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INTRODUCTION

The dopamine system is involved in the regulation of brain regions that subserve
motor, cognitive and motivational behaviors [1,2,3]. Disruptions of dopamine (DA)
function have been implicated in neurological and psychiatric illnesses including substance
abuse, as well as on some of the deficits associated with aging of the human brain
[4,5,6]. This has made the DA system an important topic in research in the
neurosciences and neuroimaging as well as an important molecular target for drug
development.

Dopamine cells reside predominantly in the mesencephalon in three neuronal groups,
the retrobulbar, the Substantia Nigra, and the Ventral Tegmental area [7,8,9,10,11].
The Substantia Nigra projects predominantly to the dorsal striatum and is mainly concerned
with initiation and execution of movements. The Ventral Tegmental area projects to nucleus
accumbens, orbital and cingulate cortices, amygdala and hippocampus and is involved with
reinforcement, motivation, mood and thought organization. From within the DA cells
dopamine is released into the synapse in response to an action potential and interacts with
postsynaptic DA receptors. The concentration of DA in the synapse is regulated primarily
by its reuptake by the DA transporters, to maintain low (nanomolar) steady-state
concentrations [12]. ‘

Positron Emission Tomography (PET), was the first technology that enabled direct
measurement of components of the DA system in the living human brain [13]. Imaging
studies of DA in the living brain have been indirect, relying on the development of
radiotracers to label DA receptors, DA transporters, precursors of DA or chemical
compounds which have specificity for the enzymes which degrade synaptic DA [14].
Additionally, through the use of tracers that provide information on regional brain activity
(ie brain glucose metabolism and cerebral blood flow) and of appropriate pharmacological
interventions, it has been possible to assess the functional consequences of changes in brain
DA activity. DA specific ligands have been useful in the evaluation -of patients with
neuropsychiatric illnesses as well as to investigate receptor blockade by antipsychotic drugs
[15,16,17,18]. ’

A limitation of strategies that rely on the use of DA specific ligands is that the
measures do not necessarily reflect the functional state of the dopaminergic system and that
there use to study the effects of drugs is limited to the investigation of receptor or transporter
occupancy. Newer strategies have been developed in an attempt to provide with information
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on dopamine release and on the functional responsivity of the DA system in the human brain
[19]. This in turn allows to investigate the effects of pharmacological agent in an
analogous way to what is done with microdialysis techniques [20].

PET Strategies To Measure DA Release

It is possible to assess changes in intrasynaptic DA with PET using DA D2 receptor .
ligands such as [11C]raclopride which have a relatively low affinity for the DA D2 receptor
so that they compete with endogenous DA for binding to the receptor site [21,22]. The
competition of endogenous DA with D2 receptor radioligands presents the opportunity to
measure changes in synaptic DA in vivo by observing the degree of reduction in the binding
of a D2 receptor radiotracer by pharmacological agents [23,24,25,26,27].

The strategy involves two studies with [11C]raclopride one is done at baseline and
the other is done after administration of 0.25 mg/kg iv or 0.5 mg/kg iv methylphenidate.
Methylphenidate (MP) significantly decreases binding of [11C]raclopride in striatum. The
reductions with methylphenidate were dose dependent and were larger for the 0.5 mg/kg iv
dose than for the 0.25 mg/kg iv dose. Because [11C]raclopride is highly reproducible [28-
29] the reductions after methylphenidate most likely reflect changes in synaptic DA.

Methylphenidate induced change in [11C]raclopride were quantified using the
distribution volume (DV) in striatum to that in cerebellum. Distribution volumes were
calculated using graphical analyses [30]. The ratio of the DV in striatum to that in
cerebellum is a function of Bmax/Kd + 1. Changes in the model parameter Bmax/Kd after
methylphenidate (0.5 mg/kg iv) were obtained in 15 healthy male controls; five of the
subjects were also tested with a 0.25 dose of methylphenidate. Methylphenidate significantly
decreased binding of [11C]raclopride in striatum but not in cerebellum (Figure 1).
Methylphenidate-induced changes in [1 1C]raclopride binding were dose dependent and were
larger for the 0.5 mg/kg iv dose than for the 0.25 mg/kg iv dose. Percent change in
Bmax/Kd for the 0.5 mg/kg iv dose was -23.0 + 15 and for the 0.25 mg/kg iv dose was -
16.7 + 17.

The responses to methylphenidate were quite variable among the subjects; both with
respect to its behavioral effects as well as its effects on [11C]Jraclopride binding. While half
of the subjects reported the effects of methylphenidate as pleasurable, 30% reported them
as unpleasent and 20% as neutral. Similarly the pattern of changes in mental state were
quite variable inducing in some subjects increases in anxiety while relaxing others. The
reductions in [11C]raclopride binding as assessed with the model parameter Bmax/Kd were
also quite variable and ranged between 0 and 45%. Changes in Bmax/Kd were associated
with the subjective rating for the intensity of the experience of methylphenidate (Figure 2).
Subjects who rated very intense sensation after the drug were the ones that showed the
largest changes in Bmax/Kd after methylphenidate and subjects who had minimal or no
behavioral effects were the one who showed changes in [11C]raclopride binding within the
range of test retest resproducibility for this tracer (-5% to + 5%). There were no
correlations with specific behavioral effects such as high, anxiety or alertness. On the other
hand the [11C]raclopride responses were positively correlated with methylphendate induced
restlessness.
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Figure 1. Time activity curve for [11C]raclopride in striatum (circles) and in cerebellum
*rhombi) at baseline (closed) and after administration of 0.5 mg/kg iv methylphenidate
(open). Notice that methylphenidate significanlty decreased binding in striatum but not
in cerebellum.
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Figure 2. Relation between metylphenidate (MP) induced changes in [11CJraclopride
and the intensity of the subjective experience to metylphenidate (r = 0.76, p< 0.007)

The reductions in [11C]raclopride binding after administration of methylphenidate
were also found to decrease with age (Figure 3). Older subjects showed less of a
response than younger ones. The decreased responses to methylphenidate in older
subjects is likely to reflect age associated decreases in dopamine transporter sites [31-
32]. Decreases in presynaptic DA transporters with age would make drugs that act




at the DA transporter level such as methylphenidate less effective. This in turn would
have implications in understanding for example the decrease in substance abuse with
aging. This finding is also of relevance in understanding differences in medication
effectiveness among elderly subjects. Though most of the interest in sensitivity to drugs
in aging concentrates in differences in drug metabolism with age this study illustrates
that differences could also be the resultant of neurochemical changes which could make
a drug less effective because there are less binding sites with which the drug can interact.
This finding is also interesting in that it differs from most studies previously done with
aging which have mainly concentrated on the measurement of DA transporter decline
with age in that it provides with a functional index of the ability of the DA cells to
respond to a pharmacological challenge. It is the first direct documentation in human
subjects that there is a decline in dopaminergic responsivity with age. Notice also that
this decline appear to occur relatively early in life since it is already apparent in subjects

in their mid thirties and early forties.
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Figure 3. Relation between metylphenidate induced changes in [11C]raclopride and age
(r = -0.53, p < 0.03).

The magnitude of the changes in DA in response to MP were significantly
correlated with the baseline mental state of the subjects in particular with anxiety. The
subjects who reported the highest scores in anxiety during baseline were those which
showed the most robust responses to methylphenidate (Figure 4).

Because the measurements were obtained during the placebo scan, the anxiety
scores probably reflect the responses to the PET experience. The anxiety response
during the PET procedure could therefore be considered analogous to the response of
an animal to novel stimulus, for whom higher responsivity is associated with increased
psychostimulant sensitivity [33,34,35]. Hence we postulate that, in human subjects,
heightened sensitivity to novel stimuli and/or unfamiliar situations, may also be linked
with a more responsive DA system.
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Figure 4. Relation between metylphenidate induced changes in [11C]raclopride and the
subjective rating for anxiety during baseline (r= 0.74, p < 0.002).

These findings show that the response to a drug is not only a function of the
pharmacological properties of the drug but also of the intrinsic characteristics of the
subject. That the particular neurochemical state of the individual affects their response
to a drug is demonstrated by studies which have shown that the increases in DA
concentration induced by cocaine are decreased or abolished by manipulating
GABAergic activity in brain using drugs such as benzodiazepine agonists [36]. In this
respect it is interesting to note that drugs that enhance GABAergic neurotransmission
have anxiolitic properties [37].

SUMMARY

Investigating DA release in response to drug administration in vivo in the human
brain is a new tool in human neuropharmacology which will enable to evaluate
correlations between changes in neurotransmitter concentration and behavioral effects.
The methodology may also be of help in the early detection of dopaminergic dysfunction
that would be undetected when studying patients during baseline conditions.
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