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Positron emission tomography (PET) is a non-invasive imaging technique used to
assess various brain functions, including cerebral blood flow, glucose metabolism, and
neurotransmission, in the living human brain. In particular, neurotransmission mediated
by the monoamine neurotransmitters dopamine, serotonin, and norepinephrine, has
been extensively examined using PET probes, which specifically bind to the monoamine
receptors and transporters. This useful tool has revealed the pathophysiology of
various psychiatric disorders, including schizophrenia, and the mechanisms of action of
psychotropic drugs. Because monoamines are implicated in various cognitive processes
such as memory and executive functions, some PET studies have directly investigated
the associations between monoamine neurotransmission and cognitive functions in
healthy individuals and patients with psychiatric disorders. In this mini review, | discuss
the findings of PET studies that investigated monoamine neurotransmission under resting
conditions, specifically focusing on cognitive functions in patients with schizophrenia.
With regard to the dopaminergic system, some studies have examined the association
of dopamine D1 and D2/DS3 receptors, dopamine transporters, and dopamine synthesis
capacity with various cognitive functions in schizophrenia. With regard to the serotonergic
system, 5-HT1A and 5-HT2A receptors have been studied in the context of cognitive
functions in schizophrenia. Although relatively few PET studies have examined cognitive
functions in patients with psychiatric disorders, these approaches can provide useful
information on enhancing cognitive functions by administering drugs that modulate
monoamine transmission. Moreover, another paradigm of techniques such as those
exploring the release of neurotransmitters and further development of radiotracers for
novel targets are warranted.
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INTRODUCTION

Positron emission tomography (PET) is a non-invasive imaging technique wused to
assess various brain functions, including cerebral blood flow, glucose metabolism, and
neurotransmission, in the living human brain. In particular, neurotransmission via the
monoamine neurotransmitters dopamine, serotonin, and norepinephrine, has been extensively
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examined using PET probes, which specifically bind to the
receptors, transporters, and other target molecules of these
monoamines. PET provides various aspects of neurotransmission
such as presynaptic and postsynaptic functions, along with
anatomical information. This useful tool has revealed aspects of
the pathophysiology of various psychiatric disorders, including
schizophrenia, and the mechanisms of action of psychotropic
drugs since monoamines are the primary targets for antipsychotic
and antidepressant drugs (1). Specifically, the differences between
patients and healthy controls, associations with symptomatology
and psychopathology in patients, and receptor/transporter
occupancy by psychotropic drugs have been reported, albeit
the results have been inconsistent among studies. Since
previous animal studies and human pharmacological studies
have implicated monoamines in various cognitive functions,
some PET studies have directly explored the associations
between monoamine neurotransmission and cognitive functions
in healthy individuals and patients with psychiatric disorders.

Schizophrenia, one of the most severe and complex
psychiatric disorders, with a lifetime prevalence of approximately
1% worldwide, is characterized by psychosis (positive symptoms),
negative symptoms, and cognitive dysfunction (2). In recent
years, cognitive impairment has been considered a core feature
of this disorder (3, 4), with the largest effect sizes reported in
both verbal memory and executive function (5, 6). A number of
functional neuroimaging studies that measured cerebral blood
flow using functional magnetic resonance imaging (fMRI) and
PET have revealed a relationship between cognitive deficit and
altered regional brain functions (5-9). However, not many
studies have used PET to explore the relationship between
monoamine neurotransmission and cognitive dysfunction in
schizophrenia. In this mini review, I discuss the findings of
monoamine PET studies, specifically focusing on neurocognitive
functions in individuals with schizophrenia.

PET TECHNIQUES FOR EVALUATION OF
MONOAMINE TRANSMISSION

Most of the radiotracers wused for neuroimaging-
based quantification of receptors and transporters are
pharmacologically antagonists that reversibly and specifically
bind to these targets. The main outcome measure is the binding
potential relative to the concentration of non-displaceable
radiotracer in the brain (BPxp), corresponding to the ratio
of the density of receptors or transporters available to bind
radiotracer in vivo (Bgy,;) to the dissociation constant of the
radiotracer (Kp) (10, 11). The gold standard of kinetic analysis
of brain PET measurements is a compartment analysis with
arterial input function, which requires arterial blood sampling
and metabolite analysis of the parent compound. However,
simplified methods can be applied if a reference region that
is devoid of the receptor/transporter, such as the cerebellum,
is present. These simplified methods are less invasive and
more suitable for clinical use. For this review, I have selected
PET studies performed under resting conditions (mainly for
unmedicated individuals), which evaluate receptor/transporter

TABLE 1 | PET probes used for the measurement of central monoaminergic
transmission.

Monoamine Target Name of PET probes
Dopamine D1 "1 CISCH23390, [T CINNC112
D2/D3 [ Clraclopride®, ['1CIFLB457*, ['8Ffallypride*
Transporter  ['1CJCFT
Synthesis ['8FIDOPA, [ CJDOPA
Serotonin 1A " C)WAY100635
2A ['8Flaltanserin
Transporter  ['1C]DASB
Norepinephrine Transporter [18F]FMeNERfD2

*These probes can be used to measure dopamine release.

availability and neurotransmitter synthesis capacity. Single
photon emission computed tomography (SPECT) studies were
not included because PET has a much higher sensitivity and
spatial resolution than does SPECT, and more tracers have been
developed for PET than for SPECT. The main PET tracers used
for the measurement of central monoaminergic transmission
are listed in Table 1. Some PET tracers have been reported to
measure dopamine release, however, I did not include these
challenge studies because my primary interest was to provide
an overview of various monoamine transmissions in basic
and simple conditions. A summary of studies that investigated
both monoamine PET and cognitive functions in patients with
schizophrenia and/or healthy subjects is listed in Table 2.

DOPAMINE

Dopamine is the main neurotransmitter involved in the
pathophysiology and treatment of schizophrenia (12). Dopamine
pathways have been well illustrated by PET with different
radiotracers (13) and these PET tracers have been used to
elucidate various aspects of aberrant dopaminergic transmission
in schizophrenia for review see (14-16).

D1 Receptors

D1 receptors are densely localized in the striatum, and uniformly
distributed in the neocortical regions (13). Evidence from animal
and clinical research has suggested the presence of prefrontal
dysfunctions in schizophrenia, and the D1 receptors in this brain
region are considered to play crucial roles in various frontal lobe
functions such as working memory (17-19).

Using the tracer [11C]SCH23390, Okubo et al. showed that
patients with schizophrenia had lower D1 availability in the
prefrontal cortex (20). They examined 17 male patients with
schizophrenia (10 antipsychotic-naive and 7 antipsychotic-free)
and 18 healthy male controls. Availability of the D1 receptor
in the prefrontal cortex was negatively correlated with the
severity of negative symptoms, and was also associated with poor
performance on the Wisconsin Card Sorting Test (WCST), which
assesses executive function and prefrontal function. In contrast,
using the tracer [!!CINNC112, Abi-Dargham et al. reported
increased availability of the D1 receptor in the dorsolateral
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TABLE 2 | Summary of studies that investigated both monoamine PET and cognitive functions in patients with schizophrenia and/or healthy subjects.

Study Year Subjects Cognitive tasks PET probe Findings
Okubo et al. (20) 1997 17 with Sch and 18 HV. ~ WCST [ﬂ C]SCH23390 Reduced prefrontal D1RA was associated with poor
WCST performance
Abi-Dargham et al. 2002 16 with Sch and 16 HV  N-back [ﬁ CINNC112 Increased prefrontal D1RA was associated with
(21) poor working memory
Takahashi et al. 2008 23 HV WCST, ROCFT, RAVLT ['TCJSCH23390  An inverted U-shaped relationship between
(22) prefrontal D1RA and WCST performance
Hirvonen et al. (27) 2005 11 unaffected co-twins ~ WMS-R, CVLT [ﬂ Clraclopride Higher D2RA in the caudate was associated with a
with Sch and 7 twin HV poor performance on tasks related to schizophrenia
vulnerability
Cervenka et al. 2008 16 HV Pair associative learning, delayed [ﬁ Clraclopride D2RA in the limbic striatum was related to episodic
(29) pattern recognition memory, word memory, D2RA in the associative and sensorimotor
recognition, WAIS-R, category striatum showed associations with non-episodic
fluency tasks
Vyas et al. (35) 2017 25 with Sch and 19 HV ~ WCST, CVLT [18F]fallypride In individuals with Sch, D2RA was negatively
correlated with WCST and CVLT performance
whereas positive correlation was observed in HV
Takahashi et al. 2007 25 HV RAVLT, ROCFT, WCST [ﬁ CJFLB457 Hippocampal D2RA was positively correlated with
(36) memory and also associated with frontal lobe
functions
Yoder et al. (38) 2004 10 with Sch (most were  PANSS [ﬁ CICFT Striatal DAT availability was inversely correlated with
medicated) scores on the cognitive subscale of PANSS
Velnaleken et al. 2007 11 HV CPT, Stroop, TMT, WCST [18F]DOPA Positive correlations between DA synthesis capacity
(48) in the caudate nucleus, putamen, and midbrain with
performance on TMT-B, CPT, and Stroop test
Meyer-Lindenberg 2002 6 with Sch and 6 HV WCST [18F]DOPA Decreased PFC activation measured with fMRI
etal. (41) predicted exaggerated striatal DA synthesis capacity
McGowan et al. 2004 16 medicated Stroop, VF, SDMT [18F]DOPA Negative correlations between Stroop interference
(49) individuals with Sch scores and DA synthesis capacity in the ACC in
and 12 HV both individuals with Sch and HV
Howes et al. (43) 2009 24 prodromal VF [18F]DOPA Within the prodromal Sch group, performance on
individuals with Sch, 6 the semantic VF task was negatively correlated with
with Sch, and 12 HV striatal DA synthesis capacity
Yasuno et al. (58) 2003 16 HV WMS-R [” C]WAY100635 Negative correlation between explicit memory
function and 5-HT1ARA in hippocampus
Borg et al. (59) 2006 24 HV Claeson-Dahl Learning and [” C]WAY100635 No correlation between performance on any of the
Memory Test, CPT, spatial working cognitive tests and 5-HT1ARA in the raphe,
memory test, ROCFT, controlled hippocampus, and neocortex
oral assessment, WCST
Penttila et al. (60) 2016 24 HV WCST, WMS-R [ﬂ C]WAY100635 Global 5-HT1ARA was positively correlated with
verbal memory
Rasmussen et al. 2010 30 with Sch and 30 HV  Spatial working memory, Stockings [18Haltanserin No correlation between neurocognitive measures
(61) of Cambridge, and 5-HT2ARA in any region
Intra-Extradimensional set-shifting,
rapid visual information processing
Madsen et al. (63) 2011 32 HV Stroop, TMT, RAVLT, ROCFT, [ﬁ C]DASB Positive associations between 5-HTT availability and

Intelligenz-Struktur-Test 2000 R

Stroop test performance and logical reasoning. No
association between 5-HTT availability and memory

Sch, schizophrenia; HV, healthy volunteer; RA, receptor availability; WCST, Wisconsin Card Sorting Test; ROCFT, Rey-Osterrieth’s Complex Figure Test; RAVLT, Rey’s Auditory Verbal
Learning Test; WMS-R, Wechsler Memory Scale-Revised; CVLT, California Verbal Learning Test; WAIS-R, Wechsler Adult Intelligent Scale-Revised; DLPFC, dorsolateral prefrontal cortex;
PANSS, Positive and Negative Syndrome Scale; DAT, dopamine transporter; CPT, Continuous Performance Test; TMT, Trail Making Test; fMRI, functional magnetic resonance imaging;
VF, verbal fluency; SDMT, Symbol-Digit Modality Test; ACC, anterior cingulate cortex; 5-HT1A, 5-hydroxytryptamine 1A; 5-HT2A, 5-hydroxytryptamine 2A; 5-HTT, 5-hydroxytryptamine

transporter.

prefrontal cortex of 16 untreated patients with schizophrenia (7
antipsychotic-naive and 9 antipsychotic-free) compared to that
in 16 healthy subjects (21). The increased availability was related
to n-back task performance, which represents working memory.
The discrepancy in these results could arise owing to difference

in the background of patients (age, sex, and prior exposure
to antipsychotics) and the different tracers used. Additionally,
the results of a study by Takahashi et al. provide a potential
explanation for this discrepancy. Using ['!C]SCH23390 PET in
healthy subjects, they found a U-shaped relationship between
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prefrontal D1 receptor availability and the performance on
the WCST, indicating that too little or too much DI receptor
stimulation hampers working memory or set shifting (22, 23),
which was also hypothesized from the results of animal studies
(18, 19).

D2/D3 Receptors

The striatum, which has dense dopamine innervation, is
usually imaged using a moderate-affinity PET probe such as
["!C]raclopride, and extrastriatal regions with very low levels
of D2/D3 receptors, including the cortex, limbic regions, and
thalamus, are imaged by high-affinity PET probes such as
['!C]FLB457 and [!8F]fallypride (Table 1). All these tracers are
benzamide derivatives and antagonistically bind to both D2 and
D3 receptors.

Dopamine D2 receptors are the primary target of currently
available antipsychotic drugs owing to their potential to block
these receptors (1, 2). Accordingly, several PET studies have
investigated dopamine D2 receptors in schizophrenia beginning
from the 1980%. However, previous reviews and meta-analyses
PET and SPECT studies showed no difference or a small elevation
in striatal D2/D3 receptor availability in unmedicated patients
with schizophrenia compared to that in healthy controls under
resting conditions (15, 24-26); however, the elevation was not
evident in drug-naive patients (26). Among these studies, a few
evaluated cognitive functions because most studies focused on
the psychopathology, particularly positive symptoms; therefore,
less attention was given to cognitive impairment involving
striatal dopamine D2 receptors in schizophrenia. Using PET
and [!'C]raclopride, Hirvonen and colleagues (27) examined 6
monozygotic and 5 dizygotic unaffected co-twins of patients with
schizophrenia and 4 monozygotic and 3 dizygotic healthy control
twins. They found that dopamine D2 receptor availability in the
caudate was upregulated in unaffected monozygotic co-twins,
and this upregulation was associated with poor performance on
cognitive tasks such as a part of the Wechsler Memory Scale-
Revised and the California Verbal Learning Test (CVLT).

The striatum can be divided into three functional
subdivisions: the limbic, associative, and sensorimotor striatum
(28). In healthy subject, using [!!C]raclopride PET, Cervenka
et al. found a distinct pattern of correlations among the striatal
subregions; D2 receptor availability in the limbic striatum was
related to performance on episodic memory, while that in the
associative and sensorimotor striatum showed associations to
non-episodic tasks (29).

With regard to extrastriatal D2/D3 receptors, significant
differences in their availability between schizophrenia and
healthy controls have been reported particularly in the thalamus
(30-33); a meta-analysis found the summary effect size for
thalamic D2/D3 availability was d = —0.32, however, did not
reach significance (34). In a very recent comprehensive study,
Vyas et al. used ['®F]fallypride to evaluate executive dysfunction
and memory impairment in patients with schizophrenia
(35). Twenty medication-naive and 5 drug-free patients with
schizophrenia underwent the WCST and CVLT. Patients with
schizophrenia showed negative or low correlations between
D2/D3 receptor availability and WCST performance, while

healthy subjects showed positive correlations, suggesting better
performance with higher D2/D3 receptor availability; the
difference was marked in the thalamus. Similarly, patients
showed negative or very low correlations between D2/D3
receptor availability in the fronto-striatal-thalamic regions and
performance on the CVLT, while healthy subjects showed
a positive correlation. In another study in healthy subjects,
Takahashi et al. reported a relationship between hippocampal
dopamine D2 receptors and not only memory but also frontal
functions such as executive functions and verbal fluency (36).

Dopamine Transporter (DAT)

The majority of molecular imaging studies investigating striatal
DAT availability failed to find any significant differences between
healthy controls and untreated patients with schizophrenia (15),
and this finding was supported by the results of recent meta-
analyses that included PET and SPECT studies (26, 37). One
study showed that schizophrenia patients with tardive dyskinesia
had lower DAT availability than schizophrenia patients without
tardive dyskinesia, and that striatal DAT availability was
correlated with the severity of negative symptoms, and cognitive
and depression/anxiety scores on the positive and negative
syndrome scale (38). However, most of the subjects in the study
were medicated and the medication effect needs to be considered.
In addition, no MRI scans were available for all patients, and
positive and negative syndrome scale scores were not assessed
for some patients. To the best of my knowledge, measures of
cognitive functions were not evaluated in any other PET studies
on DAT in schizophrenia.

L-DOPA Uptake (Dopamine Synthesis
Capacity)

The endogenous dopamine synthesis rate is commonly measured
using 6-['®F]fluoro-L-DOPA or L-[B-!' C]DOPA, two radioactive
analogs of the dopamine precursor L-DOPA, which are indicative
of dopamine synthesis capacity in presynaptic terminals (13,
16). In schizophrenia compared to healthy controls, increased
dopamine synthesis capacity has been consistently shown in the
majority of previous studies (39-46) (for review see (15, 16))
and recent meta-analyses confirmed the findings with large effect
sizes (26, 47).

In a study investigating the association between human
cognitive function and dopamine synthesis capacity, Velnaleken
et al. (48) found significant positive correlations in healthy
subjects between the dopamine synthesis capacity in the
striatum and performance on the trail-making test-B, continuous
performance test, and Stroop test. In one study with unmedicated
schizophrenia patients (41), PET with ['*F]DOPA and [*°O]H,0
(which measures cerebral blood flow) revealed that patients
with schizophrenia had higher dopamine synthesis capacity in
the striatum than healthy controls did, indicating exaggerated
presynaptic dopamine function. In patients with schizophrenia,
the increase in cerebral blood flow in the dorsolateral prefrontal
cortex during the WCST task was tightly coupled with striatal
dopamine synthesis capacity; this relationship was not found in
healthy controls. In another study, ['*F]DOPA PET in patients
with schizophrenia on antipsychotic medication revealed that
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the dopamine synthesis capacity in the dorsal anterior cingulate
was correlated with performance on the Stroop Color-Word
Test (49).

During the manifestation of prodromal symptoms of
schizophrenia before the onset of psychosis, patients showed
elevated striatal dopamine synthesis capacity in the associative
striatum (43). In that study, the at-risk mental state group
showed a negative correlation between the dopamine synthesis
capacity in the associative striatum and the performance on the
semantic verbal fluency task, i.e., greater elevation in synthesis
was associated with fewer correct responses and a similar negative
correlation was observed for phonologic verbal fluency.

SEROTONIN (5-HYDROXYTRYPTAMINE,
5-HT)

In the human brain, the serotonergic system has 14 diverse
receptor subtypes and transporters (50). Because of the
availability of suitable radiotracers, extensive PET studies have
been performed to investigate the availability of 5-HTI1A
and 5-HT2A receptors and the 5-HT transporter in various
neuropsychiatric disorders. These receptors and transporters are
of interest because they are main targets of pharmacotherapy
via psychotropic drugs (51, 52). However, the number of
imaging studies investigating the central serotonergic system in
schizophrenia is limited (53).

5-HT1A Receptors

5-HT1A receptors are widely distributed in the hippocampal
regions, insula, neocortical regions, and dorsal raphe nucleus
(54). In addition, because the 5-HT1A receptor modulates the
entire serotonin system, it is one of the most important 5-
HT receptor subtypes (55). Several lines of evidence from
animal studies and pharmacological studies indicate that the 5-
HT1A receptor plays an important role in cognitive function
and is a promising target for the treatment of cognitive and
affective symptoms in neuropsychiatric disorders, including
schizophrenia (51, 52, 55).

Thus far, four studies have examined 5-HT1A availability
in schizophrenia, using the same PET tracer [! CJWAY100635.
One study reported an increase in 5-HT1A availability in the
medial temporal cortex of schizophrenia patients (56), whereas
another reported a decrease in the amygdala (57); the remaining
two reported no difference in 5-HT1A availability between
schizophrenia patients and healthy controls, although a meta-
analysis of postmortem studies found an elevation in prefrontal
5-HT1A in schizophrenia (53).

With regard to cognitive function in healthy subjects, Yasuno
et al. found a negative correlation between explicit memory
function and 5-HT1A receptor availability in the hippocampus
(58), while Borg et al., who performed [!! CJWAY100635 PET and
used the same simplified reference model, found no correlation
between regional 5-HT1A receptor availability in the raphe
nuclei, hippocampus, and neocortex and various domains of
cognitive performance (55, 59). However, a recent study by
Penttila et al. found that global 5-HT1A receptor binding,

measured with the gold standard method based on kinetic
modeling using arterial blood samples, was positively correlated
with measures of verbal memory in healthy subjects (60). To
date, no 5-HT1A PET data have been reported for patients with
schizophrenia in relation to cognitive function.

5-HT2A Receptor

A large body of evidence from postmortem and pharmacological
studies suggests that 5-HT2A receptors play an important
role in schizophrenia and cognition (51, 52). A meta-analysis
of postmortem studies found a reduction in prefrontal 5-
HT2A receptors in patients with schizophrenia (53). However,
only a few PET studies have been performed on first-episode
antipsychotic-naive patients with schizophrenia, and their results
are inconsistent (53). In a recent study with the largest sample
size to date, a total of 30 patients with schizophrenia and
matched healthy controls underwent [!8F]altanserin PET scans,
which are highly selective for 5-HT2A receptors (61). Patients
with schizophrenia showed lower 5-HT2A availability in the
frontal cortex than healthy controls did. However, no correlations
were found between 5-HT2A availability and cognitive functions
such as working memory, attention, and executive functions,
suggesting that 5-HT2A receptors are not involved in cognitive
dysfunction, at least in the early stage of schizophrenia.

Serotonin Transporter (5-HTT)

A previous PET study with the 5-HTT-selective tracer
['!C]DASB found no significant difference in 5-HTT availability
between patients with schizophrenia and healthy control
subjects, and no correlation between 5-HTT availability and
schizophrenia symptoms (62). In contrast, another ['!C]DASB
PET study with healthy subjects found that 5-HTT availability
in the fronto-striatal regions was associated with better
performance on executive function and logical reasoning
(63). To date, however, no PET studies have investigated the
association between 5-HT'T availability and cognitive function in
patients with schizophrenia.

Other Serotonergic System

PET probes for 5-HT1B, 5HT4, 5-HT6, and 5-HT synthesis have
been successfully used for human brain imaging (50); however, to
date, no clinical studies have used these probes for imaging of the
brains of patients with schizophrenia.

NOREPINEPHRINE

The central norepinephrine system plays crucial roles in arousal
and concentration, and the norepinephrine transporter is a
target in pharmacotherapy for depression and attention-deficit
hyperactivity disorder. Despite this, few PET probes have been
developed for norepinephrine transporter (NET) imaging (64).
To date, there have been no reports of PET imaging of the NET
in patients with schizophrenia.
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DISCUSSION AND FUTURE DIRECTIONS

PET provides a direct way of investigating the neurotransmission
and neurobiology of schizophrenia. Numerous PET studies
have revealed differences between the brains of patients with
schizophrenia and those of healthy controls, and the association
of these brain changes with symptom scales, suggesting the
underpinnings of the pathophysiology of this disorder. As
reviewed above, however, only a limited number of PET
studies have directly investigated the relationship between
cognitive dysfunctions, assessed using neuropsychological tests,
and monoamine transmission in vivo, and found significant
associations between them. Consequently, dysregulated striatal
dopamine synthesis capacity, and prefrontal D1 receptor and
extrastriatal D2/D3 receptor availability might be at least
partly indicative of cognitive impairment in schizophrenia.
However, studies are scarce and not systematic: differences in
radiotracers used, methods of quantification, neurocognitive
tests employed, and patient characteristics (such as phase of
the illness, prior exposure to antipsychotics, age, and sex)
could be confounders. This scarcity and lack of systematic
approaches occurs largely because it is difficult to recruit many
patients with unmedicated schizophrenia; therefore, multi-site
studies with common protocols are needed. Moreover, different
approaches such as measuring endogenous release of transmitters
rather than focusing only on baseline receptor availability,
could be useful for precise evaluation of neurotransmission
(65, 66). In summary, pharmacological challenge techniques
such as that with amphetamine and dopamine depletion using
["!C]raclopride, which reflect presynaptic dopamine function,
have been well replicated to detect dysregulated dopamine
neurotransmission as a pathophysiology of schizophrenia (14,
67). Another approach is to measure changes in receptor
binding of a radiotracer while performing a cognitive task as
it accurately reflects the amount of neurotransmitter released
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