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BPyp, values for [ ''Clraclopride studies and k.., values for - 8-
''"C]DOPA studies were relatively small (8% for BPyp, and 12%
for k.. in the striatum), a significant negative correlation was
observed between the parameters for both presynaptic and post-
synaptic functions. One possible reason for this is the competi-
tion between [''Clraclopride and endogenous dopamine at
dopamine D, receptor sites (Reeves et al., 2007). When the en-
dogenous dopamine synthesis rate measured by PET is either
small or large, the concentration of endogenous dopamine in the
synaptic cleft must be either low or high, and therefore [ ''C]ra-
clopride binding to dopamine D, receptors might become large
or small due to competition with the endogenous dopamine,
respectively. Recently, the increases in L-[ 8- ''C]DOPA metabo-
lites, [ ''C]3,4-dihydroxyphenylacetic acid ([ ''C]DOPAC) and
["'Clhomovanillic acid ([ ''C]HVA) in the extracellular space of
the rat striatum after intravenous infusion of L-[8-''C]DOPA
was reported using microdialysis, indicating that the endogenous
dopamine synthesis rate measured by PET can reflect the concen-
tration of endogenous dopamine in the synaptic cleft (Okada et
al., 2011). While interindividual variations of BPyp ( fupBavai/
Kp) of [ "' Clraclopride were observed in normal human subjects
(Ito et al., 2008), it has been reported that interindividual differ-
ence in B,,,; was significant, but not that in Ky, in human
[''C]raclopride PET studies (Farde et al., 1995). This indicates
that the interindividual variation of BPyp
would be mainly due to the interindi-
vidual difference in B,,,; rather than Kp,.
B,yail is the receptor density available to
bind radiotracer in vivo, and it might be
smaller than the receptor density in vitro
assays due to the competition with endog-
enous dopamine (Innis et al., 2007). Thus,
the interindividual variation of BPyp
would be due to both the interindividual
difference in the receptor density and that
in the concentration of endogenous dopa-
mine in the synaptic cleft.

Another possible reason for a signifi-
cant negative correlation between presyn-
aptic and postsynaptic dopaminergic
functions might be a compensative rela-
tion between the two functions. The
mechanism for the regulation of dopamine
release from presynapse has been explained
by both phasic and tonic dopamine release
(Grace, 1991). Phasic dopamine release
would be caused by firing of dopaminergic
neuron, and tonic dopamine release would
set the background level of dopamine recep-
tor stimulation. If the endogenous dopa-
mine synthesis ability at rest condition
measured by L-[-"'C|DOPA PET can in-
dicate tonic dopamine release, the background level of dopamine
receptor stimulation by tonic dopamine release might be compen-
satively related to the dopamine D, receptor density, indicating that
the tone of dopaminergic neurotransmission might not be so differ-
ent between subjects. In addition, the TaqIA1 allele of dopamine D,
receptor gene has been reported to be associated with a low density of
dopamine D, receptors (Jonsson et al., 1999) and with increased
striatal activity of AADC in healthy human subjects (Laakso et al.,
2005), supporting our present results. They attempted to explain
these findings by a lower dopamine D, receptor expression leading
to decreased autoreceptor function, and therefore increased dopa-
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Figure1. Relation between BPy, of [ "Clraclopride studies and k¢ of 1-[ 8- "' CIDOPA stud-
ies in the striatum.
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Subject 1 Subject 2

Figure2. Typical images of BPy, of [ "'Clraclopride studies for subjects with low and high BP, (subjects 1and 2, respectively)
and corresponding images indicating dopamine synthesis rate calculated as the ratio of time-integrated radioactivities from 29 to
89 min of 1-[ 8- ""CJDOPA studies between brain regions and the occipital cortex (Ito et al., 2007).

mine synthesis. However, further studies, including animal studies
in vitro and in vivo, will be required to explain the negative correla-
tion between presynaptic and postsynaptic dopaminergic functions
in the present study.

Increased striatal dopamine synthesis rate in neuroleptic-
naive or -free patients with schizophrenia has been reported us-
ing PET with 1-[B-"'C]DOPA (Lindstrém et al., 1999; Nozaki et
al., 2009) or 6-[ '®F]fluoro-L-DOPA (Hietala et al., 1995). On the
other hand, no significant change in striatal dopamine D, recep-
tor density in patients with schizophrenia has been reported us-
ing PET with [''Clraclopride (Farde et al., 1990). It might be
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valuable to investigate the relation between presynaptic and post-
synaptic dopaminergic functions in patients with schizophrenia
whether such compensative relation in the striatum was evident
or disrupted in patients.

It has been reported that the dopamine D, receptor density
measured by PET with [ ''C]raclopride was significantly corre-
lated with a certain personality trait, the detachment score of
Karolinska Scales of Personality (Farde et al., 1997; Breier et al.,
1998), while no significant correlation was observed between the
endogenous dopamine synthesis rate measured by PET with
6-[ "*F]fluoro-L-DOPA and the detachment score (Laakso et al.,
2003). On the other hand, endogenous dopamine synthesis was
significantly correlated with anxiety-related personality scales of
Karolinska Scales of Personality (Laakso et al., 2003). These find-
ings indicate that dopamine D, receptor density and the endog-
enous dopamine synthesis rate might be related to personality
traits independently, although a significant negative correlation
was observed between parameters for both presynaptic and post-
synaptic functions in the present study. The relations between
personality traits and presynaptic or postsynaptic dopaminergic
functions should be further investigated in large series of subjects.

NAAs are transported by the neutral amino acid carrier sys-
tem in the blood—brain barrier in a competitive fashion (Olden-
dorf, 1971; Pardridge, 1977; Ito et al., 1995), and the competitive
transport of L-DOPA with NAAs at the blood—brain barrier has
been revealed (Ito et al., 2006). We have previously reported a
significant negative correlation between the weighted sum of the
NAAs and the overall uptake rate constant of 1-[3-''C]DOPA
calculated using the arterial input function (Ito et al., 2006). The
overall uptake rate constant calculated using the arterial input
function includes the influx rate constant at the blood—brain
barrier, and therefore negatively correlated with the weighted
sum of the NAAs due to the competitive transport at the blood—
brain barrier. In the present study, no significant correlation was
observed between the weighted sum of NAAs in plasma and the
dopamine synthesis rate k.. of L-{3-''C]DOPA. Because k. is
calculated using time—activity data in a reference brain region,
not in arterial plasma, this parameter does not reflect the influx
rate constant at the blood-brain barrier (Ito et al., 2006, 2007).
Thus, the dopamine synthesis rate k. of L-[8-''C]DOPA is in-
dependent of the NAA concentration.

In conclusion, a significant negative correlation was observed
between parameters for both presynaptic and postsynaptic dopa-
minergic functions in the striatum of normal human subjects.
Although the interindividual variation of BP, would be due to
both the interindividual difference in the receptor density and
that in the concentration of endogenous dopamine in the syn-
aptic cleft, this relation might indicate a compensative relation
between the two functions. Further studies to elucidate the
interindividual variation in dopaminergic neurotransmission
tone of neuropsychiatric disorders will be required.
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The role of dopamine D1 receptors in prefrontal cortex function, including working memory, is well
acknowledged. However, relatively little is known about their role in other cognitive or emotional
functions. We measured both D1 and D2 receptors in the brain using positron emission tomography
in healthy subjects, with the aim of elucidating how regional D1 and D2 receptors are differentially
involved in cognitive and emotional functions beyond working memory. We found an inverted
U-shaped relation between prefrontal D1 receptor availability and Wisconsin Card Sorting Test
performance, indicating that too little or too much D1 receptor stimulation impairs working memory
or set shifting. In addition, variability of D1 receptor availability in the amygdala and striatum was
related to individual differences in emotional responses and decision-making processes,
respectively. These observations suggest that the variability of available D1 receptors might be
associated with individual differences in brain functions that require phasic dopamine release. An
interdisciplinary approach combining molecular imaging of dopamine neurotransmission with
cognitive neuroscience and clinical psychiatry will provide new perspectives for understanding the
neurobiology of neuropsychiatric disorders such as schizophrenia, addiction and Parkinson’s
disease, as well as novel therapeutics for cognitive impairments observed in them.
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Positron emission tomography administration of a mixed D1/D2 agonist facilitated

. . working memory while the selective D2 agonist had

imaging of D1 and D2 receptors and no effect, indicating that the dopaminergic modula-

working memory tion of working memory processes is mediated
) ) primarily via D1 receptors.

Because dopamine D1 receptors in the prefrontal In contrast to D1 receptors, relatively less attention

cortex (PFC) are several times more abundant than a5 heen paid to the role of prefrontal D2 receptors in
D2 receptors (Hall et al, 1994), the relationship coonitive functions partly because their density in
between D1 receptors and PFC functions has been exirastriatal regions is very low (Suhara et al, 1999).
widely investigated. Sawaguchi and Goldman-Rakic 1t yyag reported that blockade of D2 receptors in PFC
(1994) showed that local administration of D1 §id not impair working memory in nonhuman
receptor antagonists into PFC induced impairment  primate (Sawaguchi and Goldman-Rakic, 1994), but
in working memory task in nonhuman primate. In  5ome human studies reported that systemic admin-
human, Miiller et al (1998) reported that systemic jsiration of D2 agonist or antagonist modulated
cognitive functions that are subserved by PFC
(McDowell et al, 1998; Mehta et al, 1999). We
Correspondence: Professor H Takahashi, Department of Psychiatry, measured both D1 and extrastriatal D2 receptor
Kyoto University Graduate School of Medicine, 54 Shogoin- gvyailabilities (binding potentials), indices propor-

girlv;rlfa_ﬁldoéhsiiﬁéiﬁ%Ig,gttg_iof‘;?gm’ Japan. tional to receptor density, using ["'C]SCH23390 and
Received 14 September 2011; revised 2 November 2011; accepted 2 ["'CIFLB457 positron emission tomography (PET),

November 2011 respectively, in healthy male subjects, and aimed to
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elucidate how regional D1 and D2 receptors are
differentially involved in neurocognitive perfor-
mance including frontal lobe functions. Receptor
availability is defined as receptors that are available
to be bound by the radiotracer. This means receptors
that are available for stimulation by released endo-
genous dopamine.

A body of animal studies has indicated that
stimulation of D1 receptors in PFC produces an
inverted U-shaped dose-response curve, such that
too little or too much D1 receptor stimulation
impairs PFC functions (Cools and D’Esposito, 2011;
Goldman-Rakic et al, 2000; Williams and Castner,
2006). Therefore, we conducted quadratic regression
analysis to reveal the putative ‘U-shaped’ relation
between D1 receptor availability in PFC and PFC
function. Although standard linear regression analy-
sis revealed a trend-level negative correlation be-
tween D1 receptor availability in PFC and total error
of the Wisconsin Card Sorting Test (WCST), a test
requiring working memory and set-shifting abilities,
a quadratic regression model better predicted the
relation (Takahashi et al, 2008). That is, we found a
significant ‘U-shaped’ relation between D1 receptor
availability in PFC and total error of WCST (because
total error of WCST is a negative measure of
frontal lobe function, the relation is not ‘inverted’;
Figures 1A and 1B). However, neither linear nor
quadratic relation was found between D2 receptor
availability in PFC and any neuropsychological
measures.

Primal animal studies indicated that stimulation of
D1 receptors in PFC produces an inverted U-shaped
response in working memory, with the response
being optimized within a narrow range of D1
receptor stimulation (Castner and Goldman-Rakic,
2004; Goldman-Rakic et al, 2000; Lidow et al, 2003;
Seamans and Yang, 2004; Vijayraghavan et al, 2007).
Subsequent human studies have investigated the
effect of a functional polymorphism in the catechol
O-methyltransferase gene, which has been shown to
modulate the prefrontal dopamine level, on prefron-
tal function. Catechol O-methyltransferase gene
contains a common polymorphism, a valine (Val)-
to-methionine (Met) substitution at codon 158
(Val158Met). The Val allele is associated with higher
activity, whereas the Met allele is associated with
lower enzymatic activity. Consequently, Val carriers
have a lower level of extracellular dopamine in PFC.
A PET study using ["'C]NNC112 has demonstrated
that Val carriers show significantly higher cortical D1
receptor availability than Met carriers, and the
authors suggested a mechanism in which a lower
level of extracellular dopamine in PFC induces
upregulation of D1 receptors in Val carriers (Slifstein
et al, 2008). Val carriers show lower performance and
increased (inefficient) PFC activation during com-
pletion of cognitive tasks related to PFC functions
(WCST and N-back task) (Egan et al, 2001; Goldberg
et al, 2003). Tt was reported that amphetamine
challenge in Val carriers induced improvement in
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Figure 1 Quadratic (inverted U-shaped) relation between D1
receptor availability in prefrontal cortex (PFC) and performance
of Wisconsin Card Sorting Test (WCST). (A) Region of interest
(ROI) analysis revealed a significant quadratic regression
between D1 receptor availability in PFC and total error (TE) of
WCST. Red solid line: quadratic regression, black broken line:
linear regression. (B) Statistical parametric mapping (SPM)
analysis also revealed significant quadratic regression between
prefrontal D1 receptor availability and total error of WCST.

the performance of WCST and decreased (efficient)
PFC activation during N-back task, whereas that in
Met carriers caused deterioration in the performance
of WCST and increased (inefficient) PFC activation,
indicating that too little or too much dopamine
signaling would impair PFC functions, although
these studies could not identify the receptor subtype
that has a central role in this effect (Mattay et al,
2003; Williams-Gray et al, 2007).

We first showed an inverted U-shaped relation
between D1 receptors in PFC and executive function
including working memory in normal healthy sub-
jects (Takahashi et al, 2008). An inverted U-shaped
response has been suggested based on cognitive and
behavioral studies, but the exact physiological
mechanism of this effect has not yet been fully
understood. A recent monkey electrophysiology
study has demonstrated a neuron-level mechanism
that constitutes the inverted U-shaped response
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whereby too much or too little stimulation of
prefrontal D1 receptors leads to working memory
deficits. D1 receptor stimulation had a suppressive
effect on the PFC neural activities involved in a
spatial working memory task. Moderate D1 receptor
stimulation spatially tunes PFC neurons that
process target signals by preferentially suppressing
nontarget (noisy) neural activities, whereas excessive
D1 receptor stimulation induces nonselective sup-
pression of PFC neural activities irrespective of
whether the neural activities are task related or not
(Vijayraghavan et al, 2007).

Animal studies have suggested that the inverted U-
shaped principle of D1 receptor stimulation mediat-
ing working memory does not necessarily apply to
other prefrontal functions (Floresco and Magyar,
2006). In fact, except for WCST, we did not find
any association between D1 receptor availability and
prefrontal functions less dependent on the working
memory process (word fluency task by phonetic or
semantic cues and problem-solving test; Takahashi
et al, 2008).

Recently, McNab et al (2009) showed the quadratic
relation between the improvement of working mem-
ory capacity by training and the change in D1
receptor availability induced by training, although
greater reduction in D1 receptor availability was
associated with greater improvements in working
memory capacity within the measured range. How-
ever, a recent study showed that age-related reduc-
tion in D1 receptor availability in PFC was associated
with age-related reduction in working memory
performance and PFC activation during working
memory load (Bdckman et al, 2011), indicating that
other factors besides D1 receptor availability, such as
cerebrovascular pathology, could influence the PFC
functions and PFC activation during working mem-
ory load in older adults. Furthermore, although
[**C]SCH23390 and ["'"C]NNC112 are selective radio-
ligands for D1 receptors, they have some affinity for
5HT2A receptors. 5HT2A receptor density in the
striatum is negligible compared with D1 receptor
density, whereas 5HT2A receptor density is not
negligible in the extrastriatal regions. Previous
reports in the literature have indicated that their
affinity for 5HT2A receptors relative to D1 receptors
is negligible, and recent in-vivo studies reported that
~10% to 25% of the cortical signals of these
radioligands were due to binding to 5HT2A recep-
tors. Thus, cautious interpretation of the extrastriatal
findings regarding these radioligands is recom-
mended (Ekelund et al, 2007; Slifstein et al, 2007).

In line with our previous study (Takahashi et al,
2007), we also found that D2 receptor availability in
the hippocampus (HPC) was positively correlated
not only with episodic memory ability but also with
WCST performance (Takahashi et al, 2008). Patients
with lesions in HPC sometimes show deficits in
WCST (Corkin, 2001; Igarashi et al, 2002). These
observations suggest that hippocampal D2 receptors
could modulate PFC activity by the HPC-PFC path-
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way, which has a significant role in the cognitive
process (Laroche et al, 2000; Thierry et al, 2000).
Accumulating evidence has suggested the modula-
tory effects of dopamine on HPC-PFC interactions
(Aalto et al, 2005; Goto and Grace, 2008; Seamans
et al, 1998; Tseng et al, 2007). Conceivably, dopa-
mine influences PFC neurons directly by prefrontal
D1 receptors and indirectly by hippocampal D2
receptors via the HPC-PFC pathway. Supporting
the importance of hippocampal D2 receptors in
PFC functions, MacDonald et al (2009) reported that
lower D2 receptor availability in HPC was associated
with greater intraindividual variability in episodic
memory and executive function, indicating that
lower D2 receptor-mediated transmission in HPC
leads to noisy neural information processing and
results in unstable episodic memory and executive
functions.

Miller et al (1998) reported that the systemic
administration of the mixed D1/D2 agonist pergolide
facilitated working memory while the selective D2
agonist bromocriptine had no effect. However, there
is converging evidence from human and animal
studies to suggest the involvement of D2 receptors
in cognitive functions. It was reported that the
systemic administration of the D2 agonist bromo-
criptine in human improved cognitive functions
including working memory and executive functions
(McDowell et al, 1998), and the administration of the
D2 antagonist sulpiride impaired those functions
(Mehta et al, 1999). In an animal study, mice lacking
D2 receptors were reported to have a working
memory deficit (Glickstein et al, 2002). These
studies, however, did not reveal the regions most
responsible for these effects. Moreover, although the
involvement of D1 receptors in working memory is
widely recognized, it was not clear whether D1
receptor stimulation alone or the combination of D1
and D2 receptor stimulation is most effective.
Positron emission tomography findings including
ours suggested that orchestration of prefrontal D1
receptors and hippocampal D2 receptors might be
necessary for normal prefrontal functions (MacDo-
nald et al, 2009; Takahashi et al, 2007, 2008).

Positron emission tomography
imaging of D1 and D2 receptors and
amygdala function

The amygdala has a central role in processing
affective stimuli, and in particular, threatening
stimuli in the brain (LeDoux, 2000). The amygdala
receives a moderate innervation of dopaminergic
fibers (Asan, 1998), and dopamine D1 and D2
receptors are moderately expressed in this region
(Ito et al, 2008). Dopamine release in the amygdala is
increased in response to stress (Inglis and Moghad-
dam, 1999). It has been shown in animal studies that
dopamine potentiates the response of the amygdala
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by augmenting excitatory sensory input and attenu-
ating inhibitory prefrontal input to the amygdala
(Rosenkranz and Grace, 2002). A human functional
magnetic resonance imaging (fMRI) study reported
that dopaminergic drug therapy such as levodopa or
dopamine agonists partially restored amygdala acti-
vation due to emotional task in Parkinson’s disease
patients who showed no significant amygdala activa-
tion during drug-off states (Tessitore et al, 2002). In
addition, another fMRI study of healthy volunteers
has demonstrated that amphetamine potentiated the
response of the amygdala during an emotional task
(Hariri et al, 2002). More recently, Kienast et al
(2008) reported that dopamine storage capacity in
human amygdala, measured with 6-[(**)F]fluoro-L-
DOPA PET, was positively correlated with fMRI
signal changes in the amygdala. However, contribu-
tion of dopamine D1 and D2 receptors to amygdala
activation in response to affective stimuli is un-
known in human. To investigate the relation between
amygdala activation and dopamine receptor subtype,
we conducted a multimodal in-vivo neuroimaging
study in which dopamine D1 and D2 receptor
availabilities in the amygdala were measured with
PET, and amygdala activation in response to fearful
stimuli was assessed by fMRI (Takahashi et al,
2010b). Healthy male subjects, a different cohort
from that of our study described in the previous
section, underwent fMRI for measuring the amygdala
response to fearful faces, after which both D1 and D2
receptors in the amygdala were measured using PET
with [*'C]SCH23390 and ["'C]JFLB457, respectively.

Although robust bilateral amygdala activations
induced by fearful faces were identified in a group
analysis, there was considerable individual differ-
ence in the degree of amygdala activation. Similarly,
although moderate levels of D1 and D2 receptors in
the amygdala were measured, notably high vari-
ances in both receptor availabilities were observed.
Importantly, D1 receptor availability in the amygdala
was not correlated with D2 receptor availability in
the amygdala. Both voxelwise statistical parametric
mapping analysis and regions of interest analysis
revealed that blood oxygen level-dependent signals
in the amygdala induced by fearful faces were
positively correlated with D1 receptor availability,
but not with D2 receptor availability, in the amygdala
(Figures 2A and 2B; Takahashi et al, 2010b). That is,
individuals with high D1 receptor density in the
amygdala tend to show greater amygdala activation
in response to fearful stimuli.

In rat studies, Rosenkranz and Grace (2002)
showed that dopamine enhances the response of
the amygdala by augmenting excitatory sensory
input via dopamine D2 receptor stimulation and
attenuating inhibitory prefrontal input to the amyg-
dala through dopamine D1 receptor stimulation.
More recently, several studies showed that both D1
and D2 receptor stimulations directly enhanced
the excitability of amygdala projection neurons
via postsynaptic mechanism (Kroner et al, 2005;
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Figure 2 (A) Regions of interest correlation

Rosenkranz and Grace, 2002; Yamamoto et al, 2007).
Amygdala projection neurons are under inhibitory
control by GABAergic interneurons (Royer et al,
1999). Both projection neurons and interneurons in
the amygdala express dopamine D1 and D2 receptors
(Rosenkranz and Grace, 1999). Dopamine and D1
receptor agonist have been shown to augment
interneuron excitability and increase the frequency
of inhibitory postsynaptic current in amygdala
projection neurons (Kroner et al, 2005). This is a
counterintuitive result, considering the fact that
dopamine disinhibits amygdala response in vivo.
However, Marowsky et al (2005) found that a
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subpopulation of amygdala interneurons (paracap-
sular intercalated cells), located between the major
input and output stations of the amygdala, is
suppressed by dopamine through D1 receptor stimu-
lation. Dopamine D2 receptors also have a role in
disinhibiting amydala response by decreasing inhi-
bition onto projection neurons and increasing
inhibition onto interneurons (Bissiere et al, 2003).
As described above, not only dopamine D1 but also
D2 receptors contribute to potentiating amygdala
response via various mechanisms. In fact, our
previous pharmacological fMRI study reported that
systemic administration of selective dopamine D2
receptor antagonist attenuated amygdala activation
in response to fearful stimuli (Takahashi et al, 2005).
However, as selective dopamine D1 receptor antago-
nist for clinical use is not available, we cannot
directly compare which D1 or D2 antagonist is more
efficient in attenuating amygdala response.

Using a multimodality in-vivo neuroimaging
approach and dual radioligands, we could for the
first time directly compare amygdala dopamine D1
and D2 receptor availabilities with amygdala res-
ponse evoked by fearful stimuli in human. Although
the more detailed mechanism needs to be clarified in
future investigations including animal studies, our
study suggested that dopamine D1 receptors have a
major role in the overall potentiation of amygdala
response. At the behavioral level, a number of animal
studies have reported that systemic and local
applications of D1 agonist (or antagonist) into the
amygdala potentiate (or decrease) fear response in
animals. Although some studies reported that appli-
cations of D2 agonist and antagonist induced similar
effects, the results were less consistent compared
with D1-mediated effects (for review, see de la Mora
et al, 2010 and Pezze and Feldon, 2004). Thus, our
finding could be regarded as being consistent with
previous behavioral pharmacological studies. The
combination of PET molecular imaging and fMRI
seems to represent a powerful approach for under-
standing molecular functions in affective neuro-
science.

Positron emission tomography
imaging of D1 and D2 receptors and
decision making under risk

Decision making under risk has been studied in
philosophy, psychology, and economics throughout
the last century. Normative economic theories (e.g.,
expected utility theory} assume that individuals
are rational decision makers and have purely self-
regarding preferences. However, we sometimes make
boundedly rational decisions (altruistic behavior,
moral judgment, gamble, etc.), which are not
accounted for by normative economic theories.
Behavioral or experimental economics studies have
shown a substantial body of field and empirical
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evidence that decision makers systematically depart
from Camerer and Loewenstein (2004). One type of
systematic departure is that subjective weights on
probabilities appear to be nonlinear: people often
overestimate low probabilities (e.g., playing lotteries)
and underestimate high probabilities. A leading
alternative to the expected utility theory is the
prospect theory (Tversky and Kahneman, 1992).
The central feature of the prospect theory is non-
linear probability weighting. Objective probabilities,
p, are transformed nonlinearly into decision weights
w(p) by a weighting function. In an inverse S-shaped
nonlinear weighting function, low probabilities are
overweighted and moderate-to-high probabilities are
underweighted. The function neatly explains the
typically observed pattern of risk seeking for low-
probability gain and risk aversion toward high-
probability gain.

A synthesis of economics and neuroscience is

called neuroeconomics. Neuroeconomics fMRI stu-

dies have demonstrated the neural basis for bound-
edly rational decision makings under risk, including
some features of the prospect theory (De Martino

et al, 2006; Tom et al, 2007). A deeper question is

how modulatory neurotransmission is involved in
the central process of these boundedly rational
decision makings (Fox and Poldrack, 2009; Rangel
et al, 2008; Trepel et al, 2005). Investigation of the
relationship between the dopamine system and
prospect theory seems promising, considering the
fact that dopamine is linked to risk-seeking behavior
(Leyton et al, 2002) and is involved in disrupted
decision making observed in neuropsychiatric dis-
orders such as drug/gambling addiction and Parkin-
son’s disease (Steeves et al, 2009; Zack and Poulos,
2004). Based on the circumstantial findings, Trepel
et al (2005) speculated in a thoughtful review that
dopamine transmission in the striatum might be
involved in shaping probability weighting. To test
this speculation, 18 healthy male subjects were
studied for D1 receptors with ["'C]SCH23390 PET,
and 18 other healthy male subjects were studied
for striatal D2 receptors with ["'Clraclopride PET
(Takahashi et al, 2010a). To estimate decision weight,
certainty equivalents were determined outside the
PET scanner, based on the staircase procedure
suggested by Tversky and Kahneman (1992). A
gamble’s certainty equivalent is the amount of sure
payoff at which a player is indifferent between the
sure payoff and the gamble. Participants were
presented with options between a gamble and a sure
payoff on a computer monitor. Gambles were
presented that had an objective probability P of
paying a known outcome x (and paying zero
otherwise). Multiple gambles with different combi-
nations of P and x were used. In each trial, the
participants chose between a gamble and a sure
payoff according to their preferences. Each time a
choice was made between a gamble and a sure payoff
in a trial, the amount of a sure payoff in the next trial
was adjusted and eight trials per each gamble were
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Figure 3 Average fitted probability-weighting function. Red line
represents the first group with D1 receptors investigated, and
black line the second group with striatal D2 receptors
investigated.

iterated to successively narrow the range including
the certainty equivalents. On the basis of this
certainty equivalents estimation experiment, we
estimated probability weighting using the one-para-
meter function derived axiomatically by Prelec
(1998), w(p)=expi—(In(1/p))*} with O<a<1. This
w(p) function has an inverted S-shape with a fixed
inflection point at p=1/e=0.37 (at that point the
probability 1/e also receives decision weight 1/e).
Nonlinearity is fully captured by a single parameter
o. A smaller value of o (closer to 0) means a more
nonlinear inflected weighting function and a higher
value (closer to 1) means a more linear weighting
function. At 2 =1, the function is linear.

In the first group, with D1 receptors investigated,
mean (s.d.) o of the weighting function was 0.58
(0.16). In the second group, with striatal D2 receptors
investigated, mean (s.d.) « was 0.56 (0.19), indicating
that the two groups were comparable. Averaged
weighting functions of the two groups are shown in
Figure 3 (Takahashi et al, 2010a). Both regions of
interest and voxel-by-voxel statistical parametric
mapping analyses revealed significant positive cor-
relation between striatal D1 receptor availability and
the nonlinearity parameter « of weighting function
{(Figures 4A and 4B; Takahashi et al, 2010a). That is,
people with lower striatal D1 receptor availability
tend to show more pronounced overestimation
of low probabilities and underestimation of high
probabilities. It has been suggested that emotional
responses to gambles influence weighting. In parti-
cular, the overweighting of low-probability gains
may reflect hope of winning and the underweighting
of high-probability gains may reflect fear of losing a
‘near sure thing’ (Trepel et al, 2005). One study
supportive of this hypothesis found more nonlinear
weighting functions for gambles over emotional
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Figure 4 Correlation between nonlinearity of probabilities
weighting and D1 receptor availability in the striatum. (A) Plots
and regression line of correlation between o (nonlinearity
parameter) and D1 receptor availability in the putamen
(r=0.66, P =0.003). (B) Image showing regions of correlation
between nonlinearity parameter of weighting function and D1
receptor availability in the striatum.

outcomes (kisses and shocks) than over money
(Rottenstreich and Hsee, 2001). In this sense,
individuals with lower striatal D1 receptor avail-
ability might be interpreted as showing more ‘emo-
tional’ decision making.

A neuroeconomics fMRI, using a simpler expo-
sure-choice paradigm, showed that Prelec’s nonli-
nearity parameter o was negatively correlated with
striatal activity during reward anticipation under
risk (Hsu et al, 2009). That is, people with a greater
degree of nonlinearity in striatal activation to
anticipated reward tend to overestimate low prob-
abilities (to be risk seeking) and underestimate high
probabilities (to be risk averse). Although the
mechanism(s) linking the fMRI finding to our PET
finding needs to be clarified in future investigations,
our molecular imaging approach allows us to broad-
en our understanding of the neurobiological mechan-
ism underlying decision making under risk beyond
the knowledge attained by neuroeconomics fMRI.
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Functional significance of individual
difference in D1 receptors

All of our three studies mentioned above showed that
individual differences in D1 receptor availability in
the brain predicted the individual differences in brain
functions (working memory/set shifting, emotional
reaction, and decision making under risk) better than
that of D2 receptor availability (Takahashi et al, 2008,
2010a,b). We do not think that dopamine D2 receptors
have minimal roles in these brain functions. However,
can we learn something from these studies showing
the predominance of D1 receptors in terms of
predicting these brain functions?

Dopamine neurons are known to show tonic firing
and phasic (burst) firing, and in turn tonic and
phasic dopamine release are induced, respectively
(Grace, 1991; Grace et al, 2007). Phasic dopamine
release in the striatum occurs during reward and
reward-predicting stimuli (Grace, 1991; Schultz,
2007b). Phasic dopamine release in the amygdala is
also induced in response to stress or emotional
stimuli (Inglis and Moghaddam, 1999). Although
both tonic and phasic dopamine release are neces-
sary for PFC functions, phasic dopamine release has
a crucial role in working memory and set shifting
(Braver et al, 1999; Phillips et al, 2004). Thus, phasic
dopamine release seems to be important for the brain
functions that we investigated (working memory/set
shifting, emotional reaction, and decision making
under risk).

It has been shown that D1 receptors have much
less affinity to endogenous dopamine than D2
receptors (Richfield et al, 1989). Furthermore, cor-
tical and striatal D1 receptors are known to be
predominantly extrasynaptic (Caille et al, 1996;
Smiley et al, 1994). These facts suggest that D1-
mediated neurotransmission is mainly governed by
volume transmission (Dreher and Burnod, 2002;
Garris et al, 1994), which might be induced by the
phasic dopamine release from axonal terminals
(Schultz, 2007a). Therefore, it can be suggested that
available D1 receptors are preferentially stimulated
by phasically released DA, whereas low-level base-
line tonic dopamine release is sufficient for stimulat-
ing D2 receptors (Frank et al, 2007; Schultz, 2007b).
A recent computational model also showed that
phasic dopamine release primarily increases D1
occupancy, whereas D2 occupancy was less affected
(Dreyer et al, 2010). Thus, these considerations lead
us to believe that the variability of available D1
receptors might be more associated with individual
differences in brain functions that require phasic
dopamine release.

Clinical implications

Our previous PET study using [*'C]SCH23390
revealed that, compared with normal controls, D1
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receptors in PFC were decreased in schizophrenia,
which was associated with poor performance on
WCST (Okubo et al, 1997b). However, another PET
study using ["'CINNC112 reported that increased D1
receptors in PFC were associated with working
memory deficits in schizophrenia (Abi-Dargham
et al, 2002). The same research group recently
replicated increased D1 receptors in PFC of drug-
naive schizophrenia patients (Abi-Dargham et al,
2011). The group also reported that PFC D1 receptor
availability measured by ["'C]NNC112 was signifi-
cantly upregulated in chronic ketamine users,
although no significant relationships were found
between PFC D1 receptor availability and perfor-
mance on working memory tests (Narendran et al,
2005).

It has been discussed that these inconsistent
results might stem from several factors including
differences in radioligands, but our more recent
PET study measuring cortical D1 receptors with
both ["'C]SCH23390 and ["'CINNC112 in the
same schizophrenia population showed that pre-
frontal D1 receptors were decreased in chronic
schizophrenia regardless of radioligands (Kosaka
et al, 2010). Still, the reasons for these inconsistent
results need to be clarified in the future. An inverted
U-shaped response might account for working
memory deficits in schizophrenia patients, whether
D1 receptors in PFC are increased or decreased in
patients.

The central profile of most antipsychotics is the D2
receptor blockade property. Antipsychotics are rea-
sonably effective in ameliorating positive symptoms
in schizophrenia. However, negative symptoms and
cognitive impairments of schizophrenia are typically
not responsive to antipsychotic therapy. This has led
to the investigation of alternative agents for the
treatment of cognitive impairments in schizophrenia,
and a body of data from animal and human studies
support the utility of the D1 agonist (Buchanan et al,
2007; Okubo et al, 1997a). However, the efficacy of
D1 agonists on cognitive impairments has not so far
been proven due to several practical issues of drug
development. In addition to these issues, we need to
taken into account the fact that schizophrenia is a
heterogeneous disorder. D1 receptor density might be
different according to the type of the disease,
changeable even in a single patient according to its
stage (prodromal phase, first episode phase, and
chronic phase). The inverted U-shaped property of
D1 receptor stimulation might lead to bidirectional
effect of D1 agonist depending on the type or stage of
schizophrenia. Anhedonia or blunted affect is one of
the central features of negative symptoms. Some
neuroimaging studies have suggested that reduced
amygdala activation was associated with these
symptoms (Dowd and Barch, 2010; Takahashi et al,
2004). Therefore, similarly to the strategy for cogni-
tive impairment, D1 agonist might be useful for
restoring amygdala activation, and consequently
improve these negative symptoms.
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Misestimating risk could lead to disadvantaged
choices such as initiation of drug use/gambling and
transition to regular drug use/gambling (Kreek et al,
2005). Our studies have shown that people with
lower striatal D1 receptor availability tend to mis-
estimate the weight of probabilities, and in particu-
lar, to overestimate low probabilities of winning
gambles (risk seeking). This finding led us to the
intuitive conjecture that D1 agonist, again, might be
useful for easing misestimation of risk, and conse-
quently beneficial for pathological gambling. How-
ever, on the contrary, clinical reports have indicated
the association between dopamine agonist medica-
tion and the emergence of pathological gambling in
Parkinson’s disease patients (Gallagher et al, 2007).
Although early reports implicated D3 receptor
agonists as being most likely to induce pathological
gambling in Parkinson’s disease patients (Dodd et al,
2005), it has been reported that mixed D1/D2
receptor agonists can also promote pathological
gambling (Lu et al, 2006). These clinical findings
appear to challenge our prediction, but indeed they
may not. Pathological gambling is a complex behav-
ior, which has been related to failures in impulse
control or response inhibition as observed in Parkin-
son’s disease, but also to impaired decision making,
including risky or ambiguous decision. Estimation of
risk requires the latter high-level processing, and we
would argue that this is related to striatal D1 receptor
availability, leading to the following hypothesis: low-
level striatal D1 receptor availability (which might in
part be determined by genetic factors) is linked to a
risk-seeking trait. The risk-seeking trait was reported
to be linked to enhanced activation and DA release in
the striatum during risk-seeking behavior (Leyton
et al, 2002; St Onge and Floresco, 2009). Chronic
exposure to unusually high release of DA by risk-
seeking behavior might induce downregulation of D1
receptors (Moore et al, 1998; Yasuno et al, 2007). The
further decrease in D1 receptor availability then
leads to further risk seeking. Low-level striatal D1
receptor availability could therefore be a gateway to a
vicious cycle, creating a predisposition to drug
addiction and pathological gambling. Recently, cir-
cumstantial evidence to support this hypothesis has
been reported. Martinez et al (2009), based on their
PET study, suggested that reduced D1 receptor
binding may be associated with an increased risk of
relapse in cocaine addiction. Needless to say, this
tentative hypothesis needs to be tested in future
investigations, and we believe that understanding
the molecular mechanism of extreme or impaired
decision making will contribute to the assessment
and prevention of drug and gambling addiction as
well as the development of novel pharmacological
therapies for these addictions. In conclusion, inter-
disciplinary approach combining molecular imaging
techniques with cognitive neuroscience and clinical
psychiatry will provide new perspectives for under-
standing the neurobiology of neuropsychiatric dis-
orders and their innovative drug developments.
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Norepinephrine in the brain is associated with aversion to

financial loss

Molecular Psychiatry advance online publication, 21 February
2012; doi:10.1038/mp.2012.7

Understanding the molecular mechanism of extreme
or impaired decision-making observed in neuro-
psychiatric disorders, such as pathological gambling
and attention-deficit hyperactivity disorder (ADHD),
could contribute to better assessment and the deve-
lopment of novel pharmacological therapies for those
disorders. Typically, most people show a dispropor-
tionate distaste for possible losses compared with
equal-sized gains. This human in vivo molecular
imaging study has demonstrated that individuals with
lower thalamic norepinephrine transporters (NET)
showed more exaggerated aversion to financial loss.

Empirical and field studies suggest that losses have
greater impact than equivalent gains." For example,
a typical person would only accept a two-outcome
gamble in which $50 could be lost if the possible gain
is $100, twice as large. This greater sensitivity to
losses than to gains is called ‘loss aversion’ and
substantial individual differences in it have been
observed in many behavioral studies.»* In psychiatric
populations, pathological gambling showed dimi-
nished sensitivity to monetary loss itself and, more
specifically, patients with ADHD and psychopaths
showed reduced sensitivity to the magnitude of
monetary loss.>?

Recent functional magnetic resonance imaging and
lesion studies have shown that the prefrontal cortex
(PFC), striatum and amygdala are involved in loss
aversion.*® However, little is known about modula-
tory neurotransmission in this phenomenon. There is

circumstantial evidence that NE may be important for

loss aversion. Gentral NE blockade by propranolol
reduced sensitivity to the magnitude of possible
losses from gambles.” A recent psychophysiological
study demonstrated that arousal is associated with
loss aversion.®? We utilized positron emission tomo-
graphy (PET) scans with (S,S)-[**F]FMeNER-D,
to investigate the relationship between central NET
and loss aversion. A NET-rich region available to PET
imaging with this ligand is the thalamus. The
amygdala and PFC are also innervated by NE, but
relatively low expression of NET prevented reliable
measurement of their NET binding in the current
study. We expected that NET in the thalamus would
mediate loss aversion.

In all, 19 healthy male volunteers participated in
PET scans for quantification of NET in the brain. Brain

radioactivities were measured with scanning from 0
to 90 min, followed by scanning from 120 to 180 min.
The region-of-interest was set on the bilateral
thalamus. NET binding in the thalamus was calcu-
lated by the area-under-the-curve ratio method using
the PMOD software package (PMOD Technologies,
Zurich, Switzerland). An integration interval of
120-180min was used in this method because
specific binding reaches a peak during this period of
PET measurement (Supplementary Information). Loss
aversion parameters were determined outside the PET
scanner. Participants were presented mixed gambles
that had a 50% chance of losing a fixed amount of
X and a 50% chance of gaining Y. The amounts of
possible gain Y to make up for a 50% chance of losing
X were determined by a staircase procedure (Supple-
mentary Information), yielding an estimate of loss
aversion A from Y=21xX. A median of A was 3.01
(range: 0.98-9.98). Mean binding potential of (S,S)-
['®F]FMeNER-D, in the thalamus was 0.57 £0.10.
There was a strong negative correlation between
A and NET binding in the thalamus (Figure 1).

Although NE has been implicated in arousal, recent
studies also suggest that NE affects processing of
salient information.® Neurons of the locus coeruleus
(LC), the major source of NE in the brain, is phasically
evoked by salient or emotional stimuli, and phasic LC
activation also increases NE release in target sites.?
Increasing NE tone by NE reuptake inhibitor improves
detection of emotional stimuli,’ and blockade of
central NE by propranolol attenuates the sensitivity to
the magnitude of possible losses.”

A recent study showed that, on average, physio-
logical arousal response to losses was greater than to
equivalent gains.® This means that losses are more
emotionally laden and salient than equivalent gains.
The study also reported that individuals with greater
arousal response to losses versus gains tend to be
more loss aversive.® Thus, our finding suggests that
individuals with low NET might show an enhanced
effect of NE released by salient stimuli due to low
re-uptake, and consequently show pronounced emo-
tional or arousal response to losses relative to gains.
Due to radioligand limitations, we could not test the
amygdala and PFC, which are innervated by NE and
implicated in loss aversion. Thalamic NET might
be an indirect mediator of the relationship between
NE transmission and loss aversion. It stands to
reason that careful interpretation is needed, and
future investigation will be required. In any event,
we believe that this novel finding could provide new
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ARTICLE INFO ABSTRACT

Cerebral enzyme activity can be quantified using positron emission tomography (PET) in conjunction with a
radiolabeled enzyme substrate. We investigated the relationship between the elimination rate (k) of tracer
metabolites from the brain and the precision of target enzyme activity estimation (ks). An initial simulation
study indicated that the precision of k3 estimates was highly dependent on k., and was characterized by
several kinetic parameters including the ratio of k; and the efflux rate (k,) of authentic tracer (3=key/k;). The
optimal tracer condition for high sensitivity was found to be 3<0.1. To verify the simulation results, we
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Keywords:

po)slitron emission tomography performed a PET study with a single monkey using two PET tracers, N-['®F]ftuoroethylpiperidin-4-ylmethyl
Brain acetate (['®F]JFEP-4MA) and N-[''C]methylpiperidin-4-yl acetate ([''C]MP4A). Both of these substrate type
Enzyme tracers were developed for measuring cerebral acetylcholinesterase activity. There was good retention of the

radioactive metabolite of [''C]MP4A in the brain (k. =0.0036 £ 0.0013 min~!, 3=0.028), whereas that of
['8F]FEP-4MA was eliminated from the brain (k,=0.012+0.0010 min~—', 3=0.085). A non-linear least
square analysis for simultaneous estimation of all parameters showed that the precision of the ks estimate for
[*®F]FEP-4MA was as high (7.4%) as that for [''CJMP4A (10%). These results indicate that tracers with
metabolites that are eliminated from the brain at a slow rate (3<0.1) may be useful for the quantitative

Metabolite elimination
Tracer kinetics
Tracer sensitivity

measurement of target enzyme activity.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Cerebral enzyme activity can be quantified using positron
emission tomography (PET) in conjunction with a radio-labeled
enzyme substrate. Fig. 1 depicts a postulated compartmental model of
a tracer based on the rationale of enzyme-mediated trapping. In this
model, ks represents the enzyme-mediated first-order metabolic rate
of the tracer, and can be estimated by kinetic analysis of the time
activity curve (TAC) in the brain, as measured with PET. N-[''C]
Methylpiperidin-4-y! acetate ([''C]MP4A), an acetylcholinesterase
substrate, has been clinically used for the measurement of cerebral
acetylcholinesterase activity based on this rationale (Shinotoh et al.,
2004).

Abbreviations: PET, positron emission tomography; TAC, time activity curve; MP4A,
N-methylpiperidin-4-yl acetate; FEP-4MA, N-fluoroethylpiperidin-4-ylmethyl acetate;
CV, coefficient of variation; NLS, non-linear least square; TLC, thin layer chromatog-
raphy; PMP, N-methylpiperidin-4-yl propionate; %ID, percentage injected dose.

* Corresponding author at: National Institute of Radiological Sciences, 4-9-1
Anagawa, Inage-ku, Chiba 263-8555, Japan. Fax: + 81 43 206 3261.
E-mail address: kiku@nirs.go.jp (T. Kikuchi).

1053-8119/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2011.02.030
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An effective tracer based on radioactive metabolite trapping must
possess several properties, including a high specificity for the target
enzyme, a moderate metabolic rate, and high blood brain barrier
permeability. In terms of the second property, it has been reported
that the ratio of the metabolic rate (k3) and the efflux rate (k,) of a
given tracer, i.e. a=ks/k, (the kinetic parameter proposed by Lassen
et al., 1988), can affect the reliability of data in static and dynamic
analysis (Fukushi et al., 1993; Koeppe et al., 1994, 1999). In terms of
the third property, it is expected that a high blood brain barrier
permeability of the tracer metabolite is not a desirable quality, unlike
the case for the authentic tracer. The influx of metabolite into the
brain makes it difficult to estimate ks, and the elimination of metabo-
lite from the brain would be expected to reduce the radioactivity in
the brain. Thus, an effective radioactive metabolite should have
hydrophilic properties to limit membrane permeability. However,
even hydrophilic metabolites can be extruded from the brain by an
efflux transporter. N-[''C]Methylhalopurine derivatives, glutathione
S-transferase substrates, are metabolized to form hydrophilic gluta-
thione conjugates (Okamura et al., 2007, 2009). Glutathione con-
jugates are extruded from the brain by an efflux transporter, but
they do not enter the brain from the blood. Similarly, the hydrophilic
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Fig. 1. Two-tissue compartment model with four parameters, for an incomplete trapping
irreversible tracer. It can be seen that uptake of the metabolites of a given tracer from the
arterial plasma to the brain cannot occur. C; and G, represent the concentration of
the authentic and metabolized tracer in the brain, respectively. C, represents the
concentration of the authentic tracer in arterial plasma. Ky, kz, k3 and k,, represent the rate
parameters in the model, corresponding to the influx rate constant, the efflux rate
constant, the metabolic rate constant and the elimination rate constant, respectively.

metabolite of N-['®F]fluoroethylpiperidin-4-ylmethyl acetate (['SF]
FEP-4MA), an acetylcholinesterase substrate, is extruded from the
brain, but does not enter the brain from the blood (Kikuchi et al.,
2010). In addition, the efflux rate of the [''C]MP4A metabolites from
the brain were low but not zero. However, it remains unclear how the
extent of elimination of the tracer metabolites affects the sensitivity
of a tracer for detecting changes in target enzyme activity (i.e. k3
parameter changes).

In this study, we investigated the relationship between the kinetic
properties of tracers in terms of the elimination of tracer metabolites,
in addition to tracer ce-value, and the precision of k3 estimates using a
simulation technique. In addition, we validated our simulation results
with a dynamic PET experiment in a monkey using [''C]MP4A and
['8F]FEP-4MA as model tracers.

Materials and methods
Theoretical basis

General

When the metabolites of a tracer in the blood do not enter the brain,
in contrast to the elimination of the metabolite from the brain, the
kinetics of such a tracer can be described by a two-tissue compartment
model with four parameters (Friberg et al, 1994; Fig. 1). The time-
course of the concentration of total radioactivity in the brain, which is
the sum of authentic and metabolized tracer (C;=C,; + (), is expressed
as:

Kiks —kt = (ky + k)t
R T ks —ky (e e )86 ()

G =K-e e, +
where K; represents the influx rate constant, k, represents the efflux
rate constant, ks represents the metabolic rate constant, k. represents
the elimination rate constant of tracer metabolites, and C, represents
the concentration of an authentic tracer in arterial plasma.

B-value as kinetic parameter

It has been reported that the ratio of the metabolic rate constant
(ks) and efflux rate constant (k;), i.e. a-value, determines the
sensitivity of irreversible tracers (Koeppe et al., 1999). Besides the
tracer a-value, we must consider the kinetic effects of metabolite
elimination on tracer sensitivity, when the metabolite is eliminated
from the brain. The Eq. (1) can be rewritten as follows:

_ 1B otk o ~kat
G =K, (me + e g ®C, )

where, a=ks/ky, B=Kei/ks.
The time-course of concentration of total radioactivity is charac-
terized by two coefficients and two time constants (1/k, + ks and 1/k,).

Both the coefficients can be described by an a- and a 3-value. On the
other hand, the C, may also be characterized by the ratio of the two time
constants, i.e. y-value (= k.i/(k, + ks)). Thus, we considered that the two
kinetic parameters, the 3- and the y-value, of a given tracer would affect
the precision of k3 estimation. However, we mainly focused on the 3-
value, because the optimal 3 condition was found to be more important
than the -y condition in terms of tracer sensitivity. As such, we felt that
the y-value should be dealt with separately (see Supplementary data for
details).

Simulation study

Generation of TACs for simulations

We performed a Monte Carlo simulation study. Noise-free-TACs
for a target were generated using Eq. (1) with the given K, ky, k3
and k,; parameter values and a typical [''C]MP4A plasma input curve
from a healthy human subject (Iyo et al.,, 1997; Namba et al,, 1999).
The dynamic sequence was set as follows: 3x20s, 3x40s, 1x60s,
2x180s,5x360 s, 2x 600 s. Based on a previous report (Logan et al.,
2001), additive noise for simulated TAC was generated by the
following equation:

|G
o;=¢ mx(xx) (3)

where ¢ indicates the scale factor that determines noise level, t;
indicates the mid-scan time, At; indicates the scan duration time, C;
indicates noise-free simulated radioactivity concentration at frame
number i, A indicates the ''C decay constant, and (xx) are pseudo
random numbers from a Gaussian distribution N(0,1). To generate the
TACs for the simulations (simulated TACs), the random noise derived
from Eq. (3) was added to each time point of the noise-free TAC. The
scale factor was adjusted as the coefficient of variation (CV(%)=SD/
mean x 100) of the ks parameter, being approximately 10% when
the ke-value is 0.00001 min™"!, based on data from a previous PET
study using [''CJMP4A in human cortex (Nagatsuka et al., 2001). A
weighted non-linear least square (NLS) analysis using the Marquardt
algorithm (Levenberg, 1944; Marquardt, 1963) was performed to
estimate k3 from a simulated TAC.

Effect of tracer a-value on precision of ks estimation

The simulation study was performed to examine the effect of the
a~value of a given tracer on the precision of a k3 estimate. Simulated
TACs were generated using the values of rate constants, set as follows:
K;=054mLg" "min™', k;=0.13min~ ', based on the previous
human PET study using MP4A (lyo et al, 1997). The k3 parameter
was altered so that the a-value varied from 0.001 to 10 under each 3
condition altered in five levels; 0, 0.00008, 0.08, 0.4 and 0.8 min ™'
(corresponding to k; conditions; 0, 0.00001, 0.01, 0.05 and 0.1 min™ ).
The NLS analysis was performed to estimate four rate constants (K, ko,
ks and k,;) simultaneously from a simulated TAC. These processes were
repeated to obtain over 300 parameter sets under every ke, condition,
and the CV and the bias of the estimated parameters were calculated. In
addition, we performed the same simulation for an irreversible tracer
with the kinetics described by the two-tissue compartment model with
three parameters (Kj, kp and k3).

Precision and bias of ks estimate from simultaneous estimation of four
rate constants

Simulated TACs were generated using the values of rate constants;
Kiy=054mLg™ 'min~ !, k, =0.13 min™ !, k3 = 0.079 min~ ! based on
a previous human PET study for MP4A (lIyo et al., 1997). The ke-value
was altered so that the 3-value was changed from about 0.00008 to
0.8 as described above. The NLS analysis was performed to estimate
simultaneously four rate constants (K, k, k3 and k) from a simulated

129



T. Ohya et al. / Neurolmage 56 (2011) 1105-1110 1107

TAC. The CV of k3 estimation was calculated in the same manner as
described above.

Monkey PET study

[1'C]MP4A, [ '8F]FEP-4MA and the alcoholic metabolite of [ 'SF]FEP-
4MA were prepared as described previously (Namba et al,, 1999;
Kikuchi et al., 2005). Physostigmine was purchased from Sigma-
Aldrich Japan K.K. (Tokyo, Japan). All other chemicals were of reagent
grade or better, and were available commercially.

A male monkey (Macaca mulatta, 20 years old, 7 kg) served as the
subject in this experiment, and was maintained and handled in
accordance with the guidelines of the National Institute of Radiolog-
ical Sciences (NIRS). The present study was approved by the Animal
Ethics Committee of NIRS, Chiba, Japan.

PET scans were performed using a high-resolution SHR-7700 PET
camera (Hamamatsu Photonics, Japan; 31 transaxial slices 3.6 mm
(center-to-center) apart, a 33.1-cm field of view, 111.6-mm axial field
of view, spatial resolution of 2.6 mm full width at half maximum)
designed for laboratory animals. The monkey was fixed on a chair in
an unanesthetized condition throughout the PET session, and was
immobilized with a fixation device to ensure accuracy of reposition-
ing. After transmission scans for attenuation correction using a
58Ge-®8Ga source, a dynamic scan in enhanced 2D mode was perfor-
med for 60 min. A dynamic sequence of 3x20s, 2x30s, 4x60s,
2x 180 s, and 5 x 480 s scans was used. One mL of each tracer solution,
[''C]MP4A (780 MBq) and ['®F|FEP-4MA (330 MBq), was infused via
the crural vein for 1 min. Emission data were reconstructed with a
4,0-mm Hanning filter. Concentrations of radioactivity (%ID/mL) in
the occipital cortex, cerebellum and striatum were measured, and
these corresponded to regions with low, middle and high acetylcho-
linesterase activity, respectively. In the occipital cortex, six regions of
interest (ROIs) were also sampled. To confirm the extent to which
penetration of the alcoholic [ *®F]FEP-4MA metabolite from the blood
to the brain occurred, a dose of the metabolite (230 MBq) was admi-
nistrated to the monkey and the concentration of radioactivity in the
whole brain was determined.

Approximately 0.5 mL of arterial blood was drawn from the artery
cannula into 1 mL heparinized syringes, and the blood samples were
immediately transferred into tubes containing the cholinesterase
inhibitor physostigmine (0.1 mg in 10 yL saline). The blood samples
were drawn at 155, 325, 41, 565, 655, 765, 100s, 120, 144 s,
170s, 1915, 2155, 2455, 280s, 311, 340s, 397s, 457 s, 523 s,
583 s, 642 s, and 1,245 s after starting [''CJMP4A administration,
and 265, 375,505, 575,695,935, 11755, 135, 1595, 191 5, 209 s,
237s,3005s, 367 s, 424 s, 482 s, 541 5, 607 5,901 s, and 1,207 s after
starting ['®F]FEP-4MA administration. Then, 50 uL of plasma samples,
which was obtained by centrifuging the blood sample at 10,000 x g for
10 min, was mixed with 0.1 mL of ethano! and centrifuged at 10,000 x g
for 10 min. A portion of the plasma sample was subjected to thin layer
chromatography (TLC) with a silica-gel plate (silica gel 60 F254; Merck
Ltd., Tokyo, Japan) and a mixture of ethyl acetate:iso-propanol:28%
ammonia (15:5:1 volumes for ["'C][MP4A, 100:10:1 volumes for ['3F]
FEP-4MA) as a developing solvent. The fraction of the authentic
compounds in the plasma sample was detected quantitatively using
radio-TLC analysis (BAS 5000, FUJIFILM Co., Tokyo, Japan). In addition,
radioactivity in 150 oL of each intact plasma sample was measured with
a gamma counter (Wizard; PerkinElmer Co., Ltd. Kanagawa, Japan).

Each rate constant was estimated by NLS analysis in the same
manner as performed for the simulation. The data of authentic tracer
in blood plasma were fitted by a multiexponential function as
previously reported (Namba et al., 1999). The time delay between
PET measurement and arterial plasma measurement was corrected
using a method described by [ida et al. (1988). The blood volume in
the brain was fixed at 3% (Tsukada et al., 1999). Standard errors (SE)
of estimated ks; parameters, uncertainty of the parameter value
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because of fitting error, were calculated using the covariance matrix
(Carson, 1986).

Results
The effect of tracer a-value on the precision of a ks estimate

We investigated how tracer a-value affected ks precision under
different k., conditions. The results revealed that tracer a-value was
one of the critical factors determining ks precision (Fig. 2A), and the
optimal a~value with the maximal precision of ks parameter was
around 0.5. The high precision of k3 estimates was maintained when
the tracer a-value was within a range of approximately 0.2 to 1.0
(optimal « range). The tracer (3-value strongly affected the precision
of the ks estimate (Fig. 2A). The tracer a-value also affected TAC
sensitivity for k3 changes (Fig. 2B). In addition, when the two-tissue
compartment model with three parameters was used in the analysis
(i.e. using an irreversible tracer), the optimal a-value was slightly

- reduced to a lower value (around 0.2) compared with that using the

two-tissue compartment model with four parameters (around 0.5;
Fig. 2A). The precision of the k; estimate in irreversible tracers was
higher than that in incomplete trapping irreversible tracers through-
out the whole & range. The difference between the k; precision of an
irreversible tracer and an incomplete one was decreased with
increases in tracer a-value.

Effect of tracer B-value on precision and bias of estimated k3

The precision of k3 estimates was highly dependent on the 3-value
of a given tracer (Fig. 3A). The precision of ks was primarily
determined by the B-value rather than the k.-value of a given tracer
alone (Supplementary Fig. A), and was drastically decreased when
the B-value was over 0.1 (Fig. 3A, Supplementary Fig. A). The tracer
3-value was also found to be a critical factor in the sensitivity of TAC.
The change in TAC shapes with a 30% decreased k; became larger as
the B-value decreased (Fig. 3B). The change in TAC shapes became
obscure as the B-value increased, especially over around 0.1 of the
B-value (Fig. 3B). The positive bias of the k; estimate was drastically
increased when the tracer 3-value was over approximately 0.4
(Fig. 3A).

Monkey PET study
Fig. 4 shows TACs for both ['®FJFEP-4MA and [''C]MP4A in the

cerebellum, striatum and occipital cortex. The proportion of regional
uptake of both tracers in the three areas was: striatum>cerebellum>

“cortex, indicating the relative acetylcholinesterase activity in the

different regions. The differences in the TAC values for [''C]MP4A at
the later phase in the different regions (Fig. 4B) was larger than those
for ['F]FEP-4MA (Fig, 4A). On the other hand, the radioactivity in the
monkey brain remained low during the observation period when the
alcoholic metabolite of ['*F]FEP-4MA was administrated (Fig. 4A).

Fig. 5 shows TACs for each of ['3F]JFEP-4MA and [''C]MP4A in the
arterial plasma and occipital cortex. Both tracers disappeared from
the arterial blood within 15 min of the injection (Fig. 5A). In the early
phase after intravenous injection, the uptake of ['®FJFEP-4MA into
brain tissue was higher than that of [''C]MP4A (Fig. 5B). For [ '®F]FEP-
4MA, the K; and k.-values were larger than those observed for [''C]
MP4A (Table 1). In particular, the k.-value of [ '®F]JFEP-4MA was more
than three times as large as the ke-value for [!'C]MP4A.

The ke-value for ['SF]JFEP-4MA (0.012 min™!) was relatively low
compared with the kp-values, resulting in a low B-value (=0.085).
The precision of k; parameter was high for ['®F|FEP-4MA (7.4%) and
["'CIMP4A (10%).
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Fig. 2. Dependency of k3 precision (A) and TAC sensitivity for ks change (B) on tracer a-value. (A) The vertical axis represents the coefficient of variation (CV(%)) of k3 parameter and
horizontal represents logarithms of the tracer a-value. In this calculation, K, and k, are constants (K; = 0.54, k, = 0.13). Each plotted line estimated using two-tissue compartment
model with four parameters corresponds to the conditions of tracer 3-values; 0 (bold broken line), 0.00008 (thin solid line), 0.08 (thin dotted line), 0.4 (bold solid line), 0.8 (bold
broken line). The former two graphs are almost same. The bold dotted line corresponds to the curve estimated using two-tissue compartment model with three parameters in the
case of 3= 0. (B) Three pairs of TACs for incomplete trapping irreversible tracer with different a-values (0.01, 0.5, 10) are calculated using Eq. (1) with the same input function and
rate parameter set (K, kz, ks, 3) = (0.54, 0.13, C, 0.08; solid line) or (0.54, 0.13, 0.7 xC, 0.08; broken line). C indicates the ks-value corresponding to each a-value.

Discussion

The present study investigated how the incomplete trapping of
tracer metabolites in a target tissue affects the sensitivity of detecting
the activity of a target enzyme (i.e. the ks parameter), using both
simulations and a monkey PET study. In addition to the a-value, we
used the B-value as kinetic parameter related to the extent of the
elimination of tracer metabolites. The a-value refers to the ratio of
metabolic rate to the efflux rate of authentic tracer, and determines
the sensitivity of an irreversible tracer (Koeppe et al, 1999). In
contrast, the 3-value is the ratio of elimination rate to efflux rate.
Theoretical models predict that the 3-value also affects the precision
of ks estimates: when the tracer 3-value changes to 1, estimation of
the ks parameter becomes impossible. As such, testing this value
involved in the kg-value may help to elucidate the effects of the
elimination of the tracer metabolite on the precision of ks estimates.

In the simulation study, we found that the tracer a-value was still
the critical kinetic parameter for determining k; precision with
incomplete trapping irreversible tracers, and precision became high
when the a-value was within the range of approximately 0.2 to 1.0
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regardless of the tracer 3-value. The optimal range with incomplete
trapping irreversible tracers was found to be slightly higher than that
of irreversible tracers. In addition, the results of the simulation
revealed that the optimal a-value of irreversible tracers was around
0.2, in accord with previous reports that the precision of k3 estimation
is high in irreversible tracers when the a-value is within the range of
0.1-0.3 for [''C|PMP (Koeppe et al, 1999) and 0.14-0.6 for [''C]
clorgyline (Logan et al., 2002). When the a-value of a given tracer was
far from the optimal -value, the TAC of the tracer became insensitive
to ks change. When a tracer a-value is extremely low, the change in
TAC shape corresponding to k; change becomes small, resulting in a k3
estimate with low precision. A decrease of k; precision is also caused
under high « conditions, because the net incorporation of the tracer
with a high a-value into a target tissue will be dependent not on
metabolic rate (ks3), but on a blood flow (K;) (i.e. a delivery limitation
effect).

We conducted a simulation study to investigate how the tracer
B-value (or ke-value) affects ks precision. We found that the precision
of k3 estimates was highly dependent on the k,-value. Specifically,
precision was largely determined by the 3-value of the tracer: when
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Fig. 3. Dependency of precision and bias of k; estimate (A) and dependency of TAC sensitivity for k; change (B) on the 3-value of a tracer. (A) The vertical axis on the left side
represents the CV of the k3 parameter. The vertical axis on the right side represents the ks bias, and the horizontal axis represents logarithms of the 3-value of the tracer. Open circles
indicate ks precision and closed diamonds indicate ks bias. (B) Dependency of TAC sensitivity for k3 change on [3-values of a tracer. Four pairs of TACs for incomplete trapping
irreversible tracer with different 3-values are calculated using Eq. (1) with the same input function and rate parameter set (K, ks, k3) = (0.54, 0.13, 0.079; solid line) or (0.54, 0.13,

0.7 x0.079; broken line) and different 3-values (0, 0.08, 0.2, and 0.8).
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