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Abstract
Molecular imaging techniques have led to significant advances in understanding the
pathophysiology of schizophrenia and contributed to knowledge regarding potential mechanisms
of action of the drugs used to treat this illness. The aim of this article is to provide a review of the
major findings related to the application of molecular imaging techniques that have furthered
schizophrenia research. This article focuses specifically on neuroreceptor imaging studies with
PET and SPECT. After providing a brief overview of neuroreceptor imaging methodology, we
consider relevant findings from studies of receptor availability, and dopamine synthesis and
release. Results are discussed in the context of current hypotheses regarding neurochemical
alterations in the illness. We then selectively review pharmacological occupancy studies and the
role of neuroreceptor imaging in drug development for schizophrenia.

Keywords
antipsychotic; dopamine; GABA; glutamate; occupancy; PET; schizophrenia; serotonin; SPECT

Schizophrenia is a chronic and severe mental illness that can have devastating consequences
for those affected by it. Its characteristic symptoms tend to emerge in late adolescence or
early adulthood [1] and include positive, or psychotic, symptoms (delusions, hallucinations
and disorganization), negative symptoms (e.g., flat affect, poverty of speech, reduced
motivation and social withdrawal) and cognitive dysfunction (e.g., attention, memory and
executive functioning deficits) [2,3]. Although variable across patients, the course of this
disorder is typically characterized by episodes of psychotic-symptom exacerbation or
relapse, alternating with periods of partial remission [4]. Most individuals who develop
schizophrenia experience a prodromal period lasting months to years during which
nonspecific and attenuated positive symptoms emerge before the appearance of full-blown
psychotic symptoms [5].

Over the past several decades, developments in in vivo neuroimaging techniques, including
both structural and functional methodologies, have led to dramatic advances in the
identification of brain abnormalities associated with schizophrenia. These findings have
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contributed to our knowledge of the brain regions, circuitry and neurotransmitters involved
and thus have importantly informed our understanding of the pathophysiology of this
disorder [6-8]. The aim of this article is to review the major findings related to the
application of molecular or neurochemical imaging techniques that have advanced
schizophrenia research. This review will focus specifically on neuroreceptor imaging using
SPECT and PET.

Prior to the advent of SPECT and PET, postmortem studies were the primary means by
which to investigate potential neurochemical system abnormalities in schizophrenia.
Although postmortem work has contributed substantially to the understanding of the
neurobiology of schizophrenia [9], such research is often limited owing to potential
confounding effects of pre-mortem antipsychotic medication exposure and the advanced age
of its subjects, and of course cannot allow for the in vivo examination of molecular brain
functions. The introduction of PET and SPECT techniques allowed, for the first time, the
relatively direct examination of neuro-transmitter functioning in the brains of living patients,
including those who had never been exposed to antipsychotic medication. Since this time,
neuroreceptor imaging in schizophrenia has been used in two ways: to study the patho-
physiology of the illness, and to advance the understanding of the mechanisms of action of
antipsychotic agents and inform the development of new treatments. After presenting a brief
overview of neuroreceptor imaging methodology, we review findings from both types of
investigation, with a particular focus on studies that have advanced our understanding of
schizophrenia pathophysiology.

Brief overview of key concepts in neuroreceptor imaging
Molecular imaging techniques allow for the assessment of neurotransmitter receptor
availability or expression, as well as neurotransmitter synthesis and release. This is achieved
through the use of a radioactive tracer or ligand that is injected into a vein, crosses the
blood–brain barrier and selectively binds to, or follows the metabolic pathway of, the
molecular target of interest, such as a specific neuroreceptor or transporter. The
measurement of radioactivity by the PET or SPECT scanner yields information regarding
the accumulation of ligand throughout the brain; however, in addition to reflecting the
radioligand that is specifically bound to the target receptor, the measured activity is also due
to the radioligand that is nonspecifically bound (e.g., to nonreceptor proteins) and unbound
or free [10]. Model-based methods are used to derive quantitative information concerning
specific radioligand binding from the time course of activity measured in the brain regions
of interest, a reference region and, for some methods, in arterial plasma [11,12].

Most in vivo molecular imaging studies use very small concentrations (a ‘tracer dose’) of the
radioligand, both to avoid exposing subjects to pharmacological doses of the ligand and
because of assumptions of the mathematical models used to quantify receptor parameters
[11]. Thus, unlike in vitro methods, receptor density (Bmax) and affinity for a given ligand
(1/KD) cannot be measured independently in vivo in humans with tracer-dose studies owing
to the exposure to high doses of ligand required for such measures [13]. What can be
obtained, however, is a measure that is equivalent to the product of receptor density and
affinity (Bmax/KD); this measure was introduced by Mintun et al. and is called binding
potential (BP) [13]. BP refers to the ratio of the concentration of specifically bound
radioligand to a reference concentration of radioligand at equilibrium and thus provides
quantitative information regarding binding to the receptor of interest. The reference
concentrations of radioligand that comprise the denominators of the various BP measures
used include the free plasma concentration (BPF), the total plasma concentration (BPP) and
the nondisplaceable (i.e., the nonspecifically bound and free) concentration in brain tissue
(BPND). Owing to experimental design and methodological issues, the most commonly
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reported measure is BPND. The reader is referred to [11,12] for indepth reviews of these
measures and related methodological considerations, and to [10] for a discussion of
nomenclature and other issues related to BP.

Another important consideration is the role of radioligand development in the advancement
of in vivo molecular imaging for psychiatric disorders. The successful development of a
suitable radioligand for a given target of interest is challenging, as the potential tracer must
possess a number of very specific properties, such as favorable toxicology and optimal range
of lipophilicity, receptor selectivity and affinity, and peripheral clearance [14]. Owing to
these challenges, successful radioligand development has been a rate-limiting factor for new
targets of investigation in neuroreceptor imaging. Currently, there are radioligands available
for sites of the dopamine (DA) and serotonin systems, but relatively few for other systems
for use in humans. For a discussion of instrumentation issues related to PET and SPECT, see
[15,16].

Molecular imaging in schizophrenia: studies of pathophysiology
Dopamine

The hypothesis that DA dysfunction is involved in the pathophysiology of schizophrenia
developed in the 1960s [17], and was supported indirectly by the observation that
antipsychotic drugs are DA receptor antagonists [18], and that their clinical potency is
strongly associated with their ability to block DA D2-like receptors [19,20]. It was further
supported by work indicating that drugs that increase DA activity, such as amphetamine, can
induce psychotic symptoms [21]. Such findings led to the initial formulation of the DA
hypothesis of schizophrenia, which proposed that features of the illness result from
excessive DA activity [17,22-24]. However, subsequent postmortem and cerebrospinal fluid
studies of DA metabolites did not support a basal, homogeneous state of hyperdopaminergia
in schizophrenia [25]. Furthermore, there was growing awareness that the enduring negative
symptoms of schizophrenia are largely resistant to D2 receptor-blocking drugs, and
observations that DA agonists can actually ameliorate the negative symptoms of the disorder
in some patients [26,27]. In addition, neuropsychological, functional imaging and preclinical
findings were converging to suggest that schizophrenia may be associated with deficient DA
activity in cortical regions [25,28,29]. In an effort to reconcile these findings with the long-
observed link between DA overactivity and psychotic symptoms, the initial DA hypothesis
was reformulated [25,29]. Thus, the prevailing hypothesis is that schizophrenia is associated
with both: hyperactivity of DA projections to subcortical regions, resulting in excessive
stimulation of D2-like receptors and the psychotic symptoms of the illness; and deficient
activity of DA projections to the prefrontal cortex (PFC) and the consequent
hypostimulation of D1 receptors, which contribute to its negative and cognitive symptoms.
Current views of the role of DA in schizophrenia, as summarized in a recent revision of the
DA hypothesis by Howes and Kapur [30], emphasize the role of other systems (e.g.,
glutamate and GABA), as well as potential genetic and environmental risk factors (e.g.,
exposure to psychoactive drugs and/or early stress or trauma), in contributing to DA
dysregulation. Thus, it is thought that striatal DA dysregulation, which results from multiple
‘hits’, is the final common pathway that leads to psychotic symptoms through a disturbance
in the assignment of salience to stimuli [30].

Neuroreceptor imaging techniques allow for a more direct examination of DA functioning in
humans compared with previous methods (e.g., postmortem and metabolite studies) and,
thus, have provided more definitive testing of the DA hypothesis of schizophrenia. Most
research in this area has focused on the striatum, given that it receives extensive
dopaminergic input from the midbrain and, unlike neocortical areas, has a rich supply of D2-
like receptors [31], which are blocked by antipsychotic agents (Figure 1). There is also great
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interest in characterizing cortical DA functioning in schizophrenia, given hypotheses
concerning its dysfunction in the illness. However, these efforts have been hampered to
some degree by the low density of cortical DA receptors. To date, most neuroreceptor
imaging studies of DA functioning in schizophrenia have used combined D2/D3 receptor
radioligands. Similarly, imaging studies of D1-like receptors cannot as of yet distinguish
between D1 and D5 receptors [32]. Thus, going forward, we will use ‘D2 receptors’ to refer
to both D2 and D3 receptors, and ‘D1 receptors’ to refer to both D1 and D5 receptors, unless
indicated otherwise.

Striatal DA functioning
D2 receptors: There are numerous PET and SPECT studies examining striatal D2 receptor
availability or density in schizophrenia, both in previously treated and antipsychotic-naive
patients. Such investigations have yielded mixed results. Some researchers observed a
significant elevation in D2 receptor density in patients with schizophrenia compared with
controls [33-35]; however, numerous studies found no statistically significant differences
[27,36-42]. Given that numerous studies in this literature demonstrate a nonstatistically
significant elevation in D2 receptors in patients compared with controls, some of the
negative findings may be due to the small sample sizes and thus limited power that
characterize many of these studies [43]. A meta-analysis of this literature that included 16 in
vivo studies reported a modest but statistically significant increase in D2 receptors in
untreated patients with schizophrenia compared with controls (effect size = 0.57; standard
deviation = 0.78) (Figure 2) [43]. No clinical correlates of this elevation were reliably
observed. Of note, group differences yielded by studies using butyrophenone radioligands
had a significantly larger effect size than those observed with other radioligands
(benzamides and lisuride). It is thought that such discrepant results obtained with different
ligands may be due to differences in their susceptibility to being displaced from the receptor
by endogenous DA combined with potentially increased endogenous DA in patients with
schizophrenia compared with controls [43,44]. For a discussion of factors related to isotopes
used, see [45].

A relatively recent PET study using [11C]raclopride found that D2 receptor availability was
elevated in the caudate in unaffected monozygotic twins of patients with schizophrenia
compared with control twins, but not in unaffected dizygotic twins; furthermore, the authors
reported a negative association between D2 receptor density and performance on cognitive
tasks (e.g., working memory and attention) that are considered sensitive to the genetic
liability to the disorder [46]. Such results suggest that increased D2 receptor levels are
associated with the genetic risk for schizophrenia.

Based on findings obtained with animal models [47,48], it has been hypothesized that the
excessive stimulation of D2 receptors thought to underlie psychotic symptoms in
schizophrenia may in part be due to an increase in the proportion of D2 receptors that are in
the high-affinity (‘D2-high’), or functionally active, state [47-49]. However, most of the
tracers available to probe D2 receptors in humans are antagonist ligands, and as such, cannot
distinguish between the high- and low-affinity states of this receptor and, thus, cannot be
used to address this hypothesis. The recently developed D2/3 ligand [11C]-(+)-PHNO is
unique in that it is an agonist [50]; thus, it is thought to bind preferentially to D2 receptors
when they are in their high-affinity state. Furthermore, this ligand displays a higher
preference for the D3, compared with the D2, receptor [49,51]. Accordingly, it can be used
to address hypotheses that previously could not be addressed in humans in vivo, including
those regarding the D2-high state and the specific involvement of D3 in schizophrenia.
Initial findings with this ligand in schizophrenia do not support the proposal that patients are
characterized by a higher proportion of D2-high receptors or by increased D3 compared with
controls, although the possible role of endogenous DA in masking such alterations cannot be
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ruled out by this study [49]. Therefore, additional work with this ligand, including possibly
combining it with a DA depletion paradigm, is needed to more definitively address these
questions.

D1 receptors: Neuroreceptor imaging studies of D1 receptor availability in unmedicated
patients with schizophrenia have consistently found unaltered levels of striatal D1 in patients
compared with controls [52-54]. Such results are consistent with those of most D1
postmortem studies of schizophrenia [55] .

Amphetamine-induced DA release: Relatively recently, neuroreceptor imaging techniques
have been developed that allow for the in vivo study of DA release or responsivity per se.
These methods are based on the principle of competition between radioligand and
endogenous neurotransmitter and provide a means for measuring dynamic fluctuations in
intrasynaptic DA concentrations. When using a tracer that is displaceable from the DA
receptor by endogenous DA, such as the D2 radioligand [11C]raclopride or [123I]IBZM,
pharmacologically increasing intrasynaptic DA by means of a challenge, such as
amphetamine, results in a reduction in radioligand BP; this decrease in BP provides an
indirect measurement of pharmacologically stimulated DA release [56]. This paradigm has
been validated by an abundant body of preclinical work [57]. For example, combined
imaging and microdialysis studies with amphetamine in nonhuman primates have shown
that the degree of reduction in radioligand BP is associated with the magnitude of increased
extracellular DA following the challenge [57]. Of note, however, unresolved questions
remain regarding the exact molecular mechanisms underlying the observed effects [57,58].

The three independent studies using this method have shown that amphetamine-induced
striatal DA release is significantly greater in unmedicated patients with schizophrenia
compared with controls (Figure 2) [27,36,37]. Moreover, Laruelle and colleagues [27,36,59]
found that the transient amphetamine-induced exacerbation of positive symptoms observed
in a subgroup of schizophrenia patients was associated with the degree of amphetamine-
induced reduction in striatal [123I]IBZM BP. In addition, patients experiencing an acute
phase of illness, including those at first episode who were antipsychotic naive, had a
significantly greater degree of amphetamine-induced striatal DA release compared with
those in remission. The remitted group did not differ significantly from controls on this
index of DA release, although they were numerically higher than controls [59]. The findings
of these studies marked an important advance in schizophrenia research, as they more
directly than any prior results supported the proposal that excessive DA transmission at
striatal D2 receptors is involved in the experiencing of psychotic symptoms. Furthermore,
they more specifically indicated a role for a dysregulated, hyper-responsive subcortical DA
system that fluctuates in its degree of dysregulation during different phases of the illness
[56]. Since this time, Abi-Dargham and colleagues [60] have shown that as a group, patients
with schizotypal personality disorder are also characterized by a larger reduction in striatal
[123I]IBZM BP following amphetamine challenge compared with controls. The degree of
amphetamine-induced [123I]IBZM displacement observed in schizotypal personality
disorder was similar to that previously observed in remitted patients with schizophrenia but
significantly lower than that seen in acutely ill schizophrenia patients [60]. Taken together,
these results suggest that a more modest increase in DA release may characterize individuals
at risk for psychosis, and that a larger degree of DA dysregulation characterizes those
reaching the threshold of active psychosis.

Baseline DA release: Another imaging technique based on the principle of radioligand–
neurotransmitter competition involves acutely depleting DA to ‘unmask’ DA receptors
occupied by endogenous DA. The increase in radioligand BP observed after DA depletion
indexes baseline occupancy of striatal D2 receptors by DA; thus, importantly, such measures
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provide information about baseline, or nonstimulated, DA release [61]. This interpretation of
the results yielded by the DA depletion paradigm is supported by preclinical work [57].
However, as noted earlier, questions remain regarding the exact mechanisms underlying
changes in radioligand BP following manipulations of synaptic DA levels [57].

In humans, this paradigm involves acutely depleting synaptic DA by orally administering
the tyrosine hydroxylase inhibitor α-methyl-para-tyrosine (AMPT) over 48 h [62]. Using
this technique with SPECT and the D2 radiotracer [123I]IBZM, Abi-Dargham and
colleagues found that the increase in D2 receptor availability after acute DA depletion was
significantly larger in patients with schizophrenia compared with controls, indicating
increased occupancy of striatal D2 receptors by DA at baseline in schizophrenia [61]. Of
note, all of the patients of this study were experiencing an episode of illness exacerbation. It
was further noted that AMPT exposure led to a significant reduction in severity of positive
symptoms among patients, and that higher occupancy of striatal D2 receptors by DA was
significantly associated with a greater reduction in positive symptoms after 6 weeks of
antipsychotic treatment [61]. Importantly, these results provided evidence that schizophrenia
is characterized by excessive striatal D2 receptor stimulation by DA (Figure 2), and that the
degree of this dysregulation is associated with the degree of therapeutic response to
antipsychotic medication observed in patients. Of note, a small study involving
antipsychotic-naive patients with schizophrenia who participated in both the amphetamine-
challenge and DA-depletion paradigms indicated that indices of stimulated and baseline DA
release are strongly associated in patients but not controls [63]. These results suggest that
these measures are indexing the same pathological process in patients. They also highlight
the variability in this DA transmission alteration across patients, which is an observation that
informs our understanding of schizophrenia pathophysiology and may be important in the
design of targeted treatment interventions [63].

Since the completion of these studies, advances in PET camera resolution and the
development of methods to examine DA receptor parameters in the various subregions of
the striatum have allowed researchers to probe aspects of DA transmission separately for the
functional subdivisions of this heterogeneous structure [64,65]. Using these methods with
PET and [11C]raclopride, it was found that patients with schizophrenia had a significantly
larger increase in D2 receptor availability after DA depletion compared with controls in the
associative striatum, but not in the limbic or sensorimotor striatal regions [66]. In particular,
group differences were observed in the anterior (precommissural) dorsal caudate. This
finding has challenged the notion that in schizophrenia, alterations in subcortical DA
transmission are most prominently localized to the ventral, rather than dorsal, striatum and
stimulated thinking regarding the potential role of the associative striatum in the illness [66].
This striatal region receives prominent input from the dorsolateral PFC (DLPFC), and is
thought to play an important role in regulating the circuitry from various cortical regions
that eventually projects back to the DLPFC; thus, these findings are consistent with
hypotheses positing associations between cortical and subcortical abnormalities in the illness
[66].

DA synthesis: Another important line of investigation for understanding DA dysfunction in
schizophrenia has been the study of striatal DA synthesis and storage capacity through the
assessment of DOPA decarboxylase activity. Using PET and either [β-11C]L-DOPA or
[18F]DOPA, most [67-73] but not all [74,75] studies examining this index of DA synthesis
capacity have found increased striatal DOPA uptake in patients with schizophrenia
compared with controls. Of note, all investigations of patients experiencing an active
psychotic episode at the time of scanning reported increased striatal DOPA uptake among
patients [67,68,70]. Furthermore, one study reported an association between positive
symptoms and [18F]DOPA uptake in the putamen [68,76]. Thus, overall, this body of work
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provides evidence that as a group, individuals with schizophrenia are characterized by
elevated presynaptic DA synthesis/storage (Figure 2), and that this abnormality may be most
evident in patients with active psychosis [76]. In addition, Meyer-Lindenberg and colleagues
found that reduced activation in the DLPFC during an executive functioning task, as
measured by PET with [15O]H2O, was associated with increased striatal DOPA uptake in
patients but not controls [72], providing additional support for the relation between
prefrontal dysfunction and potentiated striatal DA activity in the illness.

Howes and colleagues recently reported that striatal [18F]DOPA uptake was significantly
increased among individuals experiencing prodromal symptoms of schizophrenia compared
with controls, and that DOPA uptake correlated significantly with severity of prodromal
symptoms [69]. Of note, these differences were observed in the associative, but not in the
limbic or sensorimotor, striatum. Importantly, this study provides evidence that increased
DA synthesis activity may occur before the full syndrome of schizophrenia emerges among
those displaying prodromal symptoms of the illness. Furthermore, a recent study reported
increased striatal [18F] DOPA uptake among nonpsychotic first-degree relatives of
schizophrenia patients, suggesting that elevated presynaptic DA synthesis may be associated
with the genetic vulnerability to the illness [77].

DA transporters: Dopamine transporters (DAT) are located on the presynaptic membrane
of DA terminals and regulate phasic DA transmission at the synapse by rapidly removing
DA from the synaptic cleft through reuptake [78]. Because striatal DAT are located
exclusively on DA terminals, their measurement has been used to index the density of
dopaminergic terminals or innervation into the striatum. Numerous studies have now
examined striatal DAT density in antipsychotic-naive or -free patients with schizophrenia
using either PET or SPECT and have failed to find significant differences between patients
and controls [42,79-82]. These results, which are consistent with postmortem findings [83],
suggest that the increased presynaptic striatal DA activity in schizophrenia indicated by
other imaging parameters is not secondary to dysfunctional DAT or an elevation in the
density of dopaminergic terminals. However, two studies using a dual-isotope SPECT
technique with first-episode, antipsychotic-naive patients have reported a positive
association between DAT and D2 receptor availability in patients but not controls [42,84].
Furthermore, using [99mTc] TRODAT-1 and SPECT, researchers recently observed a
significant increase in DAT availability in a subgroup of patients with predominantly
positive symptoms compared with controls [84]. Additional work is needed to confirm
potential alterations of DAT availability in subgroups of patients, as well as to elucidate the
underpinnings and functional consequences of these potential abnormalities.

Extrastriatal DA functioning—As noted earlier, numerous preclinical and clinical
findings have suggested that schizophrenia is characterized by deficient DA transmission in
cortical regions, such as the PFC, and that such dysfunction may contribute to the negative
and cognitive symptoms of the disorder [28,29]. Thus, moving beyond the striatum and
assessing DA functioning in the cortex is an important step in elucidating DA pathology in
the illness.

D1 receptors: The D1 receptor is the most prevalent type of DA receptor in the neocortex
[31] and thus characterizing its functioning, especially in the heavily implicated PFC, has
been of great interest to schizophrenia researchers. The relatively recent development of
suitable D1 PET radioligands has led to three published reports of D1 receptor availability in
the PFC in schizophrenia. Using the PET radioligand [11C]SCH 23390, Okubo and
colleagues reported a decrease in PFC D1 receptor availability in schizophrenia [54]; they
also found that reduced D1 was significantly associated with more severe negative
symptoms and cognitive impairment among patients. However, a second study with this
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radioligand failed to observe significant differences in PFC D1 between patients and
controls [53]. Abi-Dargham and colleagues used the PET radioligand [11C]NNC 112 and
found significantly elevated D1 in the DLPFC in patients compared with controls [52].
Furthermore, increased DLPFC D1 receptor availability was associated with poor working-
memory performance among schizophrenia patients. Several factors may contribute to the
discrepancies of these findings, including differences in clinical characteristics of the patient
samples and aspects of PET methodology across studies [52]. Another complicating factor
for this body of work is that recent research has confirmed that, in addition to D1, both of
these radioligands bind to serotonergic 5-HT2A receptors to a significant degree [85,86].
However, the finding across two studies [52,54] that alterations in radioligand BP was
associated with impaired performance on tasks involving working memory in patients
(specifically with decreased PFC [11C]SCH 23390 BP by Okubo et al. and increased PFC
[11C]NNC 112 BP by Abi-Dargham et al.) suggests that these alterations may somehow
reflect the same underlying DA deficit.

In an effort to understand the discrepant results yielded by the two radioligands, Guo et al.
examined the effect of DA depletion on in vivo binding in rodents and found that
subchronic, but not acute, DA depletion was associated with increased [11C]NNC 112
binding in the PFC and striatum [87], a change potentially reflecting an upregulation of D1
receptors in the face of sustained reductions in DA [87,88]. Subchronic DA depletion
resulted in a decrease in [11C]SCH 23390 binding in the striatum (but not PFC); it is thought
that this paradoxical response may be related to receptor externalization effects on
[11C]SCH 23390 binding [57,87]. Based on such findings, it is thought that the reduced
DLPFC [11C]NNC 112 BP observed in schizophrenia by Abi-Dargham and colleagues may
reflect a compensatory increase in D1 receptor expression secondary to ongoing
mesocortical DA dysfunction in the illness that may not detectable by [11C]SCH 23390
[52,88]. It is clear, however, that additional research is needed to clarify these issues and to
further elucidate potential D1 receptor alterations in schizophrenia.

D2 receptors: Until recently, the available D2 radioligands only allowed measurement of
these receptors in the striatum, where they are present in rich supply. The development of a
new generation of radioligands with higher affinity for D2, including [18F]fallypride,
[11C]FLB 457 and [123I] epidepride, has allowed researchers to probe D2 receptors in other,
low density, brain regions that are implicated in the pathophysiology of schizophrenia,
including limbic and cortical regions. Several studies, using PET or SPECT, have now
examined D2 receptor availability in extrastriatal regions among untreated or antipsychotic-
naive patients with schizophrenia. The most consistent result to emerge at this point is the
finding of decreased D2 receptor availability in the thalamus of patients compared with
controls [89-92]; however, this has not been observed across all studies [93,94]. Decreased
D2 among patients has also been observed in the anterior cingulate [89,95], temporal cortex
[89,96] and midbrain [94]; again, however, these findings have not been consistently
observed [90,91,93,95]. A recent [18F] fallypride PET study reported increased D2 in the
substantia nigra among patients [90]. Of note, significant inverse associations have been
found between severity of positive symptoms and D2 receptor availability in the thalamus
[89,92] and anterior cingulate [95], whereas one group reported a positive association
between positive symptoms and D2 in the temporal cortex [90]. Several studies have failed
to find alterations in D2 in the frontal cortex [91,93,95], although one group reported a
positive association between frontal cortex D2 BP and severity of positive symptoms among
their male patients with schizophrenia [93]. It should be noted that differences in D2
receptor availability (as measured by BP) may reflect differences in receptor density and/or
endogenous DA levels [97]. Similarly, as with the striatum, alterations in the level of
endogenous DA in these regions among patients may mask actual differences in receptor
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numbers. Additional research is needed to resolve the discrepancies across this body of
work.

DA release: Research has shown that human in vivo binding of both [18F]fallypride and
[11C]FLB 457 is vulnerable to acute changes in synaptic DA [98-100]. This has expanded
the study of DA release from the striatum to extrastriatal and cortical regions, a step that is
critical to more directly testing long-held hypotheses regarding cortical DA dysfunction in
schizophrenia. Studies using these paradigms in schizophrenia have not yet been published
but are currently underway.

Summary of DA findings—Taken together, molecular imaging studies have provided
robust support for the long-held hypothesis positing subcortical DA hyperactivity in
schizophrenia. Importantly, these findings converge in pointing to a hyper-responsive
subcortical DA system (Figure 2) that fluctuates in its degree of dysregulation across phases
of the illness; furthermore, DA dysregulation appears to be present to some degree during
the prodromal period of the illness, before threshold psychotic symptoms emerge. Results
suggest that this increased presynaptic DA functioning may be particularly evident in the
dorsal caudate of the anterior striatum. Although still indirect at this point, molecular
imaging findings are also consistent with the hypothesis that schizophrenia is characterized
by deficient DA activity at D1 receptors in the PFC, and that such abnormalities are related
to the cognitive dysfunction associated with the illness. As noted, several molecular imaging
studies have also provided support for the proposed link between cortical and subcortical
DA dysfunction.

Serotonin
A role for serotonin (or 5-hydroxytryptamine [5-HT]) dysfunction in the pathophysiology of
schizophrenia was first proposed based on the structural similarity of serotonin and the
hallucinogenic drug lysergic acid diethylamide, as well as the apparent effects of lysergic
acid diethylamide on serotonin activity [101,102]. In particular, activity at the 5-HT2A
receptor was implicated in the positive symptoms of the disorder [102,103]. Interest in
potential serotonin alterations in the illness, especially at the 5-HT2 receptor, was
strengthened after the introduction of clozapine, a drug that was shown to have superior
efficacy for patients with ‘treatment-resistant’ schizophrenia and that acts to potently block
5-HT2A receptors, even more so than D2 [103]. Numerous postmortem studies have
supported the proposal of serotonin abnormalities in schizophrenia. Specifically, this work
suggests that schizophrenia may be associated with alterations in the 5-HT1A and -2A
receptors and serotonin transporter (SERT) [103-107]. Relatively recently, the development
of suitable 5-HT receptor radioligands has allowed researchers to examine these markers of
serotonin functioning in medication-free patients in vivo.

5-HT2A receptors—Several PET studies have now examined 5-HT2A receptor
availability in untreated patients with schizophrenia and, in general, they have failed to find
the reductions in cortical 5-HT2A density suggested by some postmortem research.
Specifically, four PET studies (two using [18F]setoperone, one using [11C]NMSP and one
using [18F]altanserin) found no significant differences between patients and controls in
cortical 5-HT2A [108-111], suggesting that the cortical 5-HT2A alterations detected by
postmortem work may be secondary to premortem medication exposure. However, in a
small study with six antipsychotic-naive patients and the PET radioligand [18F]setoperone,
Ngan et al. did observe a significant decrease in 5-HT2A receptor availability in the frontal
cortex [112]. A more recent study using [18F] altanserin with antipsychotic-naive patients
failed to replicate this finding, but reported increased 5-HT2A among patients in the caudate
nucleus [108]; however, given the low density of 5-HT2A receptors in this brain region, the
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ligand employed for the striatum, and number of patients in this study, these results are
considered preliminary (as noted by the authors) and in need of replication. Overall,
additional research is needed with larger samples and more sensitive radioligands to clarify
whether schizophrenia is associated with altered 5-HT2A receptor availability per se.

5-HT1A receptors—One of the most consistent serotonin abnormalities in schizophrenia
to be observed in postmortem work is an increase in 5-HT1A receptors in frontal cortical
regions, including the PFC; this alteration is thought to potentially reflect an upregulation of
these receptors secondary to decreased cortical serotonergic functioning [103]. Three PET
studies using the radioligand [11C]WAY 100635 have now examined this receptor in
schizophrenia in vivo and produced conflicting results. Tauscher and colleagues compared
antipsychotic-naive patients with schizophrenia to controls and found increased 5-HT1A
receptor availability in the temporal, but not prefrontal, cortex [113]. By contrast, Yasuno et
al. observed a decrease in [11C]WAY BP in the amygdala among patients compared with
controls [114]; furthermore, they found that decreased 5-HT1A receptor availability was
associated with more severe negative and depressive/anxiety symptoms. More recently,
Frankle et al. failed to detect any significant differences in 5-HT1A receptor availability
between patients with schizophrenia and controls across 12 brain regions examined [115].
Although not clear, the discrepancies in results across these PET studies may be due to
clinical heterogeneity in the patient samples and/or differences in the PET methodologies
used. The failure of these PET studies to detect 5-HT1A alterations in the PFC, in contrast to
postmortem work, may relate to the poorer resolution of PET. Current PET technology does
not allow for the quantification of receptor characteristics within specific cortical layers, and
some postmortem studies suggest more pronounced increases of 5-HT1A in schizophrenia in
superficial cortical layers [105,107]. It is clear that additional in vivo work is needed to
clarify the potential role of altered serotonin transmission and 5-HT1A in schizophrenia
pathophysiology. For example, the application of agonist ligands for 5-HT1A (e.g., the
recently developed [11C]CUMI-101 [116]) to schizophrenia research will likely prove useful
in further examining indices of potential serotonin system alterations in the disorder, such as
the proportion of 5-HT1A receptors that are in the high-affinity state [116].

Serotonin transporters—Serotonin transporters are located on presynaptic serotonin
terminals and are involved in regulating serotonin transmission by removing it from the
synaptic cleft via reuptake back into the presynaptic membrane. As with DAT, their density
can be used to index the density of serotonin terminals or fiber innervation into various brain
regions. The first SERT radioligand available was the SPECT tracer [123I] β-CIT, which
labels SERT in the midbrain [117]. Using this ligand, Laruelle and colleagues found that
patients with schizophrenia did not differ from controls in midbrain SERT availability [118].
A limitation of this study is that the radioligand used did not allow for assessment of SERT
outside the midbrain region. The recently developed PET radioligand [11C]DASB, which
has been shown to be superior to the previously introduced PET tracer [11C]McN 5652 for
imaging SERT [119], allows for the assessment of this protein in other brain areas, including
limbic and striatal regions. Frankle and colleagues used this radioligand to compare SERT
availability in medication-free patients and controls and found no significant differences
across the ten brain regions examined [120]. One limitation of this study is that [11C]DASB
does not allow quantification of SERT in neocortical regions, where, among other regions,
SERT abnormalities have been implicated by postmortem research. Thus, additional work,
including with radioligands that allow for assessment of neocortical SERT (e.g.,
[11C]AFM), is needed to clarify potential SERT abnormalities in schizophrenia.
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GABA
Numerous postmortem findings have suggested that schizophrenia may be characterized by
deficient GABAergic functioning in cortical and limbic regions [121-124]. In vivo
investigation of potential GABAergic alterations in the illness with PET and SPECT has
been significantly hampered, however, by the relative lack of suitable radioligands for
various indices of GABAergic functioning. To date, the only marker that has been
investigated is the benzodiazepine binding site of the GABAA receptor complex. Three
studies have used SPECT and the radioligand [123I]iomazenil to compare benzodiazepine
receptor density between patients with schizophrenia and controls, and two out of three
found no significant group differences across the regions examined [125,126]. When
normalizing regional [123I]iomazenil uptake values for total brain uptake, however, Verhoeff
and colleagues observed a significant decrease in relative [123I]iomazenil uptake in the left
precentral gyrus of the frontal cortex in patients compared with controls, suggesting a
potential reduction in benzodiazepine receptor density in this region in patients [127] . A
more recent study using PET and the benzodiazepine radioligand [11C]Ro15-4513, which
has relatively higher affinity for α-5-containing GABAA receptors, did not find any
significant differences between patients and controls across the regions examined [128].
Three studies have reported associations between clinical symptom severity and their index
of benzodiazepine receptor concentration [126,128,129]. However, such associations have
not been observed across all investigations [125]. Overall, this work is inconclusive,
although it suggests that the illness is not characterized by marked alterations of
benzodiazepine receptor density. Advances in PET technology and methodology (e.g., to
allow for the detection of highly localized alterations, such as in specific cortical layers) and
the development of novel radioligands for additional GABA markers (e.g., specific subunits
and the GABA binding site of the GABAA receptor complex) should contribute to efforts to
elucidate GABAergic alterations in schizophrenia.

One recently developed PET technique that holds promise for advancing this research may
allow for the in vivo measurement of GABA release. Taking advantage of the increase in
affinity of GABAA benzodiazepine receptors for benzodiazepine ligands in the presence of
increased GABA levels (the ‘GABA shift’), Frankle and colleagues measured the increase in
[11C]flumazenil BP after elevating GABA levels through GABA transporter blockade with
tiagabine [130] . This change is thought to index acute increases in GABA levels. As
expected, this manipulation resulted in significant increases in [11C]flumazenil BP in
cortical and limbic regions among healthy controls [130]. Thus, in future studies, this
method may lead to important progress in understanding potential alterations in GABA
release in schizophrenia.

Glutamate
Several lines of evidence strongly implicate abnormal glutamate functioning in
schizophrenia [121,131,132]. Particularly compelling are findings suggesting that the
disorder is characterized by reduced functioning at the N-methyl-D-aspartate (NMDA)
receptor, a type of glutamate receptor. For example, antagonists of the NMDA receptor,
such as phencyclidine (PCP) and ketamine, produce behavioral effects in healthy humans
that closely resemble the positive, negative and cognitive symptoms of schizophrenia
[133,134], and, in stabilized patients, induce a re-emergence of idiosyncratic schizophrenia
symptoms [131,135,136]. It is thought that reduced functioning at the NMDA receptor may,
through disinhibition, lead to excessive glutamate release and hyperactivity at non-NMDA
glutamate receptors [124,132,137]. As is the case for GABAergic investigations, the direct
in vivo study of glutamatergic functioning, and NMDA receptors more specifically, has been
hampered by the lack of suitable radioligands. The development of tracers for the binding
site of PCP and ketamine (the NMDA/PCP binding site) has been complicated by its
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intrachannel location [138]. Initial findings with a potential SPECT probe for this binding
site ([123I] CNS-1261) are consistent with the hypothesis of NMDA receptor dysfunction in
the illness [139]. However, owing to methodological concerns related to this radioligand,
additional work with a more established tracer is needed to investigate potential alterations
at the NMDA receptor in schizophrenia.

Another means by which investigators have used neuroreceptor imaging to understand
potential glutamatergic alterations in schizophrenia has been to examine the effects of
NMDA receptor antagonism on indices of DA functioning. These findings are mixed, with
some reports indicating that in healthy controls, administration of ketamine (an NMDA
receptor antagonist) may result in a significant increase in synaptic DA in the striatum [134]
and posterior cingulate [140]; however, Kegeles et al. did not detect such changes in the
striatum [141,142]. However, Kegeles and colleagues did find that ketamine administration
in healthy controls resulted in more than a twofold increase in amphetamine-induced DA
release, as indexed by reductions in [123I] IBZM BP [141]. In addition, it has been reported
that recreational ketamine users are characterized by a significant upregulation of D1
receptor availability in the DLPFC; based on animal work, it is thought that such an
alteration could be secondary to sustained reductions in prefrontal DA [143]. These findings
are consistent with hypotheses of schizophrenia that link both increased subcortical DA
release and deficient prefrontal DA functioning to disruptions in glutamatergic transmission
at the NMDA receptor [141,144].

Future perspective: directions of the field
Molecular neuroimaging has contributed substantially to our understanding of the
pathophysiology of schizophrenia. As recent applications of this methodology continue to
develop along with the suitable molecular probes, it is likely that it will play an increasingly
larger role in this research. For example, the findings of Howes et al., reviewed earlier,
demonstrate the utility of PET in identifying neurochemical alterations in individuals who
are experiencing prodromal symptoms of schizophrenia but have not yet developed the full
syndrome [69]. Future studies to replicate this work, examine additional correlates of such
abnormalities (e.g., genetic polymorphisms and stress responsivity) and prospectively assess
indices of DA functioning will provide important insights regarding the developmental
pathology of the illness and factors that may interact with pre-onset DA pathology to further
increase risk.

Another promising development is assessing patients with multiple neuroimaging
modalities. This multimodal approach, as used by Meyer-Lindenberg and colleagues [72],
uniquely allows researchers to test hypotheses across multiple levels of analysis in the same
patients. For example, Schobel and colleagues recently used MRI to measure regional
cerebral blood volume (CBV) and observed that CBV was increased in the CA1 subfield of
the hippocampus in patients with schizophrenia [145]. These results suggest that patients are
characterized by elevated basal metabolism in this brain region. Furthermore, they found
that among patients displaying prodromal symptoms of the illness, those who later converted
to full psychosis were characterized by increased CBV in this region of the hippocampus
compared with those who did not, suggesting that this alteration may be predictive of
progression to psychotic illness [145]. Future studies combining this methodology with PET
to assess DA functioning will provide a powerful means to test models of pathophysiology
derived from animal research linking abnormal excitation in the hippocampus to elevated
DA activity [146].

As reviewed earlier, Abi-Dargham and colleagues observed that higher baseline occupancy
of striatal D2 receptors by DA was associated with a positive therapeutic response to
antipsychotic treatment [61]. In addition to informing our understanding of pathophysiology,
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such findings can provide crucial information for the development of treatment strategies
that tailor therapy with regard to the pathology characterizing subgroups of patients rather
than using the same approach for all individuals who meet criteria for this heterogeneous
disorder. Further research using molecular imaging to identify separate phenotypes within
the illness, and markers of prognosis and treatment response in particular, should prove
invaluable for the development of a more personalized medicine approach in this field. Such
strategies may be particularly powerful when combining multiple imaging modalities (e.g.,
to characterize DA functioning, CBV and volume changes), along with behavioral
assessments, to identify subgroups of patients characterized by a specific set of
pathophysiological and clinical features. As demonstrated by Bose and colleagues [147], the
use of computerized pattern-recognition tools may prove useful to these efforts.
Furthermore, continued molecular imaging research with individuals who are experiencing
prodromal symptoms of schizophrenia should allow such strategies to be extended back to
before full illness onset [7,147]. Given that only a subset of young people who meet current
prodromal research criteria will transition to full psychotic illness (e.g., 35%) [148], these
potential developments, which should aid in predicting who will convert to psychosis, have
important implications for the diagnosis of ‘prodromal’ patients and the development of
tailored treatment strategies based on level of risk and the trajectory of pathophysiology in
efforts to slow or even prevent illness progression.

Molecular imaging in schizophrenia: studies of pharmacotherapy
The use of molecular imaging to assess the neuroreceptor occupancy produced by
antipsychotic drugs and the clinical correlates of this occupancy has significantly advanced
our understanding of the potential mechanisms of action of these agents. Molecular imaging
findings have also pointed to promising targets for novel pharmacological agents. Below we
provide a brief overview of some of the major findings to emerge from this line of research.
For more detailed reviews, see [144,149-151].

Studies of current antipsychotic agents
Early research showed that all antipsychotic compounds blocked D2 receptors, and that their
clinical potency was strongly associated with their ability to block D2 in vitro [19,20,152].
Thus, it was assumed that striatal D2 receptor blockade was a key factor in the mechanism
of action of antipsychotic agents [153]. The development of neuroreceptor imaging and
suitable D2-receptor probes for PET and SPECT allowed for the assessment of antipsychotic
action at this site to be directly assessed with patients in vivo. This large body of work is
consistent in confirming that clinical doses of antipsychotic drugs block striatal D2 receptors
to a substantial degree [154-156]. This research has also demonstrated repeatedly that
striatal D2 receptor occupancy over approximately 80% is likely to result in the emergence
of extrapyramidal symptoms (EPS; which are motor side effects of antipsychotics) [156].
Less clear from this work is the minimum occupancy of D2 needed for a clinical response.
Striatal D2 occupancy at therapeutic doses of ‘typical’ or first-generation antipsychotics is
high (e.g., 70–89%) [156]. For example, research with the typical agent haloperidol has
indicated that the likelihood of a therapeutic response increases significantly at striatal D2
occupancy levels greater than 65% [157]. In general, therapeutic doses of ‘atypical’, or
second-generation antipsychotics tend to produce lower striatal D2 occupancy levels than
those reported for typical agents, although D2 occupancy varies across these agents
[144,158]. Neuroreceptor imaging studies have also revealed that among patients clinically
treated with antipsychotics, ‘nonresponders’ are characterized by high D2-receptor
occupancy that is similar to those who experience a positive therapeutic response, indicating
that in a given patient, failure to respond is not necessarily due to inadequate drug levels or
D2 occupancy [159,160]. This insight importantly contributed to the consensus that treating
poorly responsive patients with ‘mega doses’ of antipsychotics was not helpful [161].
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Furthermore, such findings suggest that nonresponders may differ from responders with
regard to pathophysiology, a notion consistent with results reviewed earlier indicating that in
unmedicated patients, higher baseline occupancy of striatal D2 receptors by DA was
associated with a positive therapeutic response to antipsychotic treatment [61].

The first ‘atypical’ antipsychotic to be introduced was clozapine, which was approved for
use in the USA in the late 1980s. This marked a significant advance in the treatment of
schizophrenia, as clozapine was shown to be uniquely effective in treating those patients
whose illness was considered refractory [162,163]. Furthermore, compared with typical
agents, clozapine has a reduced risk of inducing EPS at clinically effective doses [164].
Neuroreceptor imaging studies have indicated that therapeutic doses of clozapine produce a
modest striatal D2 occupancy of approximately 20–65% [156,165,166]. Such findings
challenged the notion that high striatal D2 receptor blockade, with its concomitant risk for
EPS, was required for a drug to be an effective antipsychotic. Furthermore, unlike typical
agents, it was shown that clozapine antagonizes the 5-HT2A receptor to a substantial degree
[165,166].

The superior efficacy and unique profile of clozapine invigorated attempts to develop
antipsychotic drugs that, like clozapine, were more efficacious than the conventional agents,
but that did not share with clozapine the risk for agranulocyctosis [150]. Since this time, a
whole host of second-generation antipsychotics have been introduced, including a number
that were developed based on their high 5-HT2A/D2 affinity ratio, such as risperidone,
olanzapine, quetiapine and ziprasidone. All of the second-generation agents were considered
atypical, based on their apparently lower risk of EPS when used at clinically effective doses.
Of note, however, at this point none has proven to be as clinically effective as clozapine
[167,168].

The action of clozapine at 5-HT2 receptors led to hypotheses concerning the potentially
important role of high 5-HT2A/D2 receptor affinity ratio for a favorable therapeutic profile
[169,170]. However, current findings do not support the notion that 5-HT2A receptor
blockade per se is important in producing antipsychotic effects. A recent meta-analysis of
PET and SPECT studies failed to find a significant association between clinical efficacy and
5-HT2A receptor blockade for atypical antipsychotics [171]. It has also been noted that the
atypical agent amisulpride does not have affinity for 5-HT2A, and the atypical aripiprazole
has a high D2/5-HT2A affinity ratio [144,150]. Furthermore, a trial with M-100907, a highly
selective 5-HT2A antagonist, indicated that this compound is not effective as an
antipsychotic [172]. In addition, research suggests that at least when D2 receptor occupancy
is high, 5-HT2A blockade may not confer protection against EPS [173,174]. However,
based on present findings, it cannot be excluded that 5-HT2A blockade is an important
aspect for some antipsychotic agents, in particular with regard to potential synergistic effects
when combined with D2 receptor antagonism [144].

It has also been hypothesized that the atypical profile of antipsychotics such as clozapine
may be related to a greater selectivity for D2 receptors in areas innervated by mesolimbic,
rather than nigrostriatal, DA projections [144]. The development of high-affinity
radioligands has allowed researchers to examine whether atypical antipsychotics bind
preferentially to D2 in limbic regions, such as the temporal cortex, compared with D2 in the
striatum. This body of work has yielded mixed findings, with some, but not all, studies
suggesting that atypicals produce higher blockade of D2 in the temporal cortex than in the
striatum [149]. In a recent meta-analysis of PET and SPECT studies, Stone and colleagues
found that both typical and atypical antipsychotics blocked D2 receptors in the temporal
cortex to a high degree (~70–80%), whereas only typical agents produced high D2 blockade
in the striatum (~74 vs 49% observed for atypicals) [171]. The authors found significant
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associations between clinically effective doses and D2 occupancy (indexed by the dose
producing maximal D2 occupancy across subjects for each antipsychotic) for both the
temporal cortex and striatum, with a higher correlation observed for the temporal cortex.
Based on these findings, they concluded that D2 occupancy in both brain regions likely
plays a role in antipsychotic action [171]. A recent investigation by Kegeles et al. of the
novel antipsychotic agent aripiprazole likewise reported higher occupancy levels in
extrastriatal than striatal regions; of note, however, the authors found that clinical
improvement in positive symptoms was significantly associated with striatal, but not
extrastriatal, occupancy [175]. Such findings are consistent with Agid et al. [176], who
found among patients taking either risperidone or olanzapine that reductions in positive
symptoms were related to striatal, but not extrastriatal, blockade. Of note, however, the
sample sizes in which clinical responses were determined for both Kegeles et al. and Agid et
al. were small. It is clear that additional research is needed to address questions regarding
regional selectivity and therapeutic responses [171,175,176].

It is important to note that to date, most studies examining regional selectivity of D2
occupancy have assessed binding in the striatum as a whole. As discussed earlier, however,
the striatum is heterogeneous with regard to function and structure. One study by Stone et al.
[177] with SPECT and [123I] epidepride reported that the atypical agents risperidone and
amisulpride produced greater D2 blockade in the head of the caudate (corresponding to part
of the associative striatum) compared with the putamen (part of which comprises the
sensorimotor striatum). However, in two studies with PET and [18F] fallypride, Kessler and
colleagues found that atypical drugs (specifically olanzapine, clozapine and quetiapine) did
not show differential D2 occupancy between the ventral striatum and putamen [178,179].

The most recently introduced antipsychotic, aripiprazole, is novel in that it is a partial
agonist at D2 receptors [180]. Occupancy studies of this drug have confirmed its partial
agonist properties by demonstrating striatal occupancy higher than 80% in the absence of
EPS [181,182].

Future perspective: drug development
The introduction of the first antipsychotic drugs in the 1950s marked a revolution in the
treatment of schizophrenia. However, given the side effects associated with the currently
available antipsychotics, the lack of response to these drugs in some patients, and the fact
that negative and cognitive symptoms of the illness are largely nonresponsive to these
treatments, the development of novel and more efficacious agents is an active area of
research [150].

Neuroreceptor imaging is playing an increasingly important role in drug development
[7,149,151]. Direct assessments of potential compounds with PET can facilitate drug
development by aiding in the screening of promising therapeutic agents and informing dose
selection and scheduling [151]. In conjunction with the continued development of novel
radioligands, neuroreceptor imaging also provides the means to further elucidate the
mechanism of action of therapeutic compounds that have unique profiles (e.g., clozapine,
lamotrigine and LY354740) in humans [7,144]. In addition, molecular imaging findings on
the pathophysiology of schizophrenia aid in the identification of novel targets for therapeutic
compounds (e.g., D1, NMDA and muscarinic receptors) [144,149,150].

Conclusion
The development of molecular imaging techniques allowed for the first time the relatively
direct examination of molecular brain functioning in living patients. The application of these
techniques to schizophrenia has led to substantial advances in our understanding of the
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neurochemical abnormalities that characterize the illness. For example, the development of
techniques and radiotracers over the last two decades has allowed researchers to move
beyond assessing striatal DA receptor density to examining indices of DA synthesis and
release. In doing so, molecular imaging studies have provided support for long-held
hypotheses concerning DA dysfunction in the illness that previously could not be directly
assessed in vivo. Furthermore, the application of these techniques to individuals
experiencing the prodromal symptoms of schizophrenia has provided evidence that
measurable alterations in DA functioning occur before threshold psychotic symptoms
emerge. As discussed earlier, such findings will likely play an important role in the
development of targeted treatment and prevention strategies by contributing to the
identification of subgroups of patients characterized by specific pathophysiological features.
Continued efforts to characterize extrastriatal DA functioning, as well as potential
neurochemical alterations in other systems, should serve to further elucidate the
pathophysiology of the illness. Molecular imaging studies have also informed our
understanding of the mechanisms of action of drugs used to treat this illness. In addition, by
contributing to the identification of novel targets and providing a means for evaluating the
action of therapeutic compounds, these techniques are playing an increasingly important role
in novel drug development. The application of PET and SPECT to these efforts will
continue to expand with the ongoing development of novel methodologies, molecular probes
and higher-resolution scanners.

Executive summary

Introduction

▪ Schizophrenia is a chronic and severe mental illness. Its characteristic symptoms
include positive (or psychotic) symptoms, negative symptoms and cognitive
dysfunction.

▪ Over the past several decades, developments in in vivo neuroimaging techniques
have led to dramatic advances in the identification of brain abnormalities
associated with schizophrenia.

Key concepts in neuroreceptor imaging

▪ Molecular imaging techniques allow for the assessment of neurotransmitter
receptor availability or expression, as well as neurotransmitter synthesis and
release.

▪ The successful development of suitable radioligands is challenging and has been
a rate-limiting factor in the application of neuroreceptor imaging in psychiatric
research.

▪ Currently, there are radioligands available for sites of the dopamine and
serotonin systems, but relatively few for other systems for use in humans.

Dopamine

▪ Molecular imaging studies have provided robust support for the long-held
hypothesis that subcortical dopamine hyperactivity is associated with
schizophrenia.

▪ These findings suggest that the degree of subcortical dopamine dysregulation in
schizophrenia fluctuates across phases of the illness.

▪ Although still indirect at this point, molecular imaging findings are consistent
with the hypothesis that schizophrenia is characterized by deficient dopamine
activity in the prefrontal cortex.

Thompson et al. Page 16

Imaging Med. Author manuscript; available in PMC 2011 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Serotonin

▪ Relatively recently, the development of suitable radioligands has allowed
researchers to use molecular imaging to examine markers of serotonin (or 5-
hydroxytryptamine [5-HT]) functioning in schizophrenia.

▪ At this point, additional research is needed to clarify the potential role of
alterations in 5-HT receptors and serotonin transmission in schizophrenia
pathophysiology.

GABA & glutamate

▪ Relatively few neuroreceptor imaging studies have investigated potential GABA
or glutamatergic alterations in schizophrenia to date owing to the relative lack of
suitable radioligands to do so.

▪ Overall, research suggests that schizophrenia is not characterized by marked
alterations in benzodiazepine receptor density.

▪ Findings on the effects of N-methyl-D-aspartate receptor antagonism on
dopamine functioning are consistent with hypotheses of schizophrenia that link
both increased subcortical dopamine release and deficient prefrontal dopamine
functioning to disruptions in glutamatergic transmission at the N-methyl-D-
aspartate receptor.

Future perspective: directions of the field

▪ Recent research has demonstrated the utility of PET in identifying neurochemical
alterations in individuals who are experiencing prodromal symptoms of
schizophrenia but have not yet developed the full syndrome.

▪ Other promising developments that will likely contribute to schizophrenia
research include multimodal imaging and attempts to identify subgroups of
patients with regard to pathology and markers of treatment response.

Studies of current antipsychotic agents

▪ The use of molecular imaging has significantly advanced our understanding of
potential mechanisms of action of antipsychotic drugs.

▪ Neuroreceptor imaging has confirmed that clinical doses of antipsychotic drugs
block D2 receptors to a substantial degree.

▪ Such studies have also indicated that ‘nonresponders’ are characterized by high
D2 receptor occupancy that is similar to those who experience a positive
therapeutic response.

▪ Molecular imaging studies indicate that clozapine, the first atypical antipsychotic
to be introduced, produces only modest striatal D2 occupancy, along with a more
substantial antagonism of the 5-HT2A receptor.

▪ Numerous hypotheses regarding the atypical profile of second-generation
antipsychotics have been investigated with neuroreceptor imaging studies.

Conclusion

▪ The application of PET and SPECT to schizophrenia research efforts will
continue to expand with the ongoing development of novel methodologies,
molecular probes and higher-resolution scanners.
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Figure 1. Dopamine D2/3 receptor-binding image with PET and [11C]raclopride
(A) Displays the coronal-view PET image, which clearly illustrates activity localized to the
striatum, where there is a high concentration of D2 receptors. (B) Displays the
corresponding coronal view obtained from MRI in the same research participant.
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Figure 2. Striatal dopaminergic synapse with summary of findings yielded by neuroreceptor
imaging studies of dopamine synthesis, release and D2 receptor availability
AMPT: α-methyl-para-tyrosine; DA: Dopamine; DAT: Dopamine transporter.
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