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In Vivo Imaging of Neurotransmitter Systems
Using Radiolabeled Receptor Ligands

Lawrence S. Kegeles, M.D., Ph.D., and . John Mann, M.D.

In vivo functional brain imaging, including global blood
flow, regional cerebral blood flow (rCBF), measured with
positron emission tomography (PET) and single photon
emission computed tomography (SPECT), and regional
cerebral metabolic rate (rCMR) measured with
deoxyglucose PET, have been widely used in studies of
psychiatric disorders. These studies have found modest
differences and required large numbers of patients.
Activation studies using rCBF or rCMR as indices of
neuronal activity are more sensitive because patients act as
their own control; however, findings localize regions of
change but provide no data about specific neurotransmitter
systems. After a general discussion of the role of
neurotransmitter systems in neuropsychiatric disorders, an

overview of the methodology of development and selection of
radioligands for PET and SPECT is presented. Studies
involving PET and SPECT ligand methods are reviewed
and their findings summarized, including recent work
demonstrating successive mutual modulation of
neurotransmitter systems. Kinetic and equilibrium analysis
modeling are reviewed. The emerging methodology of
measuring neurotransmitter release on activation, both
pharmacologically and by task performance, using ligand
methods is reviewed and proposed as a promising new
approach for studying psychiatric disorders.
[Neuropsychopharmacology 17:293-307, 1997]
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Most signaling and neuronal communication events in
the brain involve release of neurotransmitters, which
then bind to specific postsynaptic receptors (see e.g., Er-
ulkar 1993). Until the past decade and a half, human
studies of receptor binding were performed only in
vitro on postmortem brain tissue, using homogenates or
brain slices with autoradiography. Findings in vitro,
however, are difficult to relate to mental states preced-
ing death, particularly if those states occurred many
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years earlier, or had a fluctuating course (Kleinman et
al. in press). More recently, it has become possible using
positron emission tomography (PET) and single photon
emission computed tomography (SPECT) to image
binding of labeled ligand to receptors in vivo in the hu-
man brain (see e.g., Young et al. 1986, for an early re-
view). Anatomic localization of receptor binding is
achievable with these tomographic methods, allowing
study of the regional differences in binding in states of
neuropsychiatric illness and health.

Predating in vivo receptor imaging technology, the
capability for in vivo brain blood flow measurement
was developed. Methodologic capability evolved such
that initially global (Kety and Schmidt 1948) and later
regional blood flow could be measured. Blood flow was
quantified with inert gases such as xenon (Ingvar and
Franzen 1974), and then tomographically with PET (Ra-
ichle 1979; Frackowiack et al. 1980; Raichle et al. 1983)
and SPECT (Devous et al. 1985) tracers. Since regional
cerebral blood flow (rCBF) is closely coupled to neu-
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ronal activity, it can provide information regarding
changes in neuronal activity in illness and in response
to activation by specific cognitive, affective, and motor
tasks, or pharmacologic challenges to selected brain
systems. PET has also been used to image regional
brain metabolic activity using labeled deoxyglucose
(Sokoloff et al. 1977; Phelps et al. 1979), again allowing
the comparison of the “resting state” to the response to
activations in health and illness. Such studies have re-
vealed changes in regional cerebral metabolic rate
(rCMR) and in rCBF in a number of neuropsychiatric
conditions including mood disorders, schizophrenia,
obsessive-compulsive disorder, other anxiety disorders,
and substance abuse (Volkow et al. 1992). When rCBF
or rCMR is used as the indicator of brain function, the
specificity of the neurotransmitter systems, involved in
these imaging comparisons, can only be hypothesized
based on other information about the conditions stud-
ied or the challenges delivered. Moreover, even the
regional blood flow response to a pharmacologic chal-
lenge, known to release a specific neurotransmitter (such
as release of serotonin by fenfluramine or of dopamine
by amphetamine), cannot be utilized quantitatively
within the study to measure the level of transmitter re-
lease, nor even be attributed to the action of that trans-
mitter only. The time frame of the rCBF or rCMR re-
sponse is such that several neuronal relays and therefore
transmitters may be involved, and only the first trans-
mitter, e.g., serotonin or dopamine, is known with con-
fidence. These limitations are overcome in receptor
studies using specific labeled ligand with the methods
reviewed here.

For about the first decade of in vivo receptor studies,
beginning in 1983, attempts at quantification were lim-
ited to properties of the receptors (receptor density,
binding potential) and of the labeled ligand (affinity for
the receptors) (Wagner et al. 1983; Wong et al. 1986a,b;
Farde et al. 1987; Logan et al. 1989; Wolkin et al. 1989;
Tamminga et al. 1993; Pilowsky et al. 1994). The history
of in vivo specific receptor studies has been notable for
controversy over conflicting results. An appreciation of
the complexity of the factors that enter into the interpre-
tation of receptor imaging data is critical to understand-
ing the potential sources of discrepancies among different
studies. These factors include differences in characteris-
tics of available radioligands for a given receptor type,
differences in populations studied, and differences in
mathematical modeling and data analysis. Attempts at
reconciling discrepant results of different studies have
led to a deeper examination and understanding of these
factors, to a more thorough look at specificity of ligands
for receptor subtypes, to a recognition of the role of un-
controlled concentrations of endogenous ligand in vari-
ability of results, and to a critical examination of the as-
sumptions and methods of multicompartment modeling
of in vivo receptor data.
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A study establishing the measurable effects of com-
petition of labeled ligand with endogenous neurotrans-
mitter appeared in 1989 (Seeman et al. 1989). This re-
port led to the realization that while this effect was a
potential confounder for in vivo studies, it also afforded
the opportunity to utilize competitive displacement of
the ligand to allow measurement as well of the concen-
tration of releasable neurotransmitter (Logan et al.
1991). Measurements of receptor binding can be per-
formed “at rest” and post challenge (post transmitter re-
lease), with the difference in binding affording a quanti-
fication of the releasable stores of neurotransmitter
(Innis et al. 1992; Volkow et al. 1994; Laruelle et al. 1995).

PET methods allow for an additional view of neuro-
transmitter systems by providing an approach to mea-
surement of transmitter turnover. Labeling of neuro-
transmitter precursors as PET tracers (e.g., fluorodopa,
1C-tyrosine, methyltryptophan, 'C-5-hydroxytryptophan)
allows comparison of rates of metabolism of these sub-
stances in the transmitter synthesis pathways in health,
and in conditions whose pathophysiology is believed to
involve the corresponding neurotransmitters. For ex-
ample, a study of 'C-tyrosine, a labeled precursor of
dopamine, showed altered parameters of tyrosine up-
take in schizophrenia (Wiesel et al. 1991). Not only was
plasma tyrosine abnormal in the study patients, but ty-
rosine influx into the central nervous system and net
utilization of tyrosine in the brain were reduced. Simi-
larly, uptake of the serotonin precursor 'C-5-hydroxy-
tryptophan across the blood-brain barrier was found to
be significantly lower in depressed patients than in
healthy control subjects (Agren et al. 1991).

PET receptor studies have proven consistent and in-
formative about the receptor occupancy characteristics
of antipsychotic medications in clinical treatment (Ma-
ziere et al. 1985; Farde et al. 1986; Sedvall et al. 1986).
Through use of labeled PET receptor ligands specific for
subtypes of dopamine receptors, it has been shown that
high proportions of the D, receptors are occupied
(Farde et al. 1988) in conventional clinical treatment,
with all classes of typical neuroleptics. Furthermore,
therapeutic response occurs in the linear dose range of
receptor occupancy (Tamminga et al. 1993). The effect
was shown to be pharmacologically specific for anti-
psychotic drugs in that it was not produced by nortrip-
tyline or ritanserin (Farde et al. 1988). It has also been
shown that neuroleptic-resistant patients do not differ
from neuroleptic responders in their degree of D, recep-
tor blockade by antipsychotic medication (Wolkin et al.
1989a). The atypical antipsychotic agent clozapine has
been characterized in terms of its D, and D; occupancy
in clinical treatment by these methods; it showed a
marked degree of D, occupancy, to the extent that D,
and D, receptor occupancy levels were about equal, at
40% (Farde et al. 1989).

A final level of application of receptor binding com-
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bined with transmitter release has been to study the ef-
fects of modulation of one transmitter system by an-
other, such as in the basal ganglia circuitry. Here,
pioneers such as Stephen Dewey have looked at neu-
rotransmitter interactions including the serotonergic
modulation of striatal dopamine. By using the PET
tracer "C-raclopride, while administering agents di-
rectly modulating the serotonin system, Dewey et al.
(1995) have demonstrated secondary effects on striatal
dopamine, establishing the potential of PET for moni-
toring and elucidating the effects of atypical neurolep-
tics in treatment of psychosis and affective illness.

NONRECEPTOR FUNCTIONAL IMAGING
Studies of the Resting State

The methods of rCBF and rCMR have been utilized to
study the brain “at rest” in health and in neuropsychiat-
ric illness. Such studies reveal no specific information
about neurotransmitter systems but rather seek to dem-
onstrate differences in blood flow and metabolism that
characterize the corresponding illnesses. While the ap-
proach has yielded variable results, a number of studies
have reproduced findings of hypofrontality in both
schizophrenia and affective illness (Buchsbaum et al.
1984; Cohen et al. 1989). rCBF and rCMR changes in the
resting state in Alzheimer’s disease have shown a rela-
tively consistent pattern of unilateral or, in more ad-
vanced illness, biparietal hypometabolism as well as
medial temporal lobe deficits (DeLeon et al. 1983).

Nonneurotransmitter Specific Activation Studies

The rCBF and rCMR approaches have also provided
information about the differential regional brain re-
sponses to activation in illness and health. Certain activa-
tion paradigms chosen for their ability to discriminate on
sensory, motor, cognitive, or affective response between
health and neuropsychiatric illness have been studied
with these approaches. In general, the activation tasks
are too complex to be characterized as stimulating a sin-
gle neurotransmitter system, but rather are selected for
their ability to discriminate the groups studied on perfor-
mance measures. The Wisconsin Card Sort task (Wein-
berger et al. 1986) and the Tower of London (Andreasen
et al. 1993) are examples of such activations studied in
schizophrenia, and tend to demonstrate hypofrontality
more reliably than resting rCBF scans. Affective activa-
tions (George et al. 1995) have similarly played a role in
the investigation of those frontal regions differentially af-
fected by perfusion deficit in mood disorders. Sensory
and motor activations have also provided a tool for in-
vestigation of differences between health and neuropsy-
chiatric disorders (Mazziotta et al. 1986).

In Vivo Neurotransmission Imaging with Radioligands 295

Neurotransmitter-Specific Activation Studies

Only those studies of neurotransmitter-specific activa-
tions whose measurement of response involves rCBF or
rCMR, i.e., non-receptor specific methods of detection,
are discussed in this section; studies involving receptor-
specific detection are discussed below.

Apomorphine, a dopamine agonist, has been used as
a pharmacologic challenge whose impact on rCBF was
measured in schizophrenic patients in prefrontal cortex,
using the Xenon-133 inhalation method (Daniel et al.
1989). These authors concluded that the effect of the
agent to enhance prefrontal dopamine activity was in-
strumental in the measured increase of the relative pre-
frontal flow.

A PET study of normal human subjects using rCMR
(labeled deoxyglucose) assessed the brain’s metabolic
response to neuroleptic challenge, i.e., acute dopamin-
ergic blockade, in the form of 5 mg of haloperidol (Bart-
lett et al. 1994). Significant reductions in glucose utili-
zation were noted post drug administration in frontal,
occipital, and anterior cingulate cortex, in contrast to
significant increases in the putamen and cerebellum.

A PET study in which rCBF measurement was in-
tended to serve as an index of dopaminergic activation
was performed by Playford et al. (1992). The activation
was induced by internally cued movements of a joy-
stick and was shown to enhance rCBF in the contralat-
eral caudate. Indirect evidence that the enhancement
was mediated by dopamine release was the finding of
less activation in a group of Parkinson disease patients
than in a group of healthy controls.

PET studies involving both rCMR (**F-deoxyglucose
or FDG) and rCBF (H,®0) have targeted the serotonin
system, with pharmacologic activation achieved by oral
administration of fenfluramine. This agent stimulates
release of serotonin, binds to serotonin postsynaptic re-
ceptors, and produces a prolactin response. Its effects
on PET scans of rCBF and rCMR have been measured
and reported (see e.g., Mann et al. 1996a); regional stim-
ulation of blood flow and metabolism shows striking
differences between depressed patients and controls in
prefrontal cortex (Mann et al. 1996b)

NEUROTRANSMITTER SYSTEMS AND
NEUROPSYCHIATRIC DISORDERS

The relationships of certain neuropsychiatric illnesses
to specific neurotransmitter systems have become in-
creasingly firmly established in recent years. The role of
dopamine (DA) deficit related to nigrostriatal neuronal
loss is critical in the pathophysiology of Parkinson dis-
ease (Hornykiewicz et al. 1987; Langston 1989), and in
its treatment with dopaminergic agents and precursors.
The dopamine hypothesis of schizophrenia, generally
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attributed to Carlsson (1978), while under continuing
scrutiny and refinement (Carlsson 1988), has likewise
played a critical role in treatment and new drug devel-
opment strategies for this illness. Indeed, any new hy-
pothesis of the physiology or etiology of the illness that
involves other transmitter systems, such as glutamate
neurotransmission (Kim et al. 1980; Deutsch et al. 1989;
Javitt and Zukin 1991; Olney and Farber 1995), is bound
by the constraint of explaining the known efficacy of D,
blocking agents in a significant proportion of cases. In a
similar way, pharmacological evidence has implicated
norepinephrine and serotonin neurotransmission ab-
normalities in depression, and more specifically seroto-
nin deficits in suicidality (Mann et al. 1986), obsessive-
compulsive disorder (Marks et al. 1980), and disorders
of impulse control (Linnoila et al. 1983).

While neurotransmission derangement is implicated
in these conditions as noted, there is significant evi-
dence that this type of abnormality does not in itself
give a full account of the respective illnesses. Neuronal
degeneration, as noted, plays a role in Parkinson dis-
ease. Modern hypotheses of schizophrenia generally in-
volve a disorder of neurodevelopment (Weinberger 1986),
whether genetic or secondary to environmental insult,
or both (Kendler and Diehl 1993; Crow 1983); they may
also involve a process of ongoing neuronal damage at
the time of symptom expression (Olney and Farber 1995).
Thus, while neuroanatomic damage may be nearer to
etiology, it is nevertheless likely that the more proximal
cause of psychiatric symptom production, involving as
it does higher mental function, is a disorder of neu-
rotransmission, regardless of whether it is due to ge-
netic, developmental, acquired, or degenerative effects.

Recent neuroimaging work has shown the complex-
ity of neurotransmission derangements (Dewey et al.
1992, 1993b), and cautions us that hypotheses of single-
neurotransmitter derangements in given conditions are
likely to be oversimplifications. The downstream effects
on related neurotransmitter systems and the mutual
regulation of interacting systems are also good candi-
dates for loci of pathophysiology. The commonest start-
ing point for investigation has been based on the phar-
macology of the agents most efficacious in each condition.
For instance, most investigation of neurotransmission
in schizophrenia centers on the dopamine system, and
in depression and suicidality on the serotonin and nore-
pinephrine systems. Future investigations may well
profitably focus on affected downstream systems from
these, and on systems or subsystems implicated by
newer generations of pharmacologic agents.

RADIOLIGANDS FOR IN VIVO STUDIES

Radioligands with high potency and specificity have
been developed for both PET and SPECT studies of pre-
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and postsynaptic binding sites. As knowledge grows of
new neuroreceptor subtypes, the need and opportunity
for studies utilizing corresponding site-specific radioli-
gands will increase.

Overview of Selection Methodology for
New Ligands

Clinical investigators often wonder why there are so
few good PET or SPECT receptor ligands. Pharmaco-
logically effective agents are often unsuitable for use
with PET and SPECT. We now describe the require-
ments for a good ligand and explain why so few agents
are available for use (for a listing of representative
ligands in use in human studies, see Table 1).

The evaluation of a potential new ligand for in vivo
studies consists of a number of steps (Scheffel 1993), in-
volving both in vitro and in vivo characterization. Ini-
tially the ligand must be fully characterized with re-
spect to binding to the receptor site, a step usually
performed in vitro using rodent brain homogenates,
with the ligand in tritiated or radioiodinated (*H or %I)
form. The properties ascertained in this characterization
are affinity, specificity, saturability, reversibility, and
stereospecific inhibition. Autoradiography may be used
to gain additional information about detailed regional
distribution (Young et al. 1980; Kuhar et al. 1990). From
these types of data a general idea can be gained of the
potential utility of a candidate tracer. However, these
methods provide no information on blood-brain barrier
penetration or tracer metabolism. Also, information on
nonspecific binding or competition with endogenous
neurotransmitter is generally not obtained, as these ef-
fects are intentionally removed in vitro.

When the in vitro studies of a candidate ligand show
potential for in vivo use (saturability, high affinity, and
specificity), characterization proceeds to in vivo animal
studies. These are generally performed in rodents or
nonhuman primates, with either the same tritated or io-
dinated form used in vitro, or with labels suitable for
SPECT or PET, such as 2], or one of the three com-
monly used positron-emitting nuclides (1*N, 'C, or ®F).
Additional properties that should be demonstrated by a
candidate ligand in these in vivo animal studies are: 1)
high extraction from blood into brain tissue; 2) high
specific to nonspecific binding, i.e., target to nontarget
ratio (in the range of at least 3:1); 3) slow metabolism of
tracer compared to the study time scale; and 4) polar
metabolites, minimizing their penetration into the brain
across the blood-brain barrier. Once these characteris-
tics are demonstrated, studies establishing safe toxico-
logic and dosimetric properties of the final labeled
agent are performed and approval for human use ob-
tained from the Food and Drug Administration (FDA).

The choice of ligand characteristics for a particular
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Table 1. Representative PET and SPECT Receptor Ligands in Use in Human Studies

PET

SPECT

Benzodiazepine
C-flumazenil (Pappata et al. 1988; Savic et al. 1988)
Dopamine D,
HC-SCH 23390 (Farde et al. 1992)
Dopamine D,
1IC-N-methylspiperone (Wagner et al. 1983)
C-raclopride (Farde et al. 1986; Volkow et al. 1994)
Serotonin 5HT,
1C-N-methylspiperone (Wong et al. 1984)
UC-MBL (Wong et al. 1987)
18F-getoperone (Blin et al. 1988, 1990)
18F_altanserin (Biver et al. 1994; Sadzot et al. 1995)
Dopamine transporter
HUC-WIN 35,428 (Wong et al. 1993)
UC-B-CIT (Farde et al. 1994)
Serotonin transporter
C-McN5652 (Szabo et al. 1995)
Muscarinic acetylcholine
NC-tropanyl benzilate (Koeppe et al. 1994)
Opioid
C-diprenorphine (Jones et al. 1994)

Benzodiazepine
123].Jomazenil (Beer et al. 1990; Innis et al. 1991)
Dopamine D,
1Z31IBF (Laruelle et al. 1994)
I51-IBZM (Seibyl et al. 1992; Brucke et al. 1992; Pilowsky et al.
1993; Laruelle et al. 1995; Klemm et al. 1996)
Dopamine and Serotonin transporters
121-8-CIT (Innis et al. 1993)

application is partially determined by the experimental
goals and design. Three general approaches are de-
scribed:

a) Dynamic studies using bolus injection and kinetic
modeling for analysis use relatively short acquisition
times because of the need for adequate temporal resolu-
tion. In this case, high contrast or specific-to-nonspecific
binding is particularly important. Ligand characteristics
which achieve high contrast or target-to-background
ratio are generally the combination of high affinity and
low lipophilicity (Kessler et al. 1991; Laruelle et al.
1994b).

b) On the other hand, equilibrium paradigms includ-
ing constant-infusion approaches to measurement of
binding potential (and its changes induced by endoge-
nous transmitter release) are better served by the com-
bination of moderate affinity and high lipophilicity.
These properties enhance the vulnerability of ligand to
subsequent displacement by competition with endoge-
nous transmitter (Seeman et al. 1989; Kessler et al. 1991;
Laruelle et al. 1995), a characteristic essential to this ex-
perimental design.

¢) Another design for dynamic studies of physiologic
activations (cognitive, affective, sensory or motor) of
specific neurotransmitter systems has been described
by Morris et al. (1995). Their computations indicate an
advantage for irreversible (high affinity) labeled ligands
injected at commencement of task performance for this
paradigm.

Recognition of the potential for fine-tuning of ligand
characteristics for particular study designs grew out of
attempts to utilize the variations in characteristics of
ligands used in PET D, receptor studies, to explain the

discrepant results obtained for D, receptor density mea-
surements in these studies (see below), and out of the
greater resulting understanding of the impact of these
ligand characteristics on measured receptor properties
(Seeman et al. 1989; Kessler et al. 1991; Laruelle et al.
1994b).

PET AND SPECT RECEPTOR STUDIES

The first studies of D, DA receptors with PET utilized
3-N-["'C-methyl]spiperone or ["'CINMSP (Wong et al.
1984). The findings in these early studies included a
marked decrease of the tracer uptake in caudate and
putamen with administration of unlabeled D, blocking
agents such as haloperidol, and a marked decrease of
rate of uptake with age within the normal population.
Most of the age-related decrease was found to occur by
the age of 40 years.

Within two years, the application of a kinetic model
to compare two scans (with and without pretreatment
with unlabeled haloperidol) for each subject, in normal
controls and schizophrenic patients, revealed group dif-
ferences (Wong et al. 1986b). The patients were found to
have nearly three-fold elevated D, receptor density in
the caudate nuclei relative to age-matched controls. This
result was found for two groups of medication-free pa-
tients, one medication-naive, and the other medication-
withdrawn.

These results failed to be replicated in a study pub-
lished a year later (Farde et al. 1987, 1990), who found no
significant differences between patients and controls. A
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significant methodological difference between the two
studies was the use of a different D, receptor ligand, 'C-
raclopride (Farde et al. 1987, 1990). There were also
some differences in the populations studied, most nota-
bly that the duration of illness in the NMSP study was
about 2.5 times as long as in the raclopride study. There
were differences as well in the modeling approaches
used, with a quasi-equilibrium approach used in the
case of raclopride, whose lower affinity for the D, recep-
tor allowed a saturation analysis to be applied.

It has been established since the time of these studies
that the lower affinity of raclopride for the D, receptor
in fact leaves this ligand more susceptible to competi-
tion from endogenous dopamine (Seeman et al. 1989);
however, this circumstance alone does not fully account
for the discrepancy between the two studies, since it
would require an increase in synaptic levels of dopa-
mine in the illness that just counterbalances the receptor
density increase measured with NMSP.

Another phenomenon that may represent a difference
between the two ligands in these studies is the rate of in-
ternalization into intracytoplasmic vesicles. Chugani et
al. (1988) suggested that this process may be important
for labeled spiperone; if it were to occur in schizo-
phrenia at a rate significantly different from raclopride,
it could contribute to an explanation of the discrep-
ancy between the studies. In any event, such a mecha-
nism warrants further study since it potentially has di-
rect bearing on the ability to interpret receptor ligand
scanning results in a quantitative fashion (Wong and
Young 1991).

Seeman et al. (1993) have also proposed that another
receptor subtype (the DA D, receptor) may be elevated
in the illness, and explain the discrepant results of these
studies. Their in vitro studies showed a 6-fold elevation
of this receptor subtype in striatum in brains of schizo-
phrenic patients relative to controls. Furthermore, spi-
perone does, in fact, have a 100-fold greater affinity for
this receptor subtype than raclopride, lending plausibil-
ity to this mechanism as a source of the disparate re-
sults. The known D, affinity for the atypical antipsy-
chotic agent clozapine and its efficacy in cases of
schizophrenia refractory to treatment with typical neu-
roleptics make this idea worth considering. One possi-
bility is that patients who are refractory to D, blockers,
and respond to clozapine, have D, elevations relative to
normals and to other schizophrenic patients, and that
the patient populations involved in the discrepant stud-
ies differed in this respect. However, some doubt has
been cast on this explanation by the variability of re-
sults of attempted replication studies. While Murray et
al. (1995) reported a 2-fold elevation of D, receptors in
postmortem striatum from patients with schizophrenia,
other postmortem studies have failed to find any eleva-
tion of D, receptors in the illness (Lahti et al. 1996; Rey-
nolds et al. 1996).
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In a review of the several differences between the
experimental paradigms used in the spiperone and
raclopride studies, Andreasen et al. (1988) have made
the suggestion that a direct examination of the differ-
ences between approaches could be made by studying
the same patient groups with both ligands. In a study
that begins to address such a comparison, Nordstrom
et al. (1995) reproduced the method of Wong et al.
(1986b) using ["'CINMSP and reported no significant
elevation of receptor density in a group of seven pa-
tients over seven control subjects. Gjedde et al. (1996),
in a reply to that report, noted that Nordstrom et al.
(1995) did, in fact, measure a nonsignificant elevation
of receptor density, smaller than that originally re-
ported by Wong et al. (1986b), that would require a
larger study to achieve significance, assuming the ef-
fect size found in the study. They also noted that
while studies using “C-raclopride have consistently
found no receptor density elevation (including a recent
study by Hietala et al. (1994)), those using NMSP have
reported variable elevations in drug-free schizophre-
nia that, grouped together, give an average 66% in-
crease which does achieve statistical significance (Gjedde
et al. 1996).

While a full understanding of the discrepancies that
have been highlighted in this section between different
PET ligand approaches remains to be provided, these
techniques have increased our understanding of recep-
tors and neurotransmitters i1 vivo. Further attempts to
explain remaining points of lack of agreement can be ex-
pected to improve this understanding further, in schizo-
phrenia as well as in other neuropsychiatric illnesses.

It is relatively recently that SPECT studies utilizing
receptor ligands have been reported, nearly ten years
after the first PET studies. In a dynamic paradigm, the
D, antagonist and raclopride analog '®I-IBZM was
shown to provide a feasible means to study pharmaco-
logic modulation of the DA system due to its long half-
life and slow washout (Seibyl et al. 1992). Further studies
using this ligand have confirmed earlier PET findings of
similar D, receptor occupancy in neuroleptic respond-
ers and nonresponders, and lower receptor occupancy
by the atypical antipsychotic clozapine (Brucke et al.
1992; Pilowsky et al. 1993; Klemm et al. 1996). In a study
of benzodiazepine receptors, Abi-Dargham et al. (1994)
found good agreement between in vivo measurements
with 2[-iomazenil in healthy volunteers, and in vitro
measurements with ®I-iomazenil in postmortem brain
tissue. A study of the dopamine transporter in Parkin-
son disease using ZI-BCIT revealed a decrease in stri-
atal density of these transporters (Innis et al. 1993). The
D, antagonist 'ZI-IBF was investigated in a group of
healthy volunteers and revealed a higher target-to-
background ratio than ®[-IBZM. Much of the recent
emphasis in SPECT receptor work involves neurotrans-
mitter release paradigms and will be discussed below.
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METHODS OF ANALYSIS; MODELING OF
RECEPTOR BINDING

Mathematical modeling of receptor PET and SPECT
measurements is needed to relate the observed activity
curves to properties of the receptors and their interac-
tion with the labeled ligand. Without such analysis, the
contribution to the measured activity of such factors as
blood flow (which may vary regionally) and arterial
concentration of ligand, could not be distinguished
from the desired specific receptor characteristics.

The modeling approach in widespread use for this
purpose is compartmental analysis. According to this
model, a specified number of compartments (volumes,
whether real or kinetic, in which tracer concentration
and its derivatives are everywhere spatially uniform)
communicate with each other via first-order kinetics.
That is, instantaneous and perfect mixing of tracer
holds within each compartment, and first-order kinetics
governs concentration changes across compartmental
boundaries. For the case of receptor binding, this is usu-
ally modeled by three such communicating compart-
ments (three-compartment model) (Mintun et al. 1984;
Wong et al. 1986a; Gjedde and Wong 1990).

In this case, represented schematically in Figure 1,
compartment 1 is taken to be the vasculature, compart-
ment 2 the exchangeable tracer pool, and compartment
3 the trapped or bound tracer pool. The kinetics of this
third compartment represent the exchange of the tracer
on and off the receptor or tissue binding sites. Entry
into compartment 3 (trapping or binding) competes
with the likelihood of transfer back from compartment
2 into the vasculature (compartment 1).

The goal of quantitative PET receptor studies is to
determine, from the measured PET signal and the mea-
sured blood activity, the constant coefficients describ-
ing the exchanges among compartments and relate
them to characteristics of the receptors and ligands. Fre-
quently employed mathematical approaches to this
procedure, termed tracer kinetics modeling, are sum-
marized in the Appendix.

NEUROTRANSMITTER CONCENTRATION
STUDIES

Ligand studies provide an indirect method for studying
synaptic concentration of neurotransmitter, in contrast
to magnetic resonance spectroscopy or MRS (Nasrallah
et al. 1995), which offers a direct approach to metabolite
concentration measurement. However, the sensitivity
of ligand methods is far greater and affords the unique
opportunity to estimate concentrations, and particularly
changes under pharmacologic challenge or brain activa-
tion, of low-concentration neurotransmitters such as
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Compartment 1 Compartment 2 Compartment 3
Vasculature Exchangeable Bound
Tracer Pool Tracer Pool
K, > ki .
-¢ k, - ks

Three-Compartment Model

Figure 1. Three-compartment model. K; is the clearance
(ml sec”! gm™) of tracer from the vasculature (compartment
1) to the exchangeable pool (compartment 2); k, is the first-
order transfer coefficient (sec™') from compartment 2 back to
compartment 1. The first-order transfer coefficients (sec™)
between the exchangeable pool and the bound pool (com-
partment 3) are k; leading to compartment 3 and k, leading
back to the exchangeable pool.

dopamine and serotonin, known to play critical roles in
neuropsychiatric illness. The neurotransmitter glutamate,
whose concentration is near the lower limit detectable
by MRS at usual clinical magnet strengths, has peak
synaptic concentration of 1 mM (Dudel et al. 1992;
Fisher et al. 1995), while that of DA is two orders of
magnitude smaller, at 10 pM. Nevertheless, because of
the picomolar detection capability of neuroreceptor
concentration by radioligand methods, changes in com-
petition for receptors, by changing concentrations of en-
dogenous unlabeled DA, are potentially detectable by
PET and SPECT. Furthermore, a limitation of the direct
MRS detection method, due to its inadequate sensitiv-
ity, is its requirement for macroscopic voxel size over
which metabolite signal is aggregated. Such large voxel
measurements represent a combination of all pools of
metabolite in a brain region, not singling out the synap-
tic neurotransmitter pool, and may include a volume
that exceeds the region of interest. Future refinements
involving pharmacologic challenges may surmount this
limitation, but it represents the current state of MRS
studies.

The basic idea involved in use of ligand methods to
detect transmitter release is the recognition that endog-
enous neurotransmitter competes with labeled ligand at
the same receptor sites, an effect that increases when
transmitter release is stimulated by an appropriate
pharmacologic challenge or activation task. The feasi-
bility question is whether the resulting decrease in re-
ceptor binding produced by the increased competition
produces a measurable drop in image signal.

For pharmacologic challenges to the DA system, fea-
sibility has been demonstrated experimentally. Seeman
et al. (1989) found an apparent 20-25% drop in D, re-
ceptor density caused by displacement caused by 100
nM DA of 200 to 15,000 pM [*H]raclopride (but not
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[*H]methylspiperone), in human and rat striata. Very
high concentrations of DA (2000 nM) added to human
striata caused an apparent drop in D, receptor density
for both ligands, in direct relation to the dissociation
constant K. Consistent with these findings, in vivo
studies with PET using ["®F]-N-methylspiroperidol
(NMS) then showed that while pretreatment with am-
phetamine reduces NMS binding in baboon brain
(Dewey et al. 1991), NMS is not likely to be affected
measurably by normal levels of endogenous DA (Logan
et al. 1991). Furthermore, an in vivo PET study of ba-
boon striatum (Dewey et al. 1993) with !'C-raclopride
displacement by amphetamine-stimulated release of
DA and by other drugs demonstrated that this ligand
can be used for indirect and noninvasive measurement
of striatal synaptic dopamine concentration changes
produced by various pharmacological mechanisms.
Human studies have now demonstrated the feasibility
of this approach using PET and SPECT. Farde et al.
(1992) reported the first such study and noted a 6-16%
decrease in binding of 'C-raclopride after oral adminis-
tration of 30 mg of d-amphetamine. Volkow et al. (1994)
used intravenous administration of 0.5 mg/kg of the
uptake blocker methylphenidate, and noted a 23% =
15% decrease in the distribution volume of 'C-raclo-
pride. SPECT and the DA antagonist ligand '*I-IBZM,
a benzamide neuroleptic similar to raclopride, have
now been used in a constant-infusion or equilibrium
paradigm with intravenous injection of d-amphetamine
to demonstrate a similar effect (Laruelle et al. 1995).
Application of the same protocol to schizophrenic pa-
tients has the potential of revealing changes associated
with this illness in releasable stores of DA (Laruelle et
al. 1996).

For physiologic activations of the DA system, Fisher
et al. (1995) have made estimates of the relevant param-
eters. Based on experimental data in the literature, they
have provided summary estimates of concentrations of
raclopride and of DA in the synaptic cleft; the increase
in DA concentration caused by activation; and the affin-
ities or K, values for both ligand and endogenous DA.

The value of K, for DA depends on both receptor
type and on the affinity state. In the case of D, recep-
tors, there is a low-affinity state with Ky, of 100-1000 nM
and a high-affinity state with Kp, of about 10 nM (Ging-
rich and Caron 1993), leading to a rough average esti-
mate of Ky, for DA binding to D, receptors of 100 nM
(Fisher et al. 1995), in good agreement with the estimates
of Ross and Jackson (1989) and Kawagoe et al. (1992).

Concentration of DA in the cleft undergoes signifi-
cant time variation, with peak concentration, as noted
above, estimated at 10 M, and average concentration
estimated to be two orders smaller, at 100 nM. This is
estimated to double to 200 nM on activation (Fisher et
al. 1995). Thus average synaptic DA concentration is es-
timated to be about equal to K, of the D, receptor.
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While it is not known whether physiologic mental or
physical task activations can produce enough DA re-
lease to cause measurable effects, the possibility is sug-
gested by some published data. Animal studies have
suggested that rewarded motor tasks activate DA neu-
rons (Schultz et al. 1983). A PET study measuring rCBF
in Parkinson disease patients and controls (Playford et
al. 1992) showed that internally cued movements of a
joystick activated the contralateral caudate, with smaller
activation in the patient group.

The magnitude of any activation-induced change in
PET or SPECT signal in the case of the DA system is
likely to be affected by the proportion of high and low
D, affinity states for DA. This is because of evidence
that increase in DA concentration alters the affinity
state, and that the high affinity state increases the affin-
ity for DA (agonist) but not for the antagonist raclo-
pride (Seeman et al. 1994).

Morris et al. (1995) have used numerical simulation
to investigate, in a kinetic or bolus-injection paradigm,
the possibility of measurable effects produced in the D,
system by activation task performance; their results
suggested detectability of activation of DA with PET
and "C-raclopride. It was also shown (Morris et al.
1995) that these general principles and conclusions hold
equally well for ligands for the D, receptor and for the
DA transporter site.

SUMMARY

PET and SPECT measurements of the dopaminergic
neurotransmitter system with labeled antagonist agents
for specific subtypes of DA receptors have revealed sig-
nificant information about this system and its response
to therapeutic agents. Specific effects of clinical doses of
these agents in basal ganglia on the D, receptor popula-
tion and, for some of these agents, on the D, receptor
subtype as well, have been consistently shown. The
groundwork has been established for similar studies of
benzodiazepine receptors (Pappata et al. 1988; Savic et
al. 1988; Abi-Dargham et al. 1994), the opioid system
(Jones et al. 1994), muscarinic neurotransmission (Koeppe
et al. 1994), and the serotonin system (Wong et al. 1984,
1987; Blin et al. 1988,1990; Hartig et al. 1990; Biver et al.
1994; Sadzot et al. 1995; Szabo et al. 1995). When phar-
macologic challenges are combined with such studies,
additional information about releasable stores of neu-
rotransmitter in illness and in health can also be revealed.
In the future, the continuing development of tracers for
these and other neurotransmitter systems can be ex-
pected to augment the supply of tools for investigating
neurotransmission alterations in neuropsychiatric ill-
ness. Moreover, further advances in understanding the
multiple relays involving successive neurotransmitters
can be expected both to inform and to be fueled by re-
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search efforts in functional imaging of neurotransmis-
sion, in the near future.
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APPENDIX
Mathematical Modeling of Receptor Binding

A, Kinetic Analysis. The three-compartment model pre-
sented in this section is the most widely utilized kinetic
model of receptor ligand binding in vivo sometimes
termed the “standard model” (Votaw et al. 1993). The
conservation of mass in the three-compartment case is
expressed by equations 1 and 2:

dM,

— = KiCy -~ (y + k)M, + kM, 1)
dM,
_dT = k3M2—k4M3 (2)

where, M, and M; are the tracer mass in compartments
2 and 3, respectively; K| is the clearance (ml sec™! gm™)
of tracer from the vasculature, related by K; = k;V; to
k;, which is the first-order transfer coefficient (sec™?)
from compartment 1 to 2, V, is the vascular volume (ml
gm 1), and V,C; = M, is the tracer mass in the vascula-
ture; and C; is the tracer concentration (mass/ml) in the
vascular compartment; k; is the first-order transfer coef-
ficient (sec™") from compartment 2 to 1, while the first-
order transfer coefficients between the exchangeable pool
(second compartment) and the third “binding” com-
partment are k; leading to the binding compartment
and k, leading from it. The k; transfer process competes
with the transfer of tracer from compartment 2 back to
compartment 1, the vasculature (see Figure 1). The ter-
minology used here closely follows that of Gjedde and
Wong (1990), in contrast to some authors who intro-
duce the plasma free fraction of tracer, and define vol-
umes of distribution relative to this free plasma con-
centration (Mintun et al. 1984). Here, distribution volumes
are defined relative to the total plasma tracer concen-
tration.

The goal of quantitative PET receptor studies is to
determine the constant coefficients in equations 1 and 2,
and relate them to characteristics of the receptors and
ligands. It should be noted that an increasing body of
evidence suggests shortcomings of the three-compart-
ment model for some ligands. For example, studies
have found that the model yields slower in vivo disso-
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ciation of ligand from receptors than measured in vitro
in certain receptor-ligand systems (Frost and Wagner
1984; Votaw et al. 1993). In the view of these authors,
the discrepancy may be explained by the model’s fail-
ure to take into account the rebinding of ligand within
the synapse following initial dissociation, or the dif-
fusion of ligand through tissue. However, the model
has been validated with a number of radioligands,
and we present approaches commonly used to solve
and apply the model to PET and SPECT data analysis
below.

The general solution to equations 1 and 2, which
comprise a coupled set of first-order linear ordinary dif-
ferential equations, may be written implicitly for M, the
total tracer mass in brain, in terms of its integrals

M = ViC+ (K + [k, +ky+k, IV [ C e ©)
+ (K [k + kg 1+ koky V) [T Cyduldt
~(ky + k3 + kg) [y Mdt - Kok, [T [ Mdu]dt

where M is the sum of M;, M,, and M;, the tracer
masses in each of the compartments, and C,, the arterial
concentration of tracer, is used synonymously with C;.
The quantities M and C, are measured as functions of
time in quantitative PET experiments, and their inte-
grals can be computed from these data. Equation 3
then enables the determination of the constant coeffi-
cients.

Certain special cases of this solution are frequently
used for analysis of PET data.

a. Sokoloff Model. A form of the solution when k, is
taken to be negligible compared to ky, k,, and k; (tracer
is effectively trapped for the duration of the PET study,
as with metabolic trapping of FDG), is given by
Sokoloff et al. (1977)

M-r.M,-M,

- [ o Cadt

“4)

where the solution has been rearranged to solve for K.
The quantities K and r, are given by K = ksK; /(k, + k),
a measure of net clearance of tracer into the third com-
partment, and by r, = k,/(k, + k3), the tracer “escape”
potential.

b. Slope-Intercept Method or Patlak Plot. The solu-
tion of equations 1 and 2 for the volume of distribution
of tracer in the brain is obtained by normalizing the so-
lution for M, the total tracer mass, by C;, the arterial
concentration of tracer

[ oMt

T
v KJ 0 Cadt Vi | 1M,
= . + c, +V,

a
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where V = M/C;, and V,, = (Kk3)/(k;k,) is the meta-
bolic or trapping pool volume.

When k, is sufficiently small (i.e., when the probabil-
ity of escape of bound tracer is low), this expression for
V reduces to

V=KO+rVp+V, (6)

where O is the normalized integral rescaled time vari-
able,

T
® = [,C,a/C,

and Vg is the measured M,/C;. Forthe case where V.

approaches a constant, i.e., when the ratio of free tracer
in the brain and free tracer in the blood approaches a
constant, then r, V. + V; is constant and equation 6 de-
scribes a straight line with slope K and intercept r, V. +
V. This is the basis for the graphical “slope-intercept”
or “Patlak plot” representation of PET activity data for
determining K (Gjedde 1981; Patlak et al. 1983).

B. Equilibrium Analysis. For some applications, such
as constant-infusion paradigms designed for the mea-
surement of releasable stores of neurotransmitter by
displacement of moderate-affinity ligands (see e.g.,
Laruelle et al. 1995), equilibrium is established among
the compartments. In this case, the time derivatives in
the kinetic equations vanish and the analysis proceeds
by the methods of Michaelis-Menten kinetics (1913) de-
scribing receptor-ligand binding, and the linearized
versions of that equation. The linearized forms of this
equation were derived by Barnett Woolf around 1930,
and subsequently rediscovered by other authors (see
Haldane 1957; Eadie 1942; Scatchard 1949; Gjedde and
Wong 1990). The Michaelis-Menten equation is related
to the three-compartment equations as follows.

The rate of change of bound ligand equals the differ-
ence between ligand rates of associating with and disso-
ciating from the receptors. The association rate is the
product of the probability, k,,, per molecule of binding
to the receptor, times the concentration of molecules of
free ligand, times the remaining available sites. The rate
of dissociation is the sum of dissociation by return to
free ligand, with probability k. per molecule, times the
internalization through diffusion, with probability k;,,
giving for the overall rate of change

dg?‘ = konC(Byax = B) — (kogg + kip)B )
where B is bound ligand, C is free tracer concentration,
and Byax is the original total quantity of available bind-
ing sites. At equilibrium, dB/dt = 0, so equation 7 im-
plies that

B = ByuxC/(Kp+C) )

the Michaelis-Menten equation, where Kp = (ko4 +
Kin)/Kon. For tracer doses, when C<<Kp, this reduces to
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BMAX (9)

the binding potential, often denoted BP. Demonstration
that this quantity is also equal to the metabolic or trap-
ping volume V introduced following equation 5 above
is given in Laruelle et al. (1994a)

BP = K k;/k,k, (10)

although these authors define the volume relative to the
plasma free fraction. It should be noted that a common
alternative convention for defining the binding poten-
tial is the dimensionless ratio k;/k4 (e.g., Gjedde and
Wong 1990).

The Scatchard (1949) rearrangement of equation 8

(11)

is used for analysis of sequential experiments with
varying specific activity of tracer (varying C) to deter-
mine Kp and Byax separately from the resulting linear
plot of B/C vs. B. For single tracer-dose experiments,
with given single specific activity of tracer, equation 9
may be used to determine the binding potential BP, i.e.,
the ration of Byax and Kp,.
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