear
at 2 years, compared with 3 or 4 years for patients treated with L-dopa alone. These
features also occur in more patients with combination therapy than with L-dopa alone
(see review Finder, Brogden, Sawyer, Speight & Avery, 1976; Barbeau & Roy, 1981).
It has also been suggested that some of the long-term problems may be due to chronic
overdosage of L-dopa. Indeed, in this thesis the doses of L-dopa (or LDME) were the
same either used alone or with benserazide whereas when a PDI is given with L-dopa
clinically, the dose of L-dopa is usually reduced, to as low as 1/5 ~ 1/4 of L-dopa
alone so that the level of dopa and its metabolites (especially OMD) appearing in
brain tissue will not be as high as those seen in these studies. In normal physiological
conditions extracellular CSF dopa is almost undetectable, and after a single dose of
L-dopa the CSF levels of dopa and OMD will also not be significantly increased but
the long-term use of PDIs will lead to an accumulation of dopa and OMD within the
brain and this must be taken into account. Especially it has been demonstrated recently
that L-dopa can induce a transmitter-like release of endogenous glutamate from rat
striatal slices via activation of a dopa recognition site (Goshima, Ohno, Nakamura et
al, 1993). Moreover, a possible excitotoxicity of dopa which is possibly mediated by
superoxide free radicals (Olney, Zorumski, Stewart, Price, Wang & Labruyere, 1990)
may accelerate neuronal degeneration (Reynolds & Riederer, 1990). In addition to
these effects of dopa the massive increase in plasma and CSF OMD after L-dopa with
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benserazide may also have some unwanted influence on dopaminergic synapse
possibly related to L-dopa-induced dyskinesia (see below).

3),

The possible role o f high CSF OMD

The concomitant administration of benserazide with L-dopa resulted in remarkably
higher (4- to 5-times) levels of plasma and CSF OMD than after L-dopa alone
(sections 3.2.1, 4.2.2). Although significant correlations between plasma and CSF
OMD were observed after L-dopa administrations either alone or with benserazide
(Tables 3.2,4.2 & 4.3), however, there was no evidence that high plasma OMD would
affect the entry of dopa into the brain across the BBB (section 4.3). It is widely
recognized that the wearing-off phenomenon in PD is related to long-term medication
with high doses of L-dopa and a PDI. Nevertheless, it seems unlikely that the wearingoff through any insufficiency of dopamine in the CNS is resulting from inhibition of
L-dopa uptake into the brain by OMD because there is no difference in CSF L-dopa,
dopamine and HVA concentrations in patients with and without the wearing off
(Tohgi, Abe, Kikuchi et al, 1991). However, it is suggested that OMD could
contribute to the pathogenesis of motor fluctuations since many studies have shown
that patients with L-dopa-induced dyskinesias (Reilly, Rivera-Calimlim & Van Dyke,
1980) and with wearing-off or on-off phenomenon (Fabbrini, Juncos, Mouradian et al,
1987; Tohgi, Abe, Kikuchi et al, 1991) presented substantially higher plasma OMD
which may imply that these patients also had higher OMD levels within the brain.
Surprisingly, however, the inhibition of striatal neuron firing after L-dopa with
benserazide was most significantly correlated with CSF OMD (Table 9.1), so a
possible central effect of accumulated OMD, even itself inhibiting firing, cannot
therefore be dismissed.
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Early studies during the 1970s showed that administration of OMD with L-dopa
decreased both the long-term and short-term beneficial effects of L-dopa in
Parkinson’s syndrome (Fernstrom & Wurtman, 1972; Bartholini, Kuruma & Pletscher,
1972; Muenter, Dinapoli, Sharpless & Tyce, 1973). Clinical experience obtained from
those utilizing "drug holidays" have suggested that complete withdrawal of L-dopa
therapy for 4-10 days brings about an restoration of therapy (Sweet & McDowell,
1974) together with a sustained reduction in dose requirement and dyskinesia. Tohgi
et al (1991) also suggest that those side-effects can be prevented to some extent by
using more frequent and lower doses of L-dopa. Although some of these side-effects
were proposed to result from the ’down-regulation’ of dopamine receptors induced by
chronic agonist therapy, it is difficult, however, to reconcile this with current
hypotheses of receptor hypersensitivity to account for L-dopa-induced dyskinesia and
the lower level of AIMs with the combined therapy of bromocriptine and lower Ldopa (Lieberman & Goldstein, 1985). A possible explanation may be that, if OMD is
related to the pathogenesis of the L-dopa induced side-effects, the withdrawal of Ldopa and using more frequent and smaller doses of L-dopa allows the accumulated
massive OMD to be washed out (although little is known about OMD degradation
rates in parkinsonian patients) or prevent its accumulation within the brain of PD
patients.

It has been speculated as to whether OMD may have partial agonist, or antagonist
properties at postsynaptic receptor sites (Hardie, 1989b) but my in vitro studies (see
sections 8.2.4 & 8.2.5) also pointed to it being a dopamine autoreceptor agonist. Thus
it showed an inhibitory effect on dopamine release and synthesis which could follow
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activation of prejunctional dopamine receptors or inhibition of dopa decarboxylase
inside the nerve terminals. Certainly perfusion of striatal slices with L-dopa and high
concentration of OMD showed that OMD reduces the utilization o f L-dopa in rat
striatum and decreases dopamine efflux from the striatal slices. In addition, the
significantly higher dopa which was found in the superfusate in the presence of OMD
may also imply a reversal of the O-methylation of OMD to L-dopa (Bartholini,
Kuruma & Pletscher, 1972).

I

Although not certain, it is likely that excess dopamine activity (even if not exerted by
dopamine itself) at the striatal receptor accounts for hyperkinesia. It has been
suggested that the mechanisms involved in L-dopa-induced dyskinesias and in L-dopainduced improvement in parkinsonism are separate mechanisms [different part of
striatum (Mitchell, 1990) or different receptors sub-types?] since it was observed that
L-dopa-induced hyperkinesia can occur at the same time that dopamine loss-related
akinesia and rigidity are still present (Klawans, 1973; Markham, 1971). But how this
accounts for the on-off effect that may appear and disappear suddenly without
additional administration of L-dopa remains unclear. The sudden onset of akinesia (off
effect) was suggested to result from competitive antagonism of dopamine by other
metabolites (e.g. OMD?) for specific receptor sites (e.g. D, or D2), from false
transmitters or from depolarization block of the receptors (Fahn, 1974). However, the
availability of dopamine in brain to activate its receptors seems the key element. A
narrow gap between the effective therapeutic dose and that which produced dyskinesia
also suggests that there is a close biochemical linkage between successful therapy and
this side-effect. That OMD may be involved in this is supported by

273

(a)

the significant correlation between the elevation of CSF OMD and the
inhibition of spontaneous activity of striatal neuron, which implies a possible
association between OMD and some dopamine-like postsynaptic effect.

(b)

the fact that a high concentration of OMD inhibits the release of dopamine
formed from L-dopa in slices which could be through a presynaptic agonist
action.

(c)

the reduced inhibition of neuronal firing after LDME (sections 6.2.3, 6.2.4) and
the reduced dopamine turnover rate (indicated by the lowered striatal level of
HVA and the ratio of HVA/dopamine) (see section 6.2.5) in the impaired
striatum after repeated dosing of L-dopa with benserazide which can be
associated with the effect of accumulation of high CSF OMD.

Thus, a high concentration of OMD may exert effects by competing with dopamine
for dopamine receptors in the synaptic cleft, inhibiting the utilization of L-dopa inside
the neurons and subsequently resulting in the increased cytotoxicity of high dopa or
disturbing the intrinsic regulation of synthesis and release of neurotransmitter within
surviving dopamine neurons. A study of the effect of systemic OMD on the
spontaneous activity of striatal neurons in normal or nigrostriatal degenerated animals
was planned but this could not be pursued due to the extremely high cost of OMD.

4. Are dopamine neurons essential or not?

L-dopa is a drug which is assumed to require metabolic activation. If the formation
of dopamine from exogenous L-dopa can only take place in dopamine neurons then
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some intact functioning dopaminergic neurons should be essential for the efficacy of
L-dopa. Since the death of the nigrostriatal neurons is a major part of parkinsonian
pathophysiology, the fact that most of the dopa decarboxylase is lost along with the
degenerating dopaminergic neurons immediately raises the important question: How
does the formation of dopamine from exogenous L-dopa substitute for the greatly
deficient dopaminergic innervation of the striatum so as to restore function in PD?
Although there is as yet no direct evidence which provides an answer to this question,
it has been postulated that the conversion of L-dopa to dopamine can occur in some
extra-dopaminergic compartment (Kang, Park, Wessel, Baker & Joh, 1992). It was
further suggested that dopamine formed outside the CNS may ^so enter the brain via
some

transporter-mediated

mechanism

and

exert

its

effect centrally.

The

pharmacological basis for this suggestion is provided by several observations obtained
in this thesis. Thus:

1.)

Striatal CSF dopamine correlated significantly with plasma dopamine after L-

dopa alone (section 3.2.1). The increase in CSF dopamine after L-dopa was seen in
hippocampal dialysates which is a brain area not receiving a major dopaminergic
innervation (section 3.2.3). The rise of HVA in the striatal dialysates after LDME
alone was not reduced under calcium-free perfusion (4.2.5) which suggests it may
come from dopamine of central origin other than striatal neurons.

2.)

In striatal dialysates, only CSF dopamine was elevated significantly after

intravenous dopamine, although HVA was even higher than dopamine in plasma
(section 7.2.1). This increase in CSF dopamine was reduced (but not significantly) and
that of CSF DOPAC and HVA abolished when domperidone which could block the
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transport of dopamine across the BBB was given 20-min prior to dopamine
administration (section 7.2.4). In addition, systemic dopamine produced transient but
significant increases in the output of dopamine and its metabolites in the striatal
dialysates after aM T pretreatment to stop endogenous dopamine synthesis in a doserelated manner (section 7.3.2).

3.) There was a biphasic inhibition of neuronal firing after the precursor LDME (or
LDME with benserazide) but not after dopamine or apomorphine (see section 5.3).
The initial inhibition of the spontaneous discharge rate of striatal neurons could be due
to the effect of dopamine formed outside dopaminergic nerve terminals (or even
outside the CNS) which may exert inhibitory effect via acting primarily on extrajunctional (synaptic) dopamine receptors and is only slightly affected by the increased
spontaneous excitability after 6 -OHDA lesions (section 6.2.3). Whereas the secondary
inhibition after LDME plus benserazide with slow onset and longer duration is thought
to result from the on-going synthesis and the consequent release of newly formed
dopamine from exogenous dopa within nerve terminals and was significantly
diminished after nigrostriatal denervation (sections 6.2.3, 6.2.4).

4.) Intravenous administration of dopamine dose-relatedly inhibited the spontaneous
firing of striatal neurons (section 7.1). Moreover, neurons which did not significantly
respond to LDME with benserazide were inhibited rapidly by intravenous injections
of either apomorphine or dopamine (Figs. 5.5 and 6.7A & B). This probably
represented the decreased presynaptic turnover of dopamine in rats with high CSF
OMD after LDME/benserazide pretreatment and the reduced ability to utilize L-dopa
in lesioned rats because of loss of dopamine nerve terminals after nigrostriatal
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denervation (Fig. 6.3c, 6.4c). However, these results also showed intact postsynaptic
function which is in accord with that in Parkinsonian patients in which the
postsynaptic striatal apparatus remains intact and sensitive throughout akinetic off
periods since intravenous apomorphine can still produce a clear-cut rapid and complete
reversal of off phases.

In addition to my own observations, there are results obtained by other authors which
imply that dopamine formed outside dopamine neurons or even outside CNS may also
have central effects.

a .)

In the early study of Birkmayer and Homykiewicz (1961), the slow intravenous

injection of single 50, 100, 150 mg/Kg doses of L-dopa alone to PD patients produced
either a complete or significant reduction in the akinesia which lasted to a lesser
degree for 24 hours. These doses were low and the decarboxylation of dopa in the
circulation presumably very fast, and as these were PD patients with moderately
severe and severe postencephalitic Parkinsonism and Parkinson’s disease who might
have lost most of the dopaminergic neurons it is likely that some dopamine was
formed in the periphery then entered the brain and produced those initial
improvements. It is unclear, however, as to why there was such a long effect.

b .)

Firnau and associates (1987), using 6 -[^®F] fluoro-DOPA in the rhesus monkey,

observed that the main metabolite in the striatum is 6 -[‘®F] fluoro-dopamine, even
without administration of a peripheral dopa decarboxylase inhibitor. In animal studies
using intracerebral dialysis, Zetterstrom and coworkers (1986) also reported a shortlasting increase of extracellular dopamine in normal striatum after administration of
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L-dopa without a PDI. By contrast, Brannan and associates (1989) reported a more
pronounced increase of striatal CSF dopamine after L-dopa in carbidopa pretreated
animals (both intact and 6 -OHDA-lesioned rats) than without carbidopa pretreatment,
in fact the basal dopamine levels in the former groups had already been higher than
the latter, moreover, the peak percentage increases of CSF dopamine in the Ldopa/carbidopa groups were actually less than those after L-dopa alone.

C .)

Although parenterally administered neuroleptics fail to antagonize the

electrophysiologic actions of locally applied dopamine in the striatum, the study of
Johnson, Hoffer and Freedman (1986) demonstrated that parenterally administered
haloperidol reversed the receptor-mediated supersensitivity to the inhibitory effects of
locally applied dopamine and apomorphine. They suggested that in caudate there exist
extrasynaptic postsynaptic receptors with different pharmacologic characteristics from
those receptors usually activated by dopamine released into the neuronal milieu from
nerve terminals or micropipettes. These results support the hypotheses made in this
thesis that the observed biphasic inhibition on neuronal firing after L-dopa
administration was due to the dopamine formed from L-dopa of different origins.
However, this proposal and the possible transporter-mediated mechanism remain to be
further investigated but may yield a better strategy for PD treatment which can reduce
and hopefully overcome the unwanted time-related and drug-induced side-effects.
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CONCLUSION AND PROSPECT

It is perhaps surprising that an experimental investigation of such a well established
therapy as that of L-dopa in Parkinson’s disease should show a number of features
that are inconsistent with the generally accepted view of the pharmacokinetics (and
dynamics) of L-dopa, especially in respect of its combination with a PDI. Whilst
microdialysis has provided a more direct measure of the extracellular brain
concentrations of dopa and dopamine and their metabolites it does not, as indicated
above, accurately reflect synaptic concentrations, which could be what is required
although the loss of dopamine nerve terminals in Parkinsonism does not guarantee
that. Similarly although inhibition of striatal neuron firing is one measure of dopamine
function it may not be the appropriate one in respect of what is required to restore
function in PD. The experiments reported here could be regarded as pilot ones because
there is a need to repeat them in animals not only with long term degeneration of the
nigrostriatal tract but after chronic treatment with L-dopa plus a PDI in varying
combinations—especially ones more directly related to those used clinically. My
results suggest that the ratios could indeed be very critical. Studies with a COMT
inhibitor to avoid the massive increases observed in OMD are also important as are
direct studies of OMD’s effect on the activity of striatal neurons and their response
to dopamine. Possibly recording and dialysis should also be set up in the globus
pallidus to see the precise effect on this output centre from the striatum of the effects
of modifying dopamine function.

Much hope has been generated by the replacement of dopamine cells in the brain by
fetal cell transplant as a new therapeutic strategy for PD. The wider clinical use of
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such tissue is however problematic, not only from an ethical point of view but also
because fetal tissue is heterogeneous and may be difficult to standardize. In addition,
other serious drawbacks for this therapy are the great demand on fetuses (10-15) for
fully efficient transplantation in a single patient and the risk of tumor formation
(Bjorklund, 1993). Moreover, improvements were greatest at 6 months, but at 1 year
most patients had returned to their preoperative state. According to these problems and
the technical difficulties of the procedures it is thought that neural implantation is
unlikely to benefit many patients with PD (Clough, 1991). Thus, the improvement in
drug therapy for PD is still very important. My results show that an even better
understanding of how and where L-dopa acts to relieve parkinsonian symptoms is not
only desirable but could permit, an effective replacement therapy. It could also
facilitate a direct intervention of the cause of Parkinson’s disease so that the problems
of side-effects and variations in therapeutic response with time can be effectively
elucidated and hopefully overcome. Long acting analogues of dopamine which are
inert in the periphery and perhaps target the appropriate receptors amongst the
different subclasses may be better drugs. Only time and research will tell.
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Appendix I: Reagents and drugs

Reagents

The following were obtained from BDH Chemicals Ltd Poole:

L-Ascorbic acid
Calcium chloride
Disodium hydrogen orthophosphate
D-Glucose
Ethanol
Ethylenediamine-tetra-acetic acid (disodium)
Formaldehyde solution
Hydrochloric acid
Magnesium chloride
Magnesium sulphate

Orthophosphoric acid
Perchloric acid
Potassium chloride
Potassium dihydrogen
Orthophosphate
Sodium chloride
Sodium heptane sulphonic
acid
Sodium dihydrogen
phosphate
Sodium hydroxide

Other substances were obtained from the following sources:
Acetic acid (glacial)
Acetonitrile
Citric acid
Halothane
Methanol
Nitric acid
Potassium hydroxide

May and Baker Ltd.
May and Baker Ltd.
Fisons
ICI
May and Baker Ltd.
Fisons
Sigma

W ater

All water used in these studies was distilled (re-condensed plant steam, U. C. L.), deionized
(Elga Spectrum, SC-1), carbon-swept (SC-6) and filtered (SC-20).

Drugs

The drugs used in this study were obtained from the following sources:
D-Amphetamine sulphate
Apomorphine hydrochloride
L-Aspartic acid
Benserazide
3,4-dihydroxyphenylacetic acid
Domperidone
L-dopa

SKF (gift)
Sigma
Sigma
Roche (gift)
Sigma
Sanofi Winthrop (gift)
Sigma
308

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

L-dopa methyl ester
Haloperidol
Dopamine
6-Hydroxydopamine
3-methoxy tyramine
3-methoxy tyrosine
a-methyl tyrosine

Drug Vehicles

All drugs were dissolved in normal saline, or artificial CSF. Water-insoluble L-dopa and
haloperidol was dissolved in a minimum quantity of hydrochloric acid and glacial acetic acid,
respectively and made to volume in normal saline. The pH was adjusted to at least 6 with 0.5
M NaOH or until obvious precipitation occurred.

Appendix II: In vitro bathing solution

In some experiments (brain slices. Chapter 8) the following composition of artificial CSF was
employed:
Concentration (mM)

Compound

137
2.7
2.2
1.0
11.9
0.4
10

NaCl
KCl
CaCf
MgCi^
NaHCO,
Na^HPO^
Glucose

Appendix III: Artificial cerebrospinal fluid

In in vivo experiments (intracerebral microdialysis) the following composition of ACSF was
employed:
Electrolyte

Concentration (mM)

Na+
Ca'+
K+
Cl

147.0
2.3
4.0
155.6

The solutions were made to volume with distilled deionised water. The pH values of
compositions II and III were 7.6 and 6.0 respectively. Calcium and magnesium chlorides were
added as IM solutions.
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