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Heritable temperament traits have been linked to several neuropsychi-
atric illnesses, including disorders associated with metabotropic gluta-
mate receptor 5 (MGIuR5) and dopaminergic dysfunctions. Considering
its modulating effect on neurotransmission, we hypothesized that
cerebral mGIuR5 availability is associated with temperament traits in
healthy humans. Methods: Forty-four nonsmoking healthy volunteers
(mean age + SD, 40 + 14 y; age range, 22-66 y; 22 women) were
included in this cross-sectional investigation. Brain mGIuR5 availability
was quantified on both a voxel-by-voxel and a volume-of-interest basis
using the total distribution volume of the radioligand '8F-3-fluoro-5-
[(pyridin-3-yl)ethynylloenzonitrile (*8F-FPEB) with 90-min dynamic PET
and arterial input function. Moreover, glutamate—glutamine concentra-
tions in the anterior cingulate cortex were measured using MR spectros-
copy. These measures were related to the temperament traits of the
240-item Cloninger temperament and character inventory using a regres-
sion analysis with age and sex as nuisance variables. Results: High
novelty-seeking temperament was robustly associated with increased
mGIuR5 availability in various regions including the thalamus (- = 0.71;
the strongest association), amygdala, parahippocampus, insula, anterior
and posterior cingulate cortex, and several primary sensory areas (all r >
0.58; P < 0.05, corrected for familywise error). These associations were
specific because no correlations were found with other temperament
scales or with spectroscopic measures of glutamatergic transmission.
Conclusion: Overall, these data posit mGIUR5 in key paralimbic areas
as a strong determinant of the temperament trait novelty seeking. These
data add to our understanding of how brain neurochemistry accounts for
the variation in human behavior and strongly support further research on
mGIuR5 as a potential therapeutic target in neuropsychiatric disorders
associated with abnormal novelty-seeking behaviors.
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The neurobiologic substrates of human personality and behav-
ior remain an important but complex area of neuroscience. More
than 20 y ago, the Cloninger’s theory of personality represented one
of the first attempts to integrate neurotransmitter systems into per-
sonality research (/). This model identified 7 personality traits, that
is, 4 temperaments and 3 characters. Temperaments are thought to
be independently inherited with specific brain circuits and stable
over a lifetime, whereas character dimensions are suggested to form
over time through the interplay of genetic and environmental fac-
tors. Subsequently, genetic determinants of receptor expression and
neuronal function in the normal variation of human behavior have
been validated (2). Several temperament and personality traits, in-
cluding novelty seeking (NS), harm avoidance, and impulsivity,
have been associated with the vulnerability to mental illnesses
(3,4) and have been directly related to receptors and neurotransmis-
sion using functional imaging (5-7). In parallel, dysregulation or
disequilibrium of brain neurotransmitters have repeatedly been
linked to mental diseases. Therefore, a better understanding of neu-
rotransmitter systems and their involvement in personality and be-
havior may subsequently pave the way for improved treatment
strategies for a multitude of neuropsychiatric disorders.

Though temperament research has mainly implicated central
monoaminergic systems, mounting evidence points toward a more
complex neurotransmitter interplay to account for the variation in
human personality (5,6,8). Glutamate is the main excitatory neuro-
transmitter in the brain and is involved in numerous aspects of behav-
ior and cognition. Glutamate concentrations in the anterior cingulate
cortex (ACC) have been associated with personality and behavior
including sensation seeking (8), harm avoidance (9), reward processing
(10), anxiety (/1), impulsivity, and aggression (7). On release, gluta-
mate can bind to metabotropic glutamate receptors (mGIuR) located
pre-, post- and perisynaptically, which are in turn responsible for mod-
ulating the synaptic transmission of glutamate and other neurotransmit-
ters. Hence, exploring specific components of this modulatory system
is an appealing approach to refine our understanding of the biologic
correlates of human behavior. mGIuRS is a Gg/11-protein—coupled
receptor mainly located on postsynaptic terminals where it positively
modulates the N-methyl-p-aspartate receptor by increasing open chan-
nel probability (/2). Moreover, mGluR5-mediated retrograde endocan-
nabinoid signaling reduces presynaptic neurotransmitter release of
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both excitatory and inhibitory terminals (/3). Importantly, mGIuRS is
highly expressed in limbic cortical and subcortical areas receiving
dopaminergic inputs (/4). In rodents, blocking mGIuRS signaling re-
duces anxiety (/5), NS (/6), and addictive behaviors (16,17). Accord-
ingly, the mGluRS has been proposed as an important target for the
treatment of many mental disorders. During the last decade, in vivo
measurement of mGIuRS availability by PET with the radioligand
18F-3-fluoro-5-[(pyridin-3-yl)ethynyl]benzonitrile ('®F-FPEB), a selec-
tive mGluR5-negative allosteric modulator with high affinity (dissoci-
ation constant, 0.05 nmol/L), became possible (/8). However, research
on the involvement of mGIuRS in human personality is lacking.

Here, we assessed the association between brain mGluRS5
availability and the temperament dimensions of the Cloninger’s
psychobiologic theory of personality (/9). Additionally, given the
suggested involvement of ACC glutamate concentrations in per-
sonality and their possible influence on mGluRS5 availability (20),
mGluRS and temperament measures were related to spectroscopic
measures of ACC glutamate—glutamine levels.

MATERIALS AND METHODS

Participants

Forty-four male and female healthy volunteers aged 22-66 y were
recruited through local newspaper and internet advertisements. These
controls are also currently involved in a larger study on the involvement
of mGluRS5 in drug addiction. Nine of these volunteers were previously
included in a study assessing the long-term test—retest reproducibility of
I8F-FPEB (21); only their baseline data were used for this study. Nor-
mal physical and mental health was attested by means of medical
history, clinical evaluation, routine blood and urine laboratory tests,
urine drug screening (Multi Urine Drugcontrol cassette and Cotinine
Card Test; Ultimed Products), neuropsychologic testing, and structural
brain MR imaging. The Mini-International Neuropsychiatric Interview
was used to exclude Diagnostic and Statistical Manual of Mental Dis-
orders 1V psychiatric disorders (22). Exclusion criteria were any abnor-
mal findings on above-mentioned tests; pregnancy; breastfeeding; a
history of psychiatric disorder in the subject or in a first-degree relative;
current use of psychotropic drugs; and current or past history of smok-
ing, illicit drug abuse, and alcohol consumption of more than 7 units per
week. Actual excessive alcohol consumption was further excluded by
the self-report Alcohol Use Disorder Identification Test (23) and by
quantitative ethyl glucuronide scalp hair analysis.

The study was approved by the local Ethics Committee, and all
subjects signed a written informed consent form and received a stipend.

Personality Assessment

Temperament traits were assessed using the validated Dutch version
(24) of the 240-item Cloninger temperament and character inventory
(TCI) (19). The TCI assesses 4 temperament dimensions—NS, harm
avoidance, reward dependence, and persistence—in addition to several
subdimensions of NS (exploratory excitability, impulsiveness, extrava-
gance, and disorderliness), harm avoidance (anticipatory worry, fear of
uncertainty, shyness, and fatigability), and reward dependence (sentimen-
tality, attachment, and dependence). The temperament dimensions of the
Dutch version of the TCI have reasonable to good psychometric internal
consistency (Cronbach’s « range, 0.64-0.87) and include a validation in a
reference sample (n = 1034) (version 1.3; Datec Psychologic Tests).

mGIluR5 PET Imaging

ISF-FPEB was synthetized on-site using the nitro-precursor
obtained from ABX (Advanced Biochemical Compounds). The time
interval between the screening and PET sessions was 22 *+ 23 d (range,
2-78 d). A detailed optimized version of the existing labeling method (25)
will be reported elsewhere. Before imaging, subjects were asked to fast
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for 3 h and to abstain from caffeine and alcohol consumption for at least
12 and 24 h, respectively, and urine drug tests were repeated to ensure
negative results. A venous and a lower radial arterial catheter were placed
in opposite arms for tracer injection and radiometabolite-corrected input
function determination. The method used to obtain the radiometabolite-
corrected input function has been described previously (27). Tracer
parent fractions in plasma were fitted with a sigmoid function. PET
data were acquired on a Biograph 16 HiRez camera (Siemens Inc.).
An attenuation map was obtained by a low-dose (80 kV, 13 mA-s) CT
scan. Dynamic PET acquisition was performed for 90 min after bolus
injection of '8F-FPEB (mean * SD injected activity, specific activity,
and mass were 176.75 * 6.91 MBq, 89.36 * 49.38 MBg/nmol, and
0.53 = 0.04 pg, respectively).

PET data were analyzed using PMOD software (version 3.605; PMOD
Technologies). Regional mGIuRS5 availability was quantified as the '8F-
FPEB total distribution volume (V). To allow efficient voxel-based para-
metric mapping of Vr calculation, the Logan graphical approach was
used (27). For subsequent statistical parametric mapping (SPM) analysis,
V1 parametric images were spatially normalized to the Montreal Neuro-
logic Institute space. Additionally, to corroborate voxel-based findings,
a volume-of-interest (VOI) analysis was performed using the N30R83
Hammers probabilistic atlas (26), allowing for an observer-independent
delineation of neuroanatomical regions. VOI-based Vr values were de-
rived from a reversible 2-tissue-compartment model (/8,27), with and
without application of partial-volume effect correction. The geomet-
ric transfer matrix method described by Rosset et al. (27) was used for
partial-volume correction.

MR Data Acquisition and Processing

MR structural imaging and spectroscopy were obtained in a single
session on a 3-T scanner (Ingenia; Philips). A standard brain T1-weighted
magnetization-prepared rapid gradient-echo sequence (repetition/echo time,
9.6/4.6 ms; flip angle, 8°; voxel size, 0.98 x 0.98 x 1.2 mm) was acquired for
VOs segmentation and coregistration with PET images. Subsequently,
absolute ACC glutamate—glutamine concentrations were derived from
single-voxel proton MR spectroscopy (MRS) using a point-resolved
spectroscopy pulse sequence (repetition/echo time, 2,000/23 ms; receiver
bandwidth, 2 kHz; 128 averages; vector size, 1,024). A 15 X 15 X 15 mm
(3.4 cm®) MRS voxel was placed in the bilateral pregenual ACC (Sup-
plemental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org). Proton MRS spectra were analyzed using jMRUI soft-
ware (http://www.mrui.uab.es/mrui) (28). Data are reported as a ratio to
unsuppressed water signal.

Statistical Analysis

Conventional statistical analyses were performed using Statistica (version
12; Statsoft). Shapiro-Wilk tests were used to test the distribution of var-
iables against normality. Normally distributed data are reported as mean =*
SD and skewed data as median (interquartile range). TCI scores were
transformed to z scores based on the reference sample (n = 1,034). Because
mGluRS is suggested to be involved in normal aging (29) and influenced by
estrogen signaling (30), age and sex were included as nuisance variables in
all analyses. PET data were primarily analyzed on a voxel-by-voxel basis
using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Before-
hand, V1 parametric images were spatially smoothed using a gaussian
kernel of 12 X 12 x 12 mm in full width at half maximum. Four multiple
regression analyses were performed, one for each independent TCI-
temperament main scale. Voxels with a value below 80% of the global
value were discarded. The statistical threshold was set at a P value of
less than 0.05, corrected for familywise error, with a minimal cluster
size of 200 voxels (>1.6 cm?®). Significant clusters were anatomically
labeled and visualized using MRICron (http://www.mccauslandcenter.sc.
edu/mricro/mricron) and xjView toolbox (http://www.alivelearn.net/xjview).
To minimize the chance of type I error, correlations with temperament
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subdimensions were performed only when positive findings were obtained
for the main dimension. Similarly, in the secondary VOI-based analysis,
partial Pearson correlations were assessed only for VOIs corresponding to
brain regions with significant SPM results. To further ensure the robustness
of data to age affects, post hoc analyses using data from volunteers 30 y or
younger and 40 y or older were performed.

RESULTS

Participants

The mean age, body mass index, and years of education of the
study sample (n = 44; 22 women) were 40 = 14y, 24 * 4 kg/m?,
and 16 = 3y, respectively. Four subjects were left-handed, and 40
were right-handed. The median reported alcohol consumption was
1.3 (2.8) units/wk, and the average Alcohol Use Disorder Identi-
fication Test score was 2.2 * 1.6.

TCI Scores

TCI temperament raw scores and z scores are presented in Sup-
plemental Table 1. After Bonferroni adjustment (4 temperament
main dimensions), there were no differences between the study
and reference sample, nor between male and female participants.
This supports the absence of temperament dimensions inclusion
bias. Regarding age, only the NS subdimension exploratory excit-
ability significantly decreased with age (r = —0.35; P = 0.02), but

this did not survive Bonferroni adjustment. We observed no sig-
nificant intercorrelations between the main dimension scores. All
subdimensions correlated positively with their respective main di-
mension (all » > 0.38; P < 0.01).

Brain mGIuR5 Availability

Arterial radiometabolite fraction results are shown in Supplemental
Figure 2. The regional brain mGluRS5 availability of the study sample
was in agreement with the known distribution of mGluRS in humans
(14,31), with highest availability in the ACC, insula, and prefrontal
regions and lowest availability in cerebellum and pons (Supplemental
Fig. 3). There were no significant sex differences in both voxel- and
VOI-based regional binding. We observed a significant decrease in
mGluRS5 availability with age in most brain VOIs, which remained
significant after partial-volume effect correction. After Bonferroni
adjustment (83 VOIs tested; P < 0.0006), this negative association
with age remained significant bilaterally in the post- and precentral
gyri (r = —0.53 and —0.51, respectively), cuneus (r = —0.49), and
inferiolateral temporal lobe (r = —0.51).

Association Between mGIuR5 Availability and
Temperaments

The voxel-based analysis showed a positive correlation between the
trait NS and mGluRS5 availability in several brain clusters (Table 1;
Fig. 1), including mostly symmetric paralimbic and primary

TABLE 1
SPM of Positive Correlation Between mGIuR5 Availability and Temperament Trait NS

Peak voxel MNI

Cluster level Voxel level coordinate Location

Ke P* t score P X y z Anatomic areat Hemisphere BA
7719 <0.001 6.07 <0.001 17 -28 5 Thalamus (pulvinar) Right —
5.71 0.001 -13 -30 3 Thalamus (pulvinar) Left —

5.04 0.005 =25 -28 -19 Parahippocampal and ambient gyri Left 35

4.92 0.007 -17 -8 -23 Amygdala Left 34

1807 0.002 4.65 0.01 45 -4 -9 Insula Right 21
4.53 0.02 43 -20 9 Superior temporal gyrus, posterior part Right 13

4.49 0.02 41 18 -31 Superior temporal gyrus, anterior part Right 38

748 0.009 4.61 0.02 -15 -86 15 Lateral remainder of occipital lobe Left 18
4.51 0.02 7 -76 7 Cuneus Right 17

4.25 0.04 13 -84 21 Cuneus Right 18

231 0.02 4.52 0.02 57 -14 43 Postcentral gyrus Right 3
4.27 0.04 37 -32 59 Postcentral gyrus Right 3

177 0.03 4.44 0.03 -1 -12 43 Posterior cingulate gyrus Left 24
271 0.02 4.39 0.03 -41 -30 52 Postcentral gyrus Left 3
4.28 0.04 -39 -16 52 Precentral gyrus Left 4

120 0.03 4.38 0.03 19 0 -21 Amygdala Right 34
218 0.02 4.37 0.03 11 -52 37 Superior parietal gyrus (precuneus) Right 31
4.21 0.04 -1 -42 35 Posterior cingulate gyrus Left 31

204 0.03 4.32 0.04 -3 42 0 Anterior cingulate gyrus Left 32
4.30 0.04 1 36 16 Anterior cingulate gyrus Right 32

*Corrected for familywise error.
TAccording to Hammers et al. (26).

BA = Brodmann area; Kg = cluster size extent (number of 2 x 2 x 2 mm voxels); MNI = Montreal Neurologic Institute.
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FIGURE 1. Positive correlation between cerebral mGIuR5 availability
("8F-FPEB V) and temperament trait NS. SPM displayed at P height of
P < 0.05 (corrected for familywise error) and cluster size extent greater
than 200 voxels (>1.6 cm3). Clusters were overlaid onto canonical Mon-
treal Neurologic Institute brain template (axial sections in radiologic
orientation, z-coordinate indicated).

sensory areas. The strongest correlations were found in a large
cluster including the bilateral thalamus (peak location in the pul-
vinar) and medial structures of the left temporal lobe. Figure 2
shows most paralimbic clusters along with regression analyses at
local maxima. There were no significant negative associations be-
tween regional mGluRS availability and NS or any significant cor-
relations between mGIuRS and other temperament traits.

Table 2 shows the results of the VOI-based analysis, comple-
menting voxel-based findings. VOI-based data largely confirm the
positive relationship seen in SPM, with some discrepancies regard-
ing the location of highest associations probably reflecting the fact
that VOI-based data do not inform about peak value locations at the
voxel level. Partial-volume effects correction did not affect findings
(Supplemental Table 2), supporting that gray matter volume differ-
ences did not influence results. Within the NS dimension, mGluR5
availability was mainly correlated to the subdimension exploratory
excitability (Supplemental Table 3).

To further substantiate the specificity of the results, we performed
the same analyses on the character dimensions of the TCI, which
revealed no significant mGIuRS associations with any of the scales.
Also, main findings remained when data from volunteers 30 y or
younger or 40 y or older were used, indicating the robustness of
data to age effects (Supplemental Tables 4 and 5).

MRS

Of the 44 MRS spectra, 2 were of too-low quality to allow
reliable quantification and were excluded from the analysis. The
mean glutamate and glutamine concentrations in the subgenual
ACC were 12.82 = 2.36 and 1.57 = 0.90 mmol/L, respectively
(n = 42), consistent with previous reports in healthy humans
(32). Here, MRS-derived ACC glutamate and glutamine (or the
combination of both, that is, Glx) concentrations did not correlate
significantly with personality measures
or with regional mGIuRS5 availability (all
P > 0.15).
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DISCUSSION

Combining molecular imaging with per-
sonality assessments in healthy human adults,
we found a strong positive and specific as-
kK sociation between the temperament trait NS
and mGluRS availability in limbic and para-
limbic areas, as well as in various primary
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NS is a multifaceted construct that reflects
a bias toward intense excitement in response
to novelty, leading to frequent engagement
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in novel and highly emotional experiences,
and extravagance in response to signals of
reward (/,19). Individuals scoring high in
1 NS are excitable, quick-tempered, and im-
' pulsive. Heritability of NS behavior has
been estimated to be 41% (33). Excessive NS
has been consistently linked to several neu-
ropsychiatric disorders, including substance
abuse (4), pathologic gambling (34), and

FIGURE 2. Positive correlation between mGIuR5 availability ('8F-FPEB V) in limbic areas and
temperament trait NS. SPM displayed at P height of P < 0.05 (corrected for familywise error) and
cluster size extent greater than 200 voxels (>1.6 cm?). Clusters were overlaid onto canonical 3-
dimensional-rendered MRI brain template with a cut-out. Linear regression analysis using
extracted Vr values at local maxima is given for each regional cluster (arrows).
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eating disorders (35). Although the role
of dopamine in driving NS behaviors has
been largely confirmed (36-38), the in-
volvement of other neurotransmitter sys-
tems remains scarcely studied.
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TABLE 2
Partial Correlation Coefficients* Between mGIuR5 Availability and Temperament Traits

Novelty Harm Reward

seeking avoidance dependence Persistence

Volume of interest® Hemisphere r P r P r P r P
Thalamus Right 0.59 <0.001 0.00 0.984 0.17 0.291 -0.07 0.650
Left 0.61 <0.001 -0.01 0.942 0.25 0.116 -0.18 0.252
Parahippocampal and ambient gyrus Right 0.66 <0.001 0.07 0.681 0.17 0.277 -0.18 0.262
Left 0.53 <0.001 -0.01 0.932 0.17 0.280 -0.09 0.564
Amygdala Right 0.63 <0.001 -0.02 0.911 0.31 0.049 -0.15 0.358
Left 0.57 <0.001 -0.02 0.882 0.22 0.163 -0.16 0.306
Insula Right 0.60 <0.001 -0.01 0.957 0.21 0.174 -0.12 0.436
Left 0.58 <0.001 -0.08 0.615 0.18 0.256 -0.15 0.329
Anterior cingulate cortex Right 0.53 <0.001 0.09 0.582 0.08 0.608 -0.21 0.183
Left 0.55 <0.001 -0.06 0.687 0.23 0.146 -0.14 0.360
Posterior cingulate cortex Right 0.59 <0.001 -0.09 0.550 0.18 0.247 -0.14 0.381
Left 0.57 <0.001 -0.01 0.932 0.15 0.328 -0.17 0.294
Superior parietal gyrus Right 0.60 <0.001 -0.01 0.940 0.16 0.303 -0.12 0.452
Left 0.57 <0.001 0.02 0.879 0.16 0.298 -0.15 0.352
Cuneus Right 0.59 <0.001 -0.08 0.614 0.25 0.113 -0.09 0.588
Left 0.51 <0.001 0.05 0.714 0.17 0.269 -0.15 0.334

*Controlling for age and sex.
TAccording to Hammers et al. (26).

The present findings suggest that regional mGIuRS availability,
with the thalamus as a core component, is a major modulator of NS
behaviors in humans. A first critical facet of NS is perceptual,
because the response to novel and reward sensory stimuli initially
triggers the behavior. The topography of mGIuRS5/NS associations
includes first-order thalamic nuclei (lateral geniculate, medial
geniculate, and ventral posterior nuclei), representing the first relay
of visual, auditory, and somatosensory information to their re-
spective primary cortex. Remarkably, we also observed mGIuR5—
temperament associations in these primary sensory cortices. These
data suggest that mGIluR5 may modulate NS at the earliest pro-
cessing stages of sensory stimuli, which is in strong agreement
with Cloninger’s view of temperament, that is, preconceptual bias
in perceptual memory and habit formation. A second critical
aspect of NS is emotional, because the urge toward vigorous emo-
tional sensations and quick loss of temper are key features of high
NS. The extensive paralimbic associations observed strongly sup-
port a role for mGluRS in this emotional facet of NS. Mounting
evidence indicates that the thalamus actively modulates cortical
and subcortical responses, aside from passively relaying informa-
tion to the cortex. Here, the strongest associations were found in
the limbic thalamus, including the pulvinar and midline nuclei
(39). These nuclei have dense connections with other paralimbic
structures and are critically involved in inappropriate action in-
hibition and behaviors such as drug seeking and feeding (40).
Previously, an association between the cannabinoid receptor sub-
type 1 in the human amygdala and NS has been reported (6).
Because mGluRS5 interacts with presynaptic cannabinoid receptor
subtype 1 to regulate top-down cognitive control (/3), limbic
mGluR5/cannabinoid signaling interactions could partially ac-
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count for individual differences in NS behavior. In addition to
sensory and emotional aspects, a third critical facet of NS is re-
ward. Here, we did not observe associations between mGluR5 and
NS in core regions of the reward circuitry, that is, the ventral
tegmental area and the ventral striatum. Though this aspect of
NS might primarily be related to dopamine signaling in humans
(36), a recent study found that specific inactivation of mGluRS
signaling in D1-dopaminoceptive neurons abolishes NS behaviors
in rodents (/6), still suggesting that some dopaminergic—glutamatergic
interactions are involved in NS behaviors. Lastly, the insula is a
paralimbic region critically involved in determining the emotional—
motivational salience of various somatosensory stimuli (47), a key
aspect of NS. High NS personality has been associated with in-
creased metabolic activity in the right insula (42), and the role of
the insula in relating risk prediction to NS behavior has been
documented (43). Given that mGluR5 modulates synaptic tra-
nsmission, a glutamatergic basis of these associations can be
hypothesized.

Here, we found a negative association between mGIuRS
availability and age in most brain regions, supporting the proposed
involvement of this receptor in normal aging (29). This contrasts
with the absence of age dependency recently reported using ''C-
ABP688, another mGluRS tracer (31). This discrepancy could be
explained by the higher affinity and signal-to-noise ratio of '3F-
FPEB for mGIuRS5 (/8). Interestingly, the present findings were
mostly driven by the NS subdimension exploratory excitability (a
concept close to sensation seeking), which also showed a negative
association with age. As our inclination toward thrill-seeking be-
haviors is higher during young adulthood than at older ages, it is
tempting to suggest a role for mGluRS in this observation.
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Finally, we found no relationship between MRS-proxy mea-
sures of glutamate transmission in the ACC and temperaments.
This contrasts with previous studies in which ACC glutamate
levels have been associated positively with sensation seeking (8)
and negatively with harm avoidance (9). Possible explanations for
these discrepancies include for the former a difference in MRS-
VOI location (pregenual vs. dorsal ACC) and in the behavior
construct measured (novelty vs. sensation seeking), and for both
studies a difference in data processing.

Some limitations to the present study should be mentioned. First,
the study sample size was relatively small, though large enough
to draw robust conclusions. Second, because of the absence of a
reference region devoid of mGluRS in the human brain (/4), direct
estimation of specific radiotracer binding (i.e., the nondisplaceable
binding potential) is not possible. Indirect nondisplaceable binding
potential estimation from kinetic modeling is challenging and must
be validated by earlier blocking studies, which are lacking for '8F-
FPEB. Therefore, V1, including both specific and nonspecific binding,
was used. Vr values were consistent with the known distribu-
tion of mGIuRS in humans, and the reliability of this parameter has
been demonstrated (18,21), supporting its validity to quantify
mGluRS5 availability. Third, as suggested for another allosteric
mGluRS PET tracer (20), variation in extracellular glutamate levels
could have affected findings. Here, we found no significant corre-
lations between ACC glutamate/glutamine levels and tracer bind-
ing. However, this does not exclude that mGluRS availability might
be influenced by glutamate levels in other brain areas or by larger
changes in metabolite concentrations. Fourth, given the known ef-
fect of age on both NS and cortical atrophy, age might have con-
founded our results. To prevent this possibility, age was used as
nuisance variable in all analyses. Moreover, results were confirmed
using both partial-volume effect—corrected PET values and post hoc
analyses with data from volunteers 30 y or younger or 40 y or older,
supporting the robustness of data to age effects. Also, given the
influence of estrogens on mGluRS and dopamine signaling, a sub-
group analysis based on menopausal status would have been in-
formative but was not performed because only 5 women entered
menopause at inclusion time. Finally, given the heritable component
of NS, the effect of mGIuRS polymorphisms on mGIuRS5 availabil-
ity would be interesting to address in future studies.

CONCLUSION

We found that high NS temperament is robustly associated with
high mGIuRS5 availability in key limbic and primary sensory brain
areas, with thalamic mGIluRS5 explaining up to 50% of the NS
variance in the sample. These findings add to our understanding of
the complex neurobiologic correlates of human personality by
suggesting, beyond the established role of various monoamine
systems, involvement of the modulatory glutamatergic system.
Intensified investigation of the link between mGIluRS and NS is
strongly supported, especially in light of the known role of
mGluRS in addiction and other disorders associated with high NS
temperament.
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