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Central neurotransmitter systems and receptors are intimately involved 
in the mechanism of several neurologic and psychiatric disorders'-. Although 
neurotransmitter concentration and receptor function can be measured regionnally 
post-mortem, studies performed during life may provide insight into changes 
at early stages of the disease as well as follow-up data on, and pharmacological 
modification of, such changes. 

Positron Tomography (PET) allows to monitor non-invasively the time-course 
of regional tissue tracer concentration following administration of a 
radioactive drug. If the latter is known to interact selectively with specific 
binding sites, it can be used to probe in vivo the regional distribution and 
affinity of the receptors involved. 

In 1979, Comar et al^ demonstrated displacement of trace doses of 
**C-Flunitrazepam from the living baboon's brain by a therapeutic load of 
the unlabeled competitor Lorazepam, indicating that specific in vivo binding 
of the radioligand to the benzodiazepine (BZD) receptors had taken place. 

PRELIMINARY CONDITIONS 
1. Specific radioactivity. Owing to the short physical half-life of positron 

emitters, che theoretical specific radioactivity (SRA) achieved is extremely 
high. This advantage allows to administer a very small amount of tracer still 



giving enough photons for statistically meaningful imaging by external 
detection. Brain ligand concentrations as low as 1-2 nM are easily achieved, 
allowing a satisfactory signal/backgiound ratio (i.e., specifically bound/non 
specific tracer). In the case of '°3r-Bromospiperone in humans, very high 
SRA (up to 2 Ci/umol), low injected dose ( ^ 1 mCi), and low brain uptake (^1%) 
result in striatal concentrations in the range 0.01-0.1 nM keeping dopaminergic 
(DA) receptor occupation down to 1 */« or less, and non-specific binding to 
a minimum-*. This can be compared to ^'C- or *°F-Spiperone, whose SRA is often 
% 4 times lower and injected dose i< 10 times higher, potentially resulting 
in close-to-saturation levels. Trying to keep receptor occupation as low as 
possible is also necessary to avoid unethical pharmacological effects. 
Nevertheless, drugs that have no direct pharmacological effect, such as the 
BZD antagonist RO 15-1788 and the opiate antagonist naloxone, should be 
preferred for in vivo studies. Very high affinity binding sites such as the 
opiate receptors require only 1-2 % occupation by labeled agonists (e.g., 
etorphine) to elicit analgesia . 

2. Pharmacokinetics. Blood-brain-barrier (BBB) penetration is a necessary 
condition. Because labeling of the muscarinic antagonist QNB with a positron 
emitter is difficult, methyl-QNB was labelled instead, and proved to be the 
ideal ligand for human PET studies of the myocardial muscarinic receptors^ ; 
unfortunately, it does not penetrate the BBB. Since BBB permeability partly 
depends on the compound's lipophilicity, one is tempted to use highly lipophilic 
radioligands ; in practice, however, such drugs tend to be trapped at first 
passage in lungs after I.V. injection, and often reveal a very high non specific 
binding to brain membranes", two unfavorable properties for in vivo receptor 
studies. Additional untoward factors are rapid drug metabolism, slow plasma 
clearance or high protein-binding of the radioligand and pH-dependant 
BBB-penetration and tissue distribution. 

•'• In vitro binding properties can help predict the potential usefulness 
of a given radioligand for in vivo studies. High selectivity of binding is 
necessary to allow characterization of a single class of receptor sites. For 
instance, spiperone and its analogues have high affinity for both dopaminergic 
D2 sites and serotonergic 5HT2 sites', potentially confounding in vivo specific 
binding in striatum (which contains both types of receptors), unless one of 
these two sites is blocked by a selective competitor prior to the PET study ; 
on the other hand, one :akes advantage of this limitation to investigate the 
511Î2 receptors in the îrontal cortex, a structure with only few D2 receptors8'". 
High affinity for, r.-d density of, binding sites are required to raise the 
Bound/Free ratio, ar.c to keep occupation rate and non-specific binding as 



low as possible ; thus, spiperone is an ideal ligand because its affinity 
for the D2 receptors is 0.2 nM and the density of the latter in human striatum 
is *v«10 nM 1". In this respect, agonists usually have much lower affinity for 
their binding sites than antagonists, making them less successful for in vivo 
studies, with the notable exception of the opiate receptor system 1 1. For 
example, the above-mentioned study of the BZD receptors using the agonist 
^C-Flunitrazepam, although a successful feasibility study', indicated a 
displaceable (specifically-bound) fraction of brain tracer of only 20-30 7., 
compared to ^-90 7. for ^C-RO 15-1788, a BZD antagonist 1 2. The non-specific 
binding found in vitro, including structural recognition sites (e.g., 
spirodecanone sites for spiperone), needs be considered for reason explained 
earlier. Hence, the use of ^C-Chlor promazine to study the D2 receptors with 
PET failed because of high lipophilicity and low-affinity for the D2 sites, 
two factors that resulted in an almost exclusively non-specific binding to 
brain tissue in vivo". 

4. Miscellaneous factors. In addition to BBB permeability, the accessibility 
of the radioligand to the binding sites depends also on local perfusion rates. 
Radioligand internalization - whether as ligand-receptor complex, within 
synaptic vesicles or even in the lysosomal scavenging system - may considerably 
complicate the interpretation of baseline and displacement kinetics"» 1^. 
Estimating nonspecific binding in vivo from in vitro data is sometimes 
misleading : ^H-Haloperidol is a satisfactory in vitro ligand for D2 receptor 
assay, yet it exhibits little specific binding in vivo"» 1^. Accumulation of 
the radioligand in receptor-enriched areas may be hardly detectable if too 
slow relative to the physical half-life of the labeling positron emitter, 
as true of the D£ antagonist Pimozide labeled with ^C^". Such in vivo kinetics 
can be grossly estimated from association and dissociation rate constants 
measured in vitro at physiological temperature and medium conditions 1'. Finally, 
even new-generation PET cameras have limited spatial -^solution, which may 
hamper the demonstration of specific binding to small brain structures. 

QUANTITATIVE MODELS 
Another challenge of in vivo PET studies of the ligand-receptor interaction 

is quantitation of the process in terms of affinity constant (Kd) and receptor 
concentration (Bmax). In addition to the fact that complete equilibration 
of this interaction may not occur during the PET study, direct distinction 
of the specifically-bound fraction from the free and the non-specifically 
bound ligand is irapossiblc. However, in the case of ^C-Raclopride (a D2 
specific ligand), Farde et al^,19 took advantage of near-equilibrium 



conditions, very low non-specific binding, and availability of a reference 
brain structure for estimation of the free-ligand concentration (i.e. the 
cerebellum, which is devoid of DA receptors) ; from repeated studies at 
increasing ligand doses in the same subject, these authors could establish 
a saturation curve for specific binding in the striatum, and, in turn, estimate 
the Kd and Bmax values by means of Scatchard plots ; the similarity between 
these in vivo determined values and those measured in vitro on post-mortem 
human striatum supported the validity of the method. 

When DA receptors are investigated in vivo with **C-Methyl-Spiperone, 
equilibrium of the ligand-receptor interaction is not achieved during the 
study ; the radioligand continuously accumulates in the striatum, and Wong 
et al^>20»21 demonstrated virtual irreversibility of the apparent specific 
binding. In analogy to the deoxyglucose model, they have developed a 
quantitative model to estimate the rate of association of the ligand to the 
receptors, and, if a near-saturation study is performed at a different time 
in the same subject, the receptor density. This model uses the cerebellum 
as an internal standard to estimate non-specific binding and to correct for 
the rapid appearance of labeled metabolites in plasma. 

In addition to containing several unverified assumptions, these two models 
are considerably limited for wide-scale human application as they both demand 
that measures be repeated in the same subject, including near-saturation PET 
studies that entail the risk of any therapeutic dose of neuroleptics. 

Kinetic analysis of radiotracer history in brain and blood obtained after 
a single intravenous injection of trace doses of '•"F-Spiperone has been 
alternatively advocatpd22»23# This complex method however requires that plasma 
perfusion and vascular space be measured separately in both striatum and 
cerebellum ; it is sensitive to small measurement errors, and does not provide 
the Bmax value explicitly. It also does not take into account the virtual 
diffusion boundary which may surround the receptor layers, allowing rebinding 
and prolonged retention of radioligand in receptor-dense areas*?t24,25# 

Estimation of specifically-bound radioligand provides a semi-quantitative 
but easily measurable index of receptor function that is presently being used 
widely as an alternative to these complex models. In the case of the DA 
receptors, this can be done by si.uply subtracting the cerebellar tracer 
concentration from that present in striatum2^ ; the same principle is frequently 
applied in receptor autoradiographic studies. If the measurement is made at 
near-equilibrium, if the conditions of accessibility and nonspecific binding 
in both striatum and cerebellum are constant, and if receptor occupancy by 
the radioligand is negligible, then this index reliably reflects the Bmax/Kd 



ratio"' 2 . With Spiperone or its analogues, the striatum/cerebellum ratio 
has been proposed because it normalizes for the intersubject variability in 
dose of ligand injected ; its validity has been theoretically demonstrated^ 
and clinically documented2'. 

CRITERIA FOR SPECIFIC BINDING IN VIVO 
1. Regional distribution. PET studies have consistently shown preferential 

accumulation of the labeled tracer in regions expected from in vitro binding 
assays to have the highest receptor density. Hence, tracer retention in the 
striatum relative to cerebellum has been observed in humans using labeled 
D2 antagonists such as methyl-spiperone20,21,28,29 > Brotno-spiperone-*»27 j 

-ozide^" and raclopride^°» *•*. The 5HT2 antagonist Ketanserin undergoes 
significant albeit moderate retention in frontal cortex relative to cerebellum 
in vivo^O. In humans, Hc-RO 15-1788 is retained more in cerebral cortex than 
in cerebellum and deep gray nuclei-*!, consistent with regional differences 
in central-type BZD receptor density measured in vitro ; similar results have 
been mentioned for the BZD-GABA complex agonist Hc-Suriclone". Finally, 
marked differences in regional retention of Hc-carfentanyl and 
Hc-Diprenorphine, mu-type opiate receptor agonist and antagonist, respectively, 
have beer, reported in human PET studiesll'". 

2. Saturability of the specifically bound fraction has been demonstrated 
for Hc-RO 15-1788 in the baboon's brain-^ and for Hc-Raclopride in the human 
striatum*'. Under certain assumptions, and if several experimental conditions 
are met, Scatchard plots can be extracted from such saturation curves*'. 

3. Inhibition and displacement studies. This was first shown in vivo with 
PET using I.V. loads of unlabeled BZD to displace trace amounts of 
Hc-Flunitrazepam from the baboon's brain 2. Unexpectedly,these studies revealed 
that several BZD could also displace the radioligand from peripheral organs, 
thus masking the displacement occuring in brain tissue^. 

Inhibition of specific binding by pretreatment with unlabeled competitor 
has been repeatedly demonstrated. In humans, retention of D2 antagonists in 
striatum can be partially or completely prevented by therapeutic doses of 
neuroleptics-*» *»• 19,21,36, j n patients on various doses and types of 
neuroleptics, Cambon et a l " showed a clear-cut dose-dependant inhibition 
of the striatum/cerebellum ratio of '"Br-Bromospiperone. Dose-dependant 
prevention of t: specific binding of ^C-RO 15-1788 to the cerebral or 
cerebellar corto:: in vivo by increasing amounts of the cold parent compound 
has been demonstrated by Samson et a l " . Baron et al-^ reported that the 
retention of He- -.etanserin in the frontal cortex of human subjects, presumably 



reflecting binding to 5HT2 receptors in vivo, was significantly diminished 
by pretreatment with 75 mg of chlorpromazine administered intra-muscularly 
2 hours before the PET study. Finally, complete inhibition of the binding 
of the ^C-labeled opiate radioligands Carfentanyl and Diprenorphine to brain 
tissue has been documented in subjects pretreated with large amounts of 
naloxone** •-*-*. 

Displacement studies are not always possible in humans because of the 
pharmacological effects involved. The "inactive'' BZD antagonist RO 15-1788 
can be used safely in humans, even in large doses ; when injected intravenously, 
it results in abrupt, immediate, dose-dependant displacement of **C-RO 15-1788 
from the cerebral cortex-**»™, confirming earlier baboon studies*2. Quite 
differently, cold loads of spiperone displace '"Br-Bromospiperone from the 
baboon's brain with very slow kinetics^", indicating a very different 
accessibility of these two radioligands to their brain receptors. 

4. Stereospecificity. Its demonstration in vivo has been reported only 
in baboon experiments. For instance, the active BZD enantiomer RO 11-6896 
effectively displaced **C-RO 15-1788 from brain, while the inactive L-enantiomer 
injected in similar amounts had no effect-*'*. Likewise, inhibition of striatal 
accumulation of **C-Spiperone or *°F~Methylspiperone by pretreatment with 
(+)-Butaclamol but not by (-)-Butaclamol has been clearly demonstrated^*»^2. 

5. Pharmacological correlations. Using **C-RO 15-1788 in baboons, Hantraye 
et al-*^ demonstrated a correlation between the fraction of radiotracer displaced 
by the cold parent drug and the dose of pentylenetetrazol required to induce, 
in the same animal experiment, a generalized seizure. In addition, there was 
a correlation between the displaced fraction and the EEG seizure activity 
following injection of methyl-beta-carboline, a convulsant drug. 

In humans, the dose-dependent occupation and the saturation of the D£ 
sites in striatum by various classes of neuroleptics*"»-'' observed in psychotic 
patients confirm in vivo that their antipsychotic effects are mediated by 
their D2 blocking properties. 

CONCLUSIONS AND APPLICATIONS 
Progress in the field of receptor studies in humans with PET may seem 

slow but the complexity of the in vivo approach, as well as the preliminary 
experiments required before reaching the final step (e.g., in vitro binding 
assays, screening for analogues, radiochemical development, ->H- o r l^c- in 
vivo studies in small laboratory animals, and baboon studies with PET) have 
to be taken into account. As shown in this progress report, several receptor 
systems can now be studied reliably in humans, despite these difficulties. 



Preliminary physiological and pathophysiological studies are now being 

published. Hence, an age-related decline in the striatum/cerebellum ratios 

of Hc-Methyl-Spiperone and of '"Br-Bromospiperone has been reported^'27 

confirming earlier in vitro demonstration of the loss of striatal D2 receptors 

in normal human aging. In progressive supranuclear palsy patients, a marked 

fall in D2 receptor density in striatum has been similarly confirmed in 

v_iv_o27,43) providing a logical explanation for the lack of clinical response 

to L-DOPA and D2 agonists in this atypical parkinsonian condition. 

In a preliminary report, Wong et al found no significant alteration of 

the caudate/cerebellum ratio in 13 chronic schizophrenic patients-'", suggesting 

no abnormalities of the striatal DA receptor population, at variance with 

post-mortem data, but potential interference from neuroleptic treatment 

apparently was not fully controlled. In the same report-* , no alteration in 

the D2 striatal receptors was found in 16 patients with affective disorders. 

Finally, Cambon et al-*' demonstrated that the occupancy rate of D2 striatal 

receptors by oral neuroleptics, as measured by PET and '"Br-Bromospiperone, 

followed a predictable dose-dependant saturation curve, establishing this 

approach as a reliable radio-receptor assay method in vivo ; following abrupt 

arrest of chronic neuroleptic treatment, these authors found that the occupancy 

rate had become negligible within 8-12 days, indicating that the long delay 

before relapse of schizophrenia in drug-free patents may not be due to prolonged 

occupation of D2 receptors-''. 
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