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INTRODUCTION

OVER THE PAST 10 to 15 years technological advances have
allowed for the application of new techniques to the study
of psychiatric disorders. Specifically there has been a
dramatic escalation in the number of studies employing
single photon emission tomography (SPECT) or positron
emission tomography (PET) to study the neuroreceptors
implicated in various psychiatric disorders. For the most
part early PET studies of flow and metabolism using
[15O]H2O and [18F]fluorodeoxyglucose ([18F]FDG) have
largely been replaced by fMRI, which offers clear advan-
tages in terms of spatial and temporal resolution, not to

mention the lack of radiation exposure. In contrast, the
ability of PET and SPECT to image specific biomolecules
is unmatched by any other method currently available to
clinical investigators. Studies of receptors, transporters,
enzymes and other processes such as transmitter synthe-
sis and release (a set of techniques referred to as molecular
imaging) constitute the most distinctive application of
PET/SPECT for current and future psychiatric research.

The majority of PET and SPECT studies in psychiatry
have focused on the illness of schizophrenia and, al-
though there are exceptions, most studies focus on one of
two neurotransmitter systems, either the serotonin system
or the dopamine system. This is due, in large part, to the
radiotracers available for use and to current theories on
the etiology of schizophrenia. The aim of this manuscript
is to review the major findings stemming from the appli-
cation of molecular imaging techniques to the study of
schizophrenia with an emphasis on how these techniques
are being used to inform the development of novel treat-
ments.

Neuroreceptor imaging in psychiatric disorders

W. Gordon FRANKLE and Marc LARUELLE

 Departments of Psychiatry and Radiology, Columbia University College of Physicians and Surgeons
and New York State Psychiatric Institute, New York, USA

Molecular imaging, the study of receptors, transporters and enzymes, as well as other cellular
processes, has grown in recent years to be one of the most active neuroimaging areas. The
application of single photon emission tomography (SPECT) and positron emission tomography
(PET) techniques to the study of psychiatric illness has lead to increased understanding of disease
processes as well as validated, in vivo, theories of illness etiology. Within the field of psychiatry
these techniques have been applied most widely to the study of schizophrenia. Studies within
schizophrenia are largely limited to either the dopamine or serotonin system. This is due in large
part to the availability of suitable radiotracers as well as the current theories on the etiology of the
illness. Two basic study designs are used when studying schizophrenia using molecular imaging
and make up the majority of studies reviewed in this manuscript. The first type, termed “clinical
studies,” compares the findings from PET and SPECT studies in those with schizophrenia to normal
controls in an attempt to understand the pathophysiology of the illness. The second study design,
termed “occupancy studies,” uses these techniques to enhance the understanding of the mechanism
of action of the medications used in treating this lllness. This review will focus on the findings of
molecular imaging studies in schizophrenia, focusing, for the most part, on the serotonin and
dopamine systems. Emphasis will be placed on how these findings and techniques are currently
being used to inform the development of novel treatments for schizophrenia.
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Two basic paradigms are used in the studies reviewed
here. The first type of study (termed “clinical studies”)
investigates a specific biomolecular process in psychiat-
ric patients and normal controls, in an effort to understand
the neurochemical imbalances associated with the patho-
physiology of the condition under study. The second type
of investigation (termed “occupancy studies”) uses mo-
lecular imaging techniques to improve our understanding
of the mechanism of action of psychiatric medications.
Both types of studies have revealed important informa-
tion about psychiatric disorders and their treatment.

DOPAMINE

The neurotransmitter system most extensively studied
with PET/SPECT is the dopamine system. This likely
relates to both the availability of suitable radioligands and
the fact that an alteration in dopamine transmission has
been proposed in schizophrenia for over 30 years.1,2 A
hyperactivity of the dopamine system was postulated
based on the observation that all effective antipsychotic
medications display some degree of blockade at the D2

receptor, a statement which holds true today.3,4 PET and
SPECT imaging have been used to study dopamine recep-
tors in two brain regions, the cortex and the striatum. We
will first discuss studies which focus on striatal dopamine
receptors since these studies are more numerous as
radioligands suitable for imaging cortical dopamine re-
ceptors have only recently been developed.

1)   Striatal Dopamine
The D2 receptor is the most numerous dopamine recep-
tor in the striatum. Both clinical and occupancy studies
have been performed using PET and SPECT techniques
with a variety of radiotracers. These radiotracers include
butyrophenones ([11C]N-methylspiperone, [11C]NMSP,
and [76Br]bromospiperone), benzamides ([11C]raclopride,
and [123I]IBZM), and the ergot derivative, [76Br]lisuride.
In addition to providing valuable information about a
variety of psychiatric illnesses these studies have allowed
investigators to test the dopamine hypothesis of schizo-
phrenia in the living human brain.

(1)    Clinical Studies
A recent meta-analysis5 identified 17 imaging studies
comparing D2 receptor parameters in patients with schizo-
phrenia (a total of 245 patients, 112 neuroleptic naive and
133 neuroleptic free) and controls (n = 231), matched for
age and sex.6–22 Two out of 17 studies detected a significant
elevation of D2 receptor density parameters in patients
with schizophrenia. A small (12%), but significant, eleva-
tion of striatal D2 receptors was seen in the meta-analysis
in patients with schizophrenia. Interestingly, the effect
sizes were different for different classes of radiotracers.
Studies performed with butyrophenones (n = 7) show an
effect size of 0.96 ± 1.05, significantly larger than the

effect size observed with other ligands (benzamides and
lisuride, n = 10, 0.20 ± 0.26, p = 0.04). This difference
might be due to differences in vulnerability of the binding
of these tracers to competition by endogenous DA, and
elevation of endogenous DA in schizophrenia.23,24

Fewer studies have looked at striatal D1 receptors in
schizophrenia. The three imaging studies12,25,26 which
have confirmed the results of postmortem studies demon-
strating unaltered levels of these receptors compared to
controls.

More recently studies have used the property of compe-
tition at the receptor between dopamine radioligands
and endogenous dopamine to assess for differences in
dopamine transmission in disease states compared with
controls and non-ill states. These studies generally use
pharmacological methods to manipulate the release of
dopamine thereby allowing for a direct evaluation of
dopamine activity. Two specific pharmacological para-
digms have been used; the first utilizes amphetamine
stimulated dopamine release to assess presynaptic neu-
ronal activity. The second uses the drug alpha-methyl-
para-tyrosine (AMPT) which inhibits dopamine synthe-
sis and thereby allows for the determination of endogenous
dopamine levels prior to depletion with AMPT.

Amphetamine-induced DA release.    Numerous groups
have demonstrated that an acute increase in synaptic DA
concentration is associated with decreased in vivo binding
of [11C]raclopride and [123I]IBZM (for review of this
abundant literature, see27).

Compared to controls, the amphetamine-induced de-
crease in [11C]raclopride or [123I]IBZM binding is el-
evated in untreated patients with schizophrenia.16,18,19 In
addition, the magnitude of DA release was significantly
related to a transient induction of symptoms by amphet-
amine. This increased DA release was unrelated to previ-
ous medication treatment and was observed in both first
episode/drug naive patients and previously treated pa-
tients.28 Another important finding was that this elevated
release of dopamine in response to amphetamine was seen
only during illness exacerbation and not in subjects who
were in remission.28

Although the most common interpretation of these
findings is that schizophrenic subjects show an increased
release of dopamine in response to amphetamine, another
interpretation would be that schizophrenia is associated
with increased affinity of D2 receptors for DA. Develop-
ment of D2 receptor imaging with radiolabeled agonists is
needed to settle this issue.29

Endogenous dopamine levels.   A limitation of the
amphetamine challenge imaging studies is that they meas-
ure changes in synaptic DA transmission following a non-
physiological challenge (i.e. amphetamine) and do not
provide any information about synaptic DA levels at
baseline, i.e. in the unchallenged state. Several laborato-
ries have reported that, in rodents, acute depletion of
synaptic DA is associated with an acute increase in the in
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vivo binding of [11C]raclopride or [123I]IBZM to D2 recep-
tors (for review, see27). The increased binding is observed
in vivo but not in vitro, indicating that it is not due to
receptor upregulation,30 but to removal of endogenous
DA and unmasking of D2 receptors previously occupied
by DA. The acute DA depletion technique was developed
in humans using AMPT, to assess the degree of occu-
pancy of D2 receptors by DA.30,31 Using this technique,
higher occupancy of D2 receptors by DA has been re-
ported in patients with schizophrenia experiencing an
episode of illness exacerbation, compared to healthy
controls.20 Again, assuming normal affinity of D2 recep-
tors for DA, the data are consistent with higher DA
synaptic levels in patients with schizophrenia. Increased
D2 receptor stimulation by DA at the time of admission
(measured with the AMPT paradigm) was found to be
predictive of a rapid clinical response to antipsychotic
drugs,20 a finding that illustrates the potential of PET or
SPECT molecular imaging to predict treatment response.

The results of studies looking as both endogenous
dopamine and amphetamine stimulated dopamine release
provide direct evidence of the dopamine hypothesis of
schizophrenia. In the future, the use of PET cameras with
improved resolutions will allow investigators to examine
differences in dopamine function between the ventral
(limbic) and dorsal (motor) striatum. Unanswered ques-
tions remain regarding dopamine function in schizophre-
nia in important extrastraital regions such as the amygdala,
hippocampus and cingulate cortex. Radiotracers cur-
rently in use or in development such as [11C]FLB32 and
[11C]fallypride33 can be used to image the D2 receptor in
these extrastriatal regions and may serve to expand the
understanding of the dopamine abnormalities in schizo-
phrenia.

Other measures of dopamine function in the stratum
have been examined by molecular imaging techniques.
These include studies which have used [18F] or [11C]DOPA
to assess the activity of DOPA decarboxylase. Five stud-
ies34–38 have used this method, four of these report an
increase in striatal DOPA in schizophrenic subjects. This
provides further support for an increase in dopamine
synthesis activity in schizophrenia, although it must be
kept in mind that DOPA decarboxylase is not the rate
limiting enzyme in dopamine synthesis.

The elevated striatal dopamine seen in schizophrenia
could be due to an increase in the density of dopamine
nerve terminals compared to controls. This questions has
been examined by different groups using radioligands to
assess the dopamine transporter (DAT). The DAT resides
exclusively on dopamine nerve terminals in the striatum
and has been used as a marker of dopamine innervation.39

No differences in DAT binding of [123I]β-CIT40,
[18F]CFT41 or [123I]FP-CIT42 were seen in schizophrenic
subjects compared to controls indicating that the striatal
dopamine abnormalities of schizophrenia are not due to
increased dopamine innervation.

(2)    Occupancy Studies
Occupancy of striatal D2 receptors by antipsychotic medi-
cations is a major area of research in psychiatry, specifically
as it relates to the treatment of schizophrenia. An example
of how these studies have provided new insights into the
treatment of this illness can be found in studies which
compare the receptor occupancy of typical antipsychotic
medications (i.e. haloperidol) with that of the newer anti-
psychotic agents (i.e. risperidone, olanzapine, quetiapine,
ziprasidone and clozpapine).

A number of SPECT and PET studies using various
radioligands demonstrate that clozapine has lower D2

receptor occupancy than the typical antipsychotics (see
14–16 in43 and 2, 9, 12, 17, 18, 21, 25, 26 in44). For
example, Tauscher et al,45 using [123I] IBZM SPECT
imaging found mean D2 receptor occupancy of 33% for
patients on clozapine at doses of 300 to 600 mg/day,
compared to 84% for patients on haloperidol in doses of
5 to 20 mg/day. Of course, this method only estimates
binding to striatal receptors and begs the question whether
these are equivalent dose ranges. Using the same tech-
nique (i.e. IBZM SPECT), Pickar et al.44 showed a wide
range (18–80%) of D2 occupancy among 13 patients
treated with clozapine (mean 510 mg/day S.D. = 184). All
of these occupancy values were associated with favorable
response to clozapine. Using [11C]raclopride PET imag-
ing, Farde et al.46 showed D2 receptor occupancy between
70 and 89% in 22 patients on conventional agents, com-
pared to 38 to 63% in five patients on clozapine. These
authors contend that dosing does not account for the
difference as clozapine was administered in the “higher
clinical range” and the conventional drugs in the “low to
moderate range.” In another PET study47 D2 receptor
occupancy for clozapine ranged from 20 to 67%, also
lower than conventional antipsychotics. Also using [11C]
raclopride imaging, Kapur et al. showed that adding
haloperidol to clozapine increased D2 receptor occupancy
in five patients from a mean of 55% to 79%. These
investigators have advanced the notion that there is a
threshold for clinical response to antipsychotic drugs that
occurs at about 60% receptor occupancy and that EPS and
hyperprolactinemia require occupancy above 80%.48 Al-
though these “thresholds” are not universally agreed
upon, there is general consensus that, at least insofar as the
striatum is concerned, clozapine has lower D2 receptor
occupancy in the clinical dosing range than conventional
drugs.

There is less agreement on whether other atypical
medications have lower striatal D2 affinity or whether
occupancy differences are dose-related. Kapur et al.,49

using [11C]raclopride PET, found D2 occupancy for
olanzapine between 43 and 80% for patients taking 5–20
mg/day and 83 to 88% for patients taking 30–40 mg/day.
With IBZM SPECT, Lavalaye et al.50 found D2 occu-
pancy for olanzapine of 62% in a group of patients taking
15 mg/day. At a mean dose of 18 mg/day, Tauscher et al.45
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found a mean D2 receptor occupancy for olanzapine of
75%. Nordstrom et al. also found high D2 receptor occu-
pancy for olanzapine in a PET study.51 D2 receptor occu-
pancy appears to be dose-related for olanzapine.49,52,53

Similar degrees of D2 receptor occupancy have been
found for risperidone at therapeutic doses. For example,
Remington et al.54 in a raclopride PET study found a range
of D2 occupancies as follows: 66% on 2 mg/day, 73% on
4 mg/day, and 79% on 6 mg/day. Nyberg et al. reported
that risperidone has similar potency to bind to D2 recep-
tors as haloperidol.55 Others have also found relatively
high D2 receptor occupancy for risperidone.56 Occupancy
of D2 receptors by risperidone was not significantly dif-
ferent from olanzapine in the Lavalaye et al. study,50

although it was higher in the group taking 4 mg/day of
risperidone (79%) than in the group taking 15 mg/day of
olanzapine (62%). Because higher doses of risperidone
and olanzapine appear to occupy numbers of D2 receptors
similar to typical agents and also are capable of producing
EPS and prolactin increases, it is not clear if the lower D2

receptor occupancy of these two agents is more a function
of dose rather than lower affinity.

Quetiapine may be more like clozapine, remaining at
low levels of D2 receptor occupancy even at high doses.
For example, Gefvert et al.57 titrated patients to 450 or 750
mg/day of quetiapine and found D2 occupancy of 30 and
41%, respectively. Kufferle et al. found D2 occupancy of
30% for quetiapine at effective doses.58 Kapur et al.59

contend that quetiapine does produce high levels of D2

receptor occupancy (58 to 64%), but that this lasts for only
a few hours.

There are limited imaging data available of this sort for
other atypicals, such as ziprasidone and aripiprazole.
Taken together, however, while it is clear that clozapine
and possibly quetiapine do not occupy as many striatal D2

receptors as conventional antipsychotics, it is not obvious
that this confers on atypical antipsychotics any unique
therapeutic property other than the reduced risk for EPS
and hyperprolactinemia. Kapur et al. have argued that low
D2 occupancy is not the important feature, but rather what
distinguishes the atypical antipsychotic drugs is more
rapid dissociation from the receptor.60 This view is con-
troversial, however.

Although much work has already been done in this
area, more data are needed for the newer atypical drugs
including ziprasidone, iloperidone, and aripiprazole. How-
ever, it is very plausible that measuring D2 binding in
striatum, a limitation of the currently available IBZM and
PET radioligands, will not yield a distinguishing feature
of atypical antipsychotics. The development of radiotrac-
ers which allow for imaging the D2 receptors in brain
regions outside of the striatum may help clarify this issue.

2)   Cortical Dopamine
The role of dopamine in the prefrontal cortex (PFC),
particularly in schizophrenia, is an area of intensive

investigation. It has been suggested that deficiencies in
dopamine function in this area result in the cognitive im-
pairments and the negative symptoms of the illness.61–63

The majority of DA receptors in the PFC are of the D1

subtype.64,65 Currently two PET radioligands are avail-
able to analyze the D1 receptor, [11C]SCH 23390 and
[11C]NNC 112. The results from studies utilizing these
ligands in schizophrenia are contradictory. Okubo et al.,
using [11C]SCH 23390, reported decreased density of
PFC D1 receptors in patients with schizophrenia.12 This
low PFC D1 correlated with the degree of negative symp-
toms and poor performance on a test of prefrontal func-
tions (the Wisconsin Card Sorting Test, WCTS). In con-
trast, a more recent study using [11C]NNC 112 reported
increased D1 receptor availability in the dorsolateral PFC
(DLPFC) of patients with sehizophrenia.26 In this study
the increase correlated with poor performance on a test of
working memory (the n-back task). The reason for the
discrepancy in the results obtained with [11C]SCH 23390
and [11C]NNC 112 remains to be elucidated, but it is
interesting to note that the binding of both radiotracers is
differentially affected by endogenous DA competition
and receptor trafficking.27 For example, chronic DA deple-
tion in rodents is associated with decreased and increased
in vivo binding of [11C]SCH 23390 and [11C]NNC 112,
respectively.26 Thus, the contradictory observations of
decreased [11C]SCH 23390 binding12 and increased
[11C]NNC 112 binding26 observed in the PFC in patients
with schizophrenia may in fact both represent the conse-
quences of a sustained deficit in prefrontal DA function.

SEROTONIN

The fact that LSD, a powerful hallucinogen, acts as both
a serotonin agonist as well as antagonist lead to specula-
tion that alterations in the serotonin system play a role in
the pathogenesis of schizophrenia.66 Postmortem studies
have described abnormalities of the serotonin transporter
(SERT), 5-HT2A receptors and, more consistently, 5-
HT1A receptors (see references in67). Given the relatively
recent development of radiotracers to study 5-HT recep-
tors, only a limited number of imaging studies have been
published.

1)    Clinical Studies
Specific alterations in serotonin receptors seen in post
mortem studies include a decrease in 5-HT2A receptors in
the PFC (4 out of 8 studies), an increase in the density of
5-HT1A receptors in the PFC (7 out of 8 studies) and a
reduction in the density of the SERT in the PFC (3 out of
4 studies).67 In vivo imaging studies in this area are limited
and often contradict the postmortem findings. For ex-
ample, three PET studies in drug-naive or drug-free
patients with schizophrenia have reported normal cortical
5-HT2A receptor binding,68–70 while one study has re-
ported a significant decrease in PFC 5-HT2A binding in a



Review 441Vol. 16, No. 7, 2002

small group (n = 6) of drug naive schizophrenic patients.71

No in vivo PET studies have been published which look at
the 5-HT1A receptors in schizophrenia. Several groups are
currently evaluating the binding of this receptor in vivo
with PET using the radioligand [11C]WAY100635.

There have not been any molecular imaging studies of
the SERT density in the cortex. One study which looked
at the concentration of SERT in the midbrain measured by
[123I]β-CIT found it to be unaltered in patients with
schizophrenia.40 However, studies with more specific
SERT ligands are warranted to assess the distribution of
SERT in other brain areas, such as the PFC, in order to
complement the postmortem findings. The first PET ra-
diotracer available to measure SERT in humans was
[11C]McN 5652.72 The usefulness of [11C]McN 5652 as a
PET tracer for SERT was validated in primates73 and
humans.74–76 Unfortunately, [11C]McN 5652 has many
limitations, which include high non-specific binding, poor
signal to noise ratio, non-measurable free fraction in the
plasma and slow clearance from the brain.75 Therefore,
studies using [11C]McN 5652 require long scanning time
(up to 120 min), and this ligand can provide reliable
quantification of SERT only in regions of relatively high
SERT density (midbrain, thalamus and striatum). More
recently, compounds from the phenylamine class have
emerged as promising targets for both SPECT and PET
tracer development. [123I]ADAM77 is a highly selective
SPECT imaging agent for SERT. Its C-11 labeled coun-
terpart, [11C]ADAM, was recently reported.78 Another
compound in this series, [11C]DASB, was recently intro-
duced and has been evaluated in rats79 and humans.80

Thus, it is anticipated that, in the near future, several
studies will be performed to evaluate SERT density with
PET in patients with schizophrenia.

2)   Occupancy Studies
Meltzer et al. proposed that the 5-HT2/D2 ratio of pKi
values differentiated atypical antipsychotic medications
from typical antipsychotic medications.81 This hypoth-
esis led to the development of medications with increased
5-HT2a antagonism relative to D2 antagonism.82 There is
evidence that antagonism at the 5-HT2a receptor plays a
role in the antipsychotic effects as well as the cognitive
improvement, reduced EPS and improvement in negative
symptoms seen with the atypical medications.82

With regard to 5-HT2a receptor binding a fair number of
recent imaging studies have looked at the atypical anti-
psychotic medications. However, information on the bind-
ing of typical antipsychotic medications to the 5-HT2a

receptor in human subjects is very limited.
Given clozapine’s high in vitro affinity for the 5-HT2a

receptor it is not surprising that occupancy of this receptor
by clozapine is high even at low serum levels of this
medication. Nordström et al. used the radiotracer [11C]N-
methylspiperone to image the 5-HT2a receptor in five
schizophrenic subjects on clozapine.47 When compared

to six neuroleptic naïve schizophrenic patients the 5-HT2a

occupancy ranged from 84–94%. Thus the receptor
occupancy values were quite high despite the large range
of clozapine serum levels at the time of the scan (120
ng/ml to 1060 ng/ml). Using a different radiotracer,
[18F]setoperone, Trichard and colleagues compared the 5-
HT2a receptor occupancy of clozapine (N = 4), chlorpro-
mazine (N = 17) and amisulpride (N = 5).83 For standard
binding values they used fourteen untreated schizophrenic
patients who had been off medications for at least five
weeks. Those in the clozapine group displayed near 100%
occupancy of the 5-HT2a receptors whereas those taking
chlorpromazine had a mean occupancy of 51%. The
subjects who were receiving amisulpride, a selective D2/
D3 antagonist, did not demonstrate any 5-HT2a binding. A
more recent study, also using [18F]setoperone, measured
5-HT2a receptor occupancy in 27 subjects: 7 on risperidone,
12 on olanzapine and 9 on clozapine.84 When compared
to age-corrected binding potentials for 11 medication
free schizophrenic subjects and 26 normal controls, all
subjects exhibited a high degree of 5-HT2a occupancy.
Despite a range of medication doses within each group
only one subject had an occupancy level below 90% (72%
on 2 mg/day of risperidone). Other studies have also
revealed high levels of 5-HT2a receptor occupancy for
risperidone. Greater than 80% occupancy was reported in
a small sample of seven subjects taking 3 mg/day of
risperidone.55 When these same subjects were taking a
higher dose of risperidone (6 mg/day) the 5-HT2a receptor
occupancy was 95%.

Quetiapine also occupies the 5-HT2a receptor in a dose
dependent manner, although at lower levels than
risperidone, olanzapine or clozapine. Two studies using
different radiotracers, ([11C]N-methylspiperone and
[18F]setoperone), revealed consistent results.57,59 The
occupancy level ofthe 5-HT2a receptor ranged from 19–
94% over a dose range of 150 to 600 mg/day of quetiapine.
These studies indicate that quetiapine, like the other
atypicals, has the ability to saturate the 5-HT2a receptor,
although only at the upper end of the clinical dose range.

One of the few PET studies to look at 5-HT2a binding
by a typical antipsychotic used the radiotracers
[18F]setoperone and [11C]raclopride to assess D2 occu-
pancy in 10 subjects taking loxapine.85 Although in vitro
studies have suggested that loxapine has a higher binding
affinity for the 5-HT2a receptor than the D2 receptor81,86

this clinical study found nearly equivalent occupancy of
these two receptors. This highlights the difficulty of
generalizing the results of preclinical studies to clinical
effects.

The imaging studies mentioned above support the
hypothesis that 5-HT2a receptor antagonism is an impor-
tant feature of atypical antipsychotics and, in fact, may
be the defining feature of this class of medications. The
mechanism by which 5-HT2a blockade translates into
improvements in clinical functioning remains an area of



Annals of Nuclear Medicine442 W. Gordon Frankle and Marc Laruelle

active study. Several lines of evidence exist to explain
why antagonism at this receptor may be beneficial in
schizophrenia, including differential modulation of dopa-
mine release in prefrontal and subcortical brain regions,
effects on glutamate transmission as well as enhancement
of cholinergic functioning (for reviews, see87–90). Much
of the data supporting the various hypothesis regarding
the role of 5-HT2a antagonism have been generated from
preclinical work including in vitro, rodent and nonhuman
primate studies. Further advances in the field of brain
imaging may allow testing of these hypotheses directly in
clinical populations.

DRUG DEVELOPMENT AND FUTURE
DIRECTIONS

There has been an increasing interest in and utilization of
PET and SPECT imaging by pharmaceutical companies.
These techniques are being used both to assess the in vivo
properties of currently marketed drugs as well as to help
with the development of new medications for psychiatric
conditions.91

One particular area were this has been applied is in
determining the appropriate dosage of medications. For
example, the time lag (typically 1–2 weeks) in the onset of
therapeutic effect of several classes of antidepressant
medication may be related to the need for downregulation
of 5-HT1A somatodendritic autoreceptors in the raphe
before a net increase in forebrain 5-HT neurotransmission
can occur.92 Because of this phenomenon, several groups
have investigated whether the concomitant use of pindolol
(antagonist at 5-HT1A receptor and β-adrenoceptor) with
an SSRI antidepressant might accelerate the onset of an
improvement in mood. The results of clinical trials were
inconsistent (for reviews, see93,94). Most clinical studies
have used a dose of 7.5 mg daily of pindolol. Several PET
centers have recently conducted human occupancy stud-
ies of pindolol at the postsynaptic and somatodendritic 5-
HT1A receptor.95–97 The consensus from these studies is
that the dose used in clinical studies was too low to
provide appropriate and reliable blockade of 5-HT1A

receptors and that this factor might explain the limited
success of this strategy in previous clinical trials.

The occupancy studies described in the previous sec-
tions provide examples of how molecular imaging can be
used to better understand the clinical dosing of a particular
medication. For example, the maximum dose of a medi-
cation may have been established in the Phase III trials by
the appearance of unwanted side effects at levels above
that dose. It may be of interest to the pharmaceutical
company manufacturing the compound whether this maxi-
mum dose achieves a particular level of occupancy at the
intended neuroreceptors. In vivo molecular imaging stud-
ies are particularly suited to answer this type of question.

These studies provide an illustration of the potential of
PET neuroreceptor imaging to facilitate the use of cur-

rently approved medications. Other examples exist in
which PET neuroreceptor imaging is being used to facili-
tate new drug development. In our group we are currently
involved in an industry sponsored phase II trial examining
the D2 receptor occupancy of a new atypical antipsychotic
formulation. The goal of the trial is to establish an appro-
priate dosing strategy (i.e. determining the doses at which
less than 80% occupancy of the D2 receptor is seen) for
this formulation which can be used to inform the design of
Phase III studies.

The application of molecular imaging techniques in
psychiatry continues to develop. Many labs are actively
working on the creation of new radiotracers to study
neuroreceptor systems, such as the glutamate and GABA
systems, which, as of yet, have not been explore by this
method. Efforts are also being made to extend the reach
of this technique beyond extracellular processes. For
example, a recent study98 demonstrated that it is possible
to study intracellular response to receptor stimulation in
nonhuman primates with PET. The application of this
method to human studies would allow for the direct
visualization of the intracellular response to medication
treatment, opening up many new avenues of investiga-
tion.
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