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Midbrain Dopamine Receptor Availability Is Inversely
Associated with Novelty-Seeking Traits in Humans
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Novelty-seeking personality traits are a major risk factor for the development of drug abuse and other unsafe behaviors. Rodent models
of temperament indicate that high novelty responding is associated with decreased inhibitory autoreceptor control of midbrain dopa-
mine neurons. It has been speculated that individual differences in dopamine functioning also underlie the personality trait of novelty
seeking in humans. However, differences in the dopamine system of rodents and humans, as well as the methods for assessing novelty
responding/seeking across species leave unclear to what extent the animal models inform our understanding of human personality. In the
present study we examined the correlation between novelty-seeking traits in humans and D,-like (D,/D;) receptor availability in the
substantia nigra/ventral tegmental area. Based on the rodent literature we predicted that novelty seeking would be characterized by
lowered levels of D,-like (auto)receptor availability in the midbrain. Thirty-four healthy adults (18 men, 16 women) completed the
Tridimensional Personality Questionnaire-Novelty-Seeking Scale and PET scanning with the D,/D; ligand [ '®F]fallypride. Novelty-
Seeking personality traits were inversely associated with D,-like receptor availability in the ventral midbrain, an effect that remained
significant after controlling for age. We speculate that the lower midbrain (auto)receptor availability seen in high novelty seekers leads to

accentuated dopaminergic responses to novelty and other conditions that induce dopamine release.
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Introduction
The personality trait of novelty seeking taps the extent to which a
person responds to novel stimuli or situations with exploratory
activity and positive excitement (Cloninger, 1986). The trait is
among the best predictors of drug use and other risky behaviors
(Howard et al., 1997). Rodent studies provide a parallel to human
novelty seeking, in that rodents who show higher motor re-
sponses to novel environments are more vulnerable to develop-
ing self administration of psychostimulants (Piazza et al., 1989).
Neuropharmacological studies indicate that high novelty respon-
sive rodents possess higher basal and stimulated extracellular do-
pamine (DA) levels in the nucleus accumbens compared with low
novelty responders (Bradberry et al., 1991; Piazza et al., 1991a;
Hooks et al., 1992). This heightened DA release appears to be at
least partially a consequence of weakened autoreceptor control of
midbrain DA producing neurons, in that high novelty respond-
ing rodents show reduced D, receptor-induced (presumably au-
toreceptor mediated) inhibition of DA firing (Marinelli and
White, 2000).

Within the DA midbrain, somatodendritic D,-like autorecep-
tors provide inhibitory regulation of DA neuron firing (Aghaja-
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nian and Bunney, 1977; White and Wang, 1984; Lacey et al., 1987;
Mercuri et al., 1992). Somatodendritic autoreceptors influence
both the local somatodendritic release of DA as well as DA release
from axon terminal regions, with the relative strength of these
effects varying depending on the DA cell group and terminal
region (Maidment and Marsden, 1985; Westerink et al., 1996;
Cragg and Greenfield, 1997; Chen and Pan, 2000; Adell and Ar-
tigas, 2004). D,-short receptors are the most abundant autore-
ceptor subtype in the midbrain (Sesack et al., 1994; Khan et al.,
1998), and provide potent inhibition of DA release (Mercuri et
al., 1997). Somatodendritic D5 receptors (Diaz et al., 2000) have
also been observed to play an autoreceptor function (Levant,
1997; Tepper et al., 1997), but are less abundant (Tepper et al.,
1997; Gurevich and Joyce, 1999) and provide a more limited
regulatory influence than D, autoreceptors (Millan et al., 2000;
Sokoloff et al., 2006). A smaller fraction of D,-like receptors also
localize to glutamatergic inputs to DA neurons (Pickel et al.,
2002), providing an additional route through which midbrain
D,-like receptors can apply inhibitory regulation of DA cells
(Koga and Momiyama, 2000).

It has been speculated that individual differences in DA func-
tioning may also underlie the personality trait of novelty seeking
in humans (Dellu et al., 1996). However, there are substantial
species differences in the DA system of rodents and humans
(Berger et al., 1991; Frankle et al., 2006). Moreover, it is unclear
whether animal models that assess responses to inescapable nov-
elty are homologous to self-reported novelty seeking in humans.
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Figure1. ["FlFallypride BPyp inthe DAmidbrain of an individual subject. A, The two peaks (marked by arrows) correspond to
the SN. Higher BP; levels can also be seen in the medial temporal lobe, and the basal forebrain. B, A blowup of the DA midbrain
region in the same subject. Significant BP, levels can also be seen in the colliculus at the bottom of the figure. The color scale

moves from purple (low: BPy, = 0.50), to yellow (high: BPy, > 4.0).

To determine the translational ability of animal models to inform
the neuropharmacological substrates of human personality, we
tested whether individual differences in self-reported novelty
seeking are related to D,-like binding potential (BPy; an index
of nondisplaceable receptor availability) in the midbrain of
healthy humans. Given that D,-like BPy, in the midbrain heavily
reflects autoreceptor control of DA neurons, we speculated that
novelty-seeking traits would be inversely related to D,-like BPy,
in the midbrain.

Materials and Methods

Participants. Thirty-four neurologically and psychiatrically healthy right-
handed adult participants (mean age = 23.4, range 18-38; 18 men, 16
women) completed the study. All participants provided written in-
formed consent approved by the Vanderbilt University Institutional Re-
view Board. Before admission in the PET phase of the study all partici-
pants were given a physical exam to assess for contraindications for study
participation. Subjects completed a psychiatric interview (Structured
Clinical Interview for DSM-IV) (First et al., 1997) to rule out Axis I
psychiatric history. Participants were also excluded if they had taken
psychostimulants on more than two occasions. Participants were also
excluded if they met criteria for nicotine dependence, or were daily cig-
arette smokers.

Novelty-Seeking Scale. All participants completed the Novelty-Seeking
Scale from the Tridimensional Personality Questionnaire (Cloninger,
1987a). Cloninger developed the Novelty-Seeking Scale to assess a hy-
pothesized “heritable tendency toward intense exhilaration or excite-
ment in response to novel stimuli or cues for potential rewards or poten-
tial relief of punishment, which leads to frequent exploratory activity in
pursuit of potential rewards as well as active avoidance of monotony and
potential punishment” (Cloninger, 1987b). The scale contains 34 true-
false questions, distributed across four subscales: NS1: exploratory excit-
ability (vs stoic rigidity), which taps the preference for and response to
novelty; NS2: impulsiveness (vs reflection), which taps the speed of de-
cision making; NS3: extravagance (vs reserve), which taps the persons
readiness to freely spend money; and NS4: disorderliness (vs regimenta-
tion), which taps the extent to which the person is spontaneous and
unconstrained by rules and regulations. The questionnaire is scored so
that higher scores reflect greater novelty seeking.

Magnetic resonance imaging scanning. Magnetic resonance imaging
(MRI) scans of the brain were performed using thin section inversion
prepared T1-weighted spoiled gradient recalled sequences [IR SPGR,
echo time (TE) = 3.6, repetition time (TR) = 19, TI = 400, 24 cm field of
view] in the sagittal (slice thickness 1.2 mm) and coronal (slice thickness
1.4 mm) planes. In addition, fast spin echo axial spin density weighted
(TE = 19, TR = 5000, 3 mm thick) and T2-weighted (TE = 106, TR =
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5000, 3 mm thick) slices were obtained to en-
sure that participants did not have any struc-
tural abnormalities.

Positron emission tomography scanning. D,-
like receptor availability was measured with
positron emission tomography (PET) and the
high affinity D,/D; radioligand [ '*F]fallypride.
PET imaging was completed on a GE Discovery
LS PET scanner (General Electric). Subjects
were positioned in the scanner to allow axial
slice collection parallel to the orbitomedial
plane with both the superior edge of the cingu-
late and the inferior temporal cortices within
the field of view. [ '*F]Fallypride (5 mCi, spe-
cific activity >2000 Ci/mmol) was then injected
over a 30 s period through an indwelling cathe-
ter. Serial scans of increasing duration were per-
formed during the first hour following radio-
tracer injection. After a 15-20 min break, a
second set of scans was collected over the next
50 min. A second 20-30 min break was given,
followed by a third set of scans lasting 50 min.
The extended scanning time allowed for stable
kinetic model fits in both extrastriatal and striatal brain regions. A mea-
sured attenuation correction was performed using rotating rods of **G/
8Ga before each set of scans.

The GE Discovery LS scanner used in this study has an axial resolution
of 4 mm and in plane resolution of 4.5-5.5 mm full-width half-
maximum (FWHM) at the center of the field of view. This resolution
allows visualization of [ **F]fallypride BPy, in the substantia nigra (SN)/
ventral tegmental area (VTA) [see Kessler et al. (1984), for a discussion of
the spatial resolution requirements for detecting activity in the SNJ. Fig-
ure 1 displays an example of midbrain D,-like binding in a single partic-
ipant. In all participants, [ '®F]fallypride BPy, peaks can be seen in the
SN. However, the FWHM does not provide an ability to clearly distin-
guish between different DA cell populations, preventing a clear parcella-
tion of the VTA from the neighboring SN, which possesses higher levels
of D,-like receptors. Previous studies have demonstrated good intersub-
ject and intratest-retest reliability for measurement of [ '®F]fallypride
BP, for the DA midbrain at this scanner resolution (Mukherjee et al.,
2002; Riccardi et al., 2006). [ '®F]fallypride binds with high affinity to
both presynaptic and postsynaptic D,-like receptors (Mukherjee et al.,
1999). However, because DA receptor expression in the midbrain is
dominated by the D,-short receptor subtype (Khan et al., 1998), variance
in [ '®F]fallypride BP within the midbrain is presumed to be driven by
individual differences in the D,-short autoreceptors.

Data analysis. To minimize potential modeling errors due to head
motion, serial PET scans were coregistered using a mutual information
based rigid body algorithm (Wells et al., 1996; Maes et al., 1997). Para-
metric images of BPy, were calculated using the full reference region
method (Lammertsma et al., 1996) with the cerebellum serving as the
reference region. Although the cerebellum has low levels of D, receptors
(Hurley et al., 2003), they have minimal impact on estimates of [ '*F]fal-
lypride BPy, (Kessler et al., 2000). More importantly, the correspon-
dence between BPy, estimates derived from cerebellar reference region
and Logan plots (using a metabolite corrected plasma input function)
indicate an extremely high correlation (r > 0.99) in multiple brain re-
gions (Kessler et al., 2000), indicating that the use of the cerebellar refer-
ence region does not introduce any significant error in the relative BPy,
levels of different brain regions.

Each participant’s BPy, image was aligned with their T1-weighted
MRI based on the coregistration of the weighted average of the PET
dynamic scans to the MRI using a mutual information based rigid body
algorithm (Wells et al., 1996; Maes et al., 1997), Each subject’s structural
MRI and BPy, image was warped into a common stereotactic space
based on a nonrigid body coregistration of a composite PET/MRI image
to a template PET/MRI (Rohde et al., 2003). To determine the success of
the coregistration in the midbrain, we manually labeled several land-
marks around the midbrain, including the posterior edge of the right and
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left inferior colliculus, the anterior-most point of the right and left cere-
bral peduncle and the interpeduncular fossa at z = — 10, and the inferior-
most point of the supramammillary commissure. Of the 34 subjects, 33
showed excellent midbrain coregistration, with no tag varying by >2 mm
in any direction from the mean coordinate of the tag (across these 33
subjects, the mean distance in any direction from the average tag was <1
mm for every tag examined). Given the spatial resolution of the PET
images, this degree of misregistration is at the subvoxel level, and will
have negligible impact on the results. The final participant showed
greater evidence of misregistration, particularly in terms of the colliculus
tags. We attempted to correct this using the FSL-FLIRT program (Jen-
kinson et al. 2002) with weighting placed on a midbrain mask, but the
realigned image still showed evidence of misregistration. Given that a
linear registration specific to the brainstem could not correct the align-
ment issues, we excluded this subject from the final analysis. All primary
analyses are therefore reported based on 33 participants, although all
reported results remained statistically significant when this participant
was included.

Both simple (Pearson product moment) and partial correlations were
calculated independently for each voxel of the spatially normalized BP
images using custom software that implemented the analyses according
to the formulas provided by Zar (1999). Because the BP, images are
inherently smooth relative to the size of the structure of interest, no
additional spatial filtering was performed before analysis. Cluster sizes
were calculated as all contiguous voxels exceeding a magnitude threshold
of p < 0.05 (uncorrected). For the DA midbrain region, we required an
extent threshold of 15 voxels. This extent threshold was based on the
measured FWHM maximum (from residuals of BP, images) within the
DA midbrain region, and a search region of ~30 X 18 X 14 mm (the
search area followed the contours of the midbrain). The extent threshold
of 15 voxels achieves a cluster size significance threshold of p < 0.05 as
calculated by Monte Carlo simulation (1000 iterations) using AlphaSim
(http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf). For ex-
ploratory analysis of the remainder of the brain, an extent threshold of 72
voxels was required for significance, based on AlphaSim calculations
with p = 0.05, the mean FWHM throughout the brain and inclusion of all
voxels with a mean BP, = 0.40. Studies examining voxelwise correla-
tions between personality traits and neuroimaging data must perform a
correction to deal with the problem of multiple comparisons. As de-
scribed above, for our primary analyses we have emphasized spatial ex-
tent criterion to limit the risk of false positive results. This approach
allows leniency in terms of effect size (consistent with the typically mod-
est to moderate size of correlations between personality scales and other
measures), but limits the ability to detect small volume associations. An
alternative approach to correcting for multiple comparisons is to adjust
the p value associated with the magnitude of the effect. To obtain cor-
rected p values, we converted r-values to Z-scores, and determined sig-
nificance levels using the ptoz script in FSL (Smith et al. 2004) after
determining that the midbrain search region had 23 resolution elements.
Except where specifically noted, uncorrected p values are reported.

Results

Voxelwise correlation analysis revealed a significant inverse asso-
ciation between Total Novelty-Seeking Scores and [ '*F]fallyp-
ride BPy, in the DA midbrain bilaterally (total extent = 89 vox-
els, average correlation for entire cluster, r = —0.44, p < 0.01).
The peak correlational focus localized to the right SN/VTA region
at Talairach coordinates x = 4.5,y = —22,z = —14.5,r =—0.68,
p < 0.00005 (Fig. 2), with a smaller peak occurring in the left SN
(x=—13,y=—25,z=—11r= —0.53,p < 0.005). Because both
DA receptor levels and novelty-seeking traits decline with age, we
performed a partial correlation analysis controlling for age. Con-
trolling for age had minimal effect on the results (total extent =
71 voxels, average correlation for entire cluster, r = —0.43, p <
0.05). The peak correlations emerged at identical coordinates,
and remained highly significant (right, r = —0.64, p = 0.0001, left
r= —0.51, p < 0.005). If a more stringent criteria for effect size
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magnitude is applied, with p values corrected for number of res-
olution elements in the search region, the peak right SN/VTA
focus remains significant in both the original analysis
(Peorrectedy < 0.005) and the age-corrected data (Pcorrected) <
0.01), while the left SN/VTA shows a statistically significant
trend.

We additionally analyzed whether gender influenced the as-
sociation between DA midbrain BPy, and novelty seeking (as
assessed by the interaction between gender and midbrain BP, in
predicting novelty score). These analyses indicated that there was
no influence of gender on the relation between novelty seeking
and midbrain BPy,. The pattern of correlations that emerged
from analysis of the Total Novelty-Seeking Scale was quite spe-
cific and did not reflect a global pattern of lowered levels of D,-
like receptors throughout the brain. No other areas of the brain
showed correlations of the magnitude or extent of the midbrain.
Indeed, only three other areas of the brain reached the a priori 15
voxel threshold after correction for age (an inverse partial corre-
lation in the right thalamus, centered at x = 22,y = =25z = 12,
peak r = —0.51, p < 0.005, a positive association in the right
parahippocampal gyrus, x = 33, y = —18,z = —26, peak r =
0.54, p < 0.005, and a positive association in the anterior cingu-
late bilaterally, peak x = —4,y = 7,z = 28.5 r = 0.48, p < 0.05),
but none survived a whole brain correction for extent.

To determine whether the individual Novelty-Seeking sub-
scales were related to [ '*F]fallypride BPyp, in the midbrain, we
performed post hoc voxelwise correlational analyses with each
subscale. All 4 subscales of the Novelty-Seeking Scale showed at
least moderate negative correlations with the DA midbrain re-
gion, but none exceeded the magnitude or extent produced by
analysis of total Novelty-Seeking Score. At least 15 voxels show-
ing significance at p < 0.05 were present for each subscale (addi-
tional exploratory analyses of the Novelty-Seeking subscales are
described in online supplemental materials, available at
WWW.jneurosci.org).

Discussion

The present data indicate that novelty-seeking personality traits
in humans are associated with reduced D,-like receptor availabil-
ity in the SN/VTA. Because midbrain D,-like receptors are dom-
inated by somatodendritic autoreceptors, these results suggest a
specific inverse relationship between novelty-seeking traits and
autoreceptor availability. This observation converges with find-
ings of reduced autoinhibition in high novelty responsive rodents
(Marinelli and White, 2000).

Because the DA autoreceptor is a potent regulator of the abil-
ity of DA cells to fire (Aghajanian and Bunney, 1977; Lacey et al.,
1987; Mercuri et al., 1992, 1997; Adell and Artigas, 2004) individ-
ual differences in this autoinhibitory control mechanism would
be expected to lead to substantial differences in the impulse prop-
erties of DA neurons, and hence DA release. Indeed, in rodents
there is an inverse correlation between DA cell firing rates and the
extent to which this activity can be suppressed by local applica-
tion of DA (White and Wang, 1984; Marinelli and White, 2000).
High novelty responsive rodents show substantially more fre-
quent and longer-lasting DA bursting activity than low respon-
sive rodents (Marinelli and White, 2000), which may in turn
explain the greater levels of basal striatal DA release observed in
high novelty responsive rodents (Bradberry et al., 1991; Piazza et
al., 1991a; Hooks et al., 1992; Rougé-Pont et al., 1993, 1998) (Fig.
3). In addition to providing acute negative feedback on stimu-
lated firing, recent studies of cultured rodent DA neurons sug-
gests that D,-like autoreceptors influence the pacemaker activity



Zald et al. @ Novelty Seeking and Dopamine

J. Neurosci., December 31, 2008 - 28(53):14372—14378 « 14375

b [\
o h
1 1

Novelty Seeking Total
n

10+

2= 46

Figure 2.

75 1.0 125 15 175 2.0
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Inverse correlation between [ "®Flfallypride BP,,, in the DA midbrain and total Novelty-Seeking Score. A shows a sagittal slice through the right SN. B provides a scatter plot of each

participant's Total Novelty Score and [ "®Flfallypride BP,,; at the peak coordinate. C displays a series of axial slices through the midbrain ranging from az of —10 to —19.In 4 and C, the parametric
maps were thresholded to only show voxels with correlations that exceed the p << 0.05 level (uncorrected) for magnitude, with areas in red exceeding r = —0.50. R, Right; L, left.

of DA cells over longer time courses, such that individuals with
lower autoreceptor control may have a greater ratio of burst firing
to tonic activity (Hahn et al., 2006).

The specific role of DA autoreceptor regulation in influencing
novelty-seeking behavior likely reflects the privileged ability of
novel stimuli to trigger SN/VTA firing (Ljungberg et al., 1992).
Three recent functional MRI studies observed blood oxygen
level-dependent (BOLD) responses in the SN/VTA region when
healthy humans anticipated or viewed novel pictures or associa-
tions (Schott et al., 2004; Bunzeck and Diizel, 2006; Wittmann et
al., 2007). Presumably this reflects a burst of DA cell firing in
response to novelty. Kakade and Dayan (2002) suggest that this

type of novelty-induced phasic firing of DA neurons provides a
motivating “exploration bonus” that encourages exploration of
stimuli or environments. Based on our current data, individuals
with lower autoreceptor levels would be predicted to have a
greater “exploration bonus” than those with higher autoreceptor
levels.

Increasing data in both human and nonhuman primates in-
dicate that midbrain DA neurons fire in response to predictive
reward cues and unpredicted, or underpredicted, rewards
(Schultz and Dickinson, 2000; O’Doherty et al., 2002; Bayer and
Glimcher, 2005; D’Ardenne et al., 2008; Murray et al., 2008). As a
major target of VTA projections, the ventral striatum similarly
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shows increased activity in conjunction
with reward cues and positive prediction
errors (Berns et al., 2001; O’Doherty et al.,
2002; Pagnoni et al., 2002; Knutson and
Adcock, 2005; Abler et al., 2006; Yacubian
etal., 2006). Indeed, the magnitude of stri-
atal BOLD responses linked to prediction
errors is modulated by statewise manipu-
lations of DA (Pessiglione et al., 2006).
Given the present data on novelty seeking
and DA autoregulation, it follows that
high novelty seekers will have enhanced
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High Novelty Seeker - Low Autoreceptor Control

Somatodendritic °
Autoreceptors

striatal responses during conditions that
release DA. Consistent with this hypothe-
sis, Abler et al. (2006) recently demon-
strated that individuals scoring high on the
exploratory excitability subscale (NSI)
show greater ventral striatal BOLD re-
sponses than low scorers when exposed to
positive prediction errors. Thus, differ-
ences in autoregulation may lead not only
to differential responses to novelty, but to
abroad array of motivational and learning
processes that depend on DA.

The correlation between novelty-
seeking personality traits and autoreceptor
functioning may also contribute to the in-
creased addiction vulnerability of high
novelty seekers. In rodents, high novelty
responders show increased DA release in
response to psychostimulants (Hooks et
al., 1991, 1992). While the relationship between DA midbrain
BPyp, for [ '®F]fallypride and responsiveness to psychostimulants
in humans is currently unknown, several studies have reported a
relationship between novelty seeking and responses to amphet-
amine, with high novelty seekers showing enhanced subjective
and psychophysiological response to D-amphetamine (Sax and
Strakowski, 1998; Hutchison et al., 1999). Similarly, Leyton et al.
(2002) reported a correlation between Novelty Seeking and the
amount of amphetamine-induced DA release (measured by
[*'C]raclopride displacement) in the ventral striatum in a small
sample of healthy human subjects. Boileau et al. (2006) further
indicate that novelty seeking predicts the degree to which sensi-
tization develops with repeated doses of amphetamine. Both of
these findings may be a direct consequence of the lowered auto-
receptor control associated with novelty seeking.

The present data leave open the question of why there is lower
midbrain D,-like receptor availability in high novelty-seeking in-
dividuals. The answer to this question has a direct bearing on our
interpretation of the functional consequences of lowered D,-like
BPy\p- One possibility is that there is a lowered ratio of autore-
ceptors to DA neurons, such that there is less autoreceptor con-
trol for each DA neuron. This would be directly consistent with
the animal models. However, there are two other possible expla-
nations that would be inconsistent with the animal data, but
nevertheless warrant consideration. First, lowered autoreceptor
availability could arise if the ratio of autoreceptors to DA neurons
is normal, but high novelty seekers have fewer DA neurons. This
would lead to an overall lowering of DA functioning, rather than
reduced autoreceptor control. However, this is inconsistent with
data indicating that Parkinson’s patients (who suffer from reduc-
tions in DA neurons) have lowered novelty-seeking personality
traits (Menza et al., 1993; Fujii et al., 2000). Furthermore, a hy-

Figure 3.

Activated
Autoreceptor

Model of autoreceptor control and individual differences in novelty seeking. Because of their lower number of
available somatodendritic autoreceptors, local somatodendritic release of DA in the SN/VTA produces less autoinhibition of DA cell
firing in high novelty seekers relative to low novelty seekers. As a consequence, high novelty seekers release more DA in axon
target regions when stimulated by novelty or other conditions that cause midbrain DA cells to fire.

pothesis of lowered DA neuron density is inconsistent with the
rodent literature indicating that high novelty responders have
elevated levels of extracellular DA in the striatum (Bradberry et
al., 1991; Piazza et al., 1991a; Hooks et al., 1992). A second pos-
sibility is that the lowered autoreceptor availability in high nov-
elty seekers results from individual differences in endogenous DA
levels. [ '®F]Fallypride BP in the midbrain is influenced by endog-
enous DA levels, such that increases in extracellular DA levels
lead to lower [ '®F]fallypride BPy, and decreases in extracellular
DA levels increase ['®F]fallypride BPyp (Riccardi et al., 2006,
2008). Could the high novelty seekers have lowered autoreceptor
availability because they have heightened endogenous extracellu-
lar DA levels in the midbrain, leading to greater occupation of
their autoreceptors? Although possible, this seems unlikely as a
singular explanation. Variability in the SN's BP, across subjects
is larger than the amount of change in BP, induced by pharma-
cologic manipulations that substantially alter extrasynaptic DA
levels (Riccardi et al., 2006, 2008). Moreover, despite their sensi-
tivity to endogenous DA levels, the majority of the variance in
BPyp levels across individuals remains constant during these
pharmacologic manipulations. For instance, reanalysis of the re-
gion of interest data from the study by Riccardi et al. (2008), in
which endogenous DA levels were lowered with a-methyl-para-
tyrosine, indicates that >75% of the variance in SN BP, in the
depleted state was explained by the BP, in the undepleted state.
This means that at least in psychiatrically healthy participants,
relative levels of available midbrain autoreceptors remain reason-
ably constant even in the face of pharmacologic manipulations
that alter extrasynaptic DA levels. Thus, it seems unlikely that the
large variability in [ '*F]fallypride BPyy, across subjects could be
explained solely based on tonic extracellular levels of DA.

Two additional methodological issues warrant attention in
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considering the present results. First, PET studies in humans are
limited by spatial resolution, which makes it difficult to specify
the extent of VTA versus SN involvement. The focus of the ani-
mal literature has naturally been on the VTA given its projections
to the ventral striatum. However, individual differences in auto-
regulatory factors may impact both the VTA and SN (see discus-
sion in supplemental online materials, available at www.
jneurosci.org). Thus, even with higher spatial resolution it is not
clear whether the correlated region would be restricted to the
VTA. Second, the extent to which the results reflect D,, D5, or
both receptor subtypes is unknown. Although Dj; receptors are
less prevalent than D, receptors, a recent study found reduced D5
receptor functioning in the midbrain of high novelty responsive
rodents (Pritchard et al., 2006). Unfortunately, more specific ra-
dioligands would be needed to distinguish the relative contribu-
tions of D, and Dj receptors to novelty seeking in humans.

In summary, the present data show a striking convergence
between rodents and humans in the relationship between mid-
brain autoregulatory factors and novelty related temperamental
traits. This convergence emerged despite the fact that we assessed
novelty seeking through a self-report measure that taps prefer-
ences for novelty, whereas the rodent studies typically measure
responses to inescapable novel environments. This is a critical
difference in that responses to inescapable novelty are not highly
correlated with actual preferences for novelty in rodents (Klebaur
etal., 2001; Cain et al., 2004; Zhu et al., 2007) and may relate to a
corticosterone-mediated stress response (Piazza et al., 1991b;
Rougé-Pont et al., 1998). We speculate that DA autoregulatory
factors influence multiple aspects of how organisms respond to
novelty and reward, and that individual differences in these fac-
tors are manifest in overlapping, albeit nonidentical, tempera-
mental traits across species.
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