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Abstract

Purpose Dopaminergic neurotransmission in the ventral
striatum may interact with limbic processing of affective
stimuli, whereas dorsal striatal dopaminergic neurotrans-
mission can affect habitual processing of emotionally
salient stimuli in the pre-frontal cortex. We investigated
the dopaminergic neurotransmission in the ventral and
dorsal striatum with respect to central processing of
affective stimuli in healthy subjects.

Methods Subjects were investigated with positron emission
tomography and ['*F]DOPA for measurements of dopamine
synthesis capacity and ['*F]DMFP for estimation of
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dopamine D2 receptor binding potential. Functional mag-
netic resonance imaging was used to assess the blood-
oxygen-level-dependent (BOLD) response to affective
pictures, which was correlated with the ratio of ['*F]DOPA
net influx constant K*/['"*F]DMFP-binding potential (BP_ND)
in the ventral and dorsal striatum.

Results The magnitude of the ratio in the ventral striatum
was positively correlated with BOLD signal increases
elicited by negative versus neutral pictures in the right
medial frontal gyrus (BA10), right inferior parietal lobe and
left post-central gyrus. In the dorsal striatum, the ratio was
positively correlated with BOLD signal activation elicited
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by negative versus neutral stimuli in the left post-central
gyrus. The BOLD signal elicited by positive versus neutral
stimuli in the superior parietal gyrus was positively correlated
with the dorsal and ventral striatal ratio.

Conclusions The correlations of the ratio in the ventral and
dorsal striatum with processing of affective stimuli in the
named cortical regions support the hypothesis that dopamine
transmission in functional divisions of the striatum modu-
lates processing of affective stimuli in specific cortical areas.

Keywords Nucleus accumbens - Dopamine synthesis
capacity - Dopamine D2 receptors - PET- fMRI

Introduction

Effects of dopamine on post-synaptic D2-like receptors
may modulate the gating of sensory-, motor- and reinforce-
ment-associated afferents that converge in the striatum [1—
3]. Furthermore, dopaminergic neurotransmission in the
ventral and dorsal striatum may differentially modify
activity in cortico-striatal-thalamic circuits modulating the
processing of salient environmental stimuli [4-6]. The
ventral striatum, including the nucleus accumbens, has
been identified as a key area for modulation of reward in
humans [7-9] and also mediates negative reinforcement in
response to aversive stimuli [10, 11]. Animal studies have
shown that the ventral striatum receives direct projections
from the pre-frontal and medial pre-frontal cortex and is
consequently poised to modulate information processing in
the dorsal striatum, which is anatomically closely associat-
ed with the dorsolateral pre-frontal cortex [12—15]. In the
ventral striatum, dopaminergic neurotransmission interacts
with the attentional and motivational response to reinforc-
ing environmental stimuli, which is processed in the medial
pre-frontal cortex, anterior cingulate and limbic cortices
[12—15]. On the other hand, dopamine neurotransmission in
the dorsal striatum may affect habitual processing of
reinforcing stimuli in the dorsolateral pre-frontal cortex,
thus, interacting with attention, executive control and
reward learning [16—19].

Positron emission tomography (PET) technology enables
the investigation of the brain dopamine system of living
humans [20]. In humans, striatal uptake of the 3,4-
dihydroxy-L-phenylalanine (DOPA) decarboxylase sub-
strate 6-['*F]fluoro-L.-DOPA (['*F]DOPA)-measured PET
can be used as a surrogate marker for in vivo dopamine
synthesis capacity [21]; as such, ['*F]DOPA trapping may
be more indicative of tonic rather than phasic dopamine
release [22, 18]. In a previous ['*F]IDOPA—PET study, we
observed that dopamine synthesis capacity in the ventral
striatum correlated with the processing of affectively
positive stimuli in the anterior cingulate and insula, whereas
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tracer uptake in the dorsal striatum correlated with
processing of positive stimuli in the dorsolateral pre-frontal
cortex [23]. Whereas ['®F]DOPA is a pre-synaptic tracer of
dopamine innervations, the binding potential (BP_ND) of
["®FIDMFP and other ligands for dopamine D2 receptors
are mainly sensitive to the availability of post-synaptic
receptors. As these two tracers detect separate elements of
dopamine neurotransmission [24], there is evidence that
their ratio (['*F]JDOPA net influx /['*FIDMFP BP_ ND)
may serve as a normalised indicator of net dopamine
signalling in the living brain [25, 26].

To elucidate the association between dopamine D2
transmission in the ventral and dorsal striatum and central
processing of emotionally salient stimuli, we used func-
tional MRI (fMRI) to map blood oxygenation level-
dependent (BOLD) signal changes evoked by standardised
emotionally laden visual stimuli [27] in a group of subjects
also investigated with ['*FJDOPA and ['F]IDMFP PET.
Based on the results of our previous correlative imaging
study [23] and on the neuroanatomical findings of
Alexander and Crutcher [4] and Haber et al. [14, 15], we
hypothesised that both the dopamine D2 receptor availabil-
ity and the ratio of dopamine synthesis capacity to D2
receptor availability in the ventral striatum correlate with
processing of affectively salient stimuli of positive and
negative valence in the insula, in orbital and medial pre-
frontal cortical brain areas. We also tested the hypothesis
that, in the dorsal striatum, i.e. the central putamen and
caudate, the magnitude of the two PET indices correlate
with the processing of emotionally salient stimuli in the
dorsolateral pre-frontal cortex, as revealed by BOLD signal
changes evoked by visual stimuli with emotional content.

Materials and methods
Subjects and instruments

The local Ethics Committee approved the study, and written
informed consent was obtained from all participants after the
procedures had been fully explained. Twelve healthy men
(mean age, 43.5+£9.9; range, 32—60 years) were included. All
three scans (['*FJDOPA, ['*FIDMFP and fMRI) were
performed within a period of 2 weeks. Random urine drug
tests and standardised clinical assessment were performed to
exclude axis I psychiatric disorders according to DSM IV
and ICD (structured clinical interviews I and II) [28, 29].

General PET methods
Subjects were positioned in an ECAT EXACT PET scanner

(Siemens Medical Solutions, Erlangen, Germany) so that
the transaxial slices were parallel to the cantomeatal line.
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The head of each subject was partially immobilised using
polystyrene straps. For proper tissue attenuation correction,
a 10-min transmission scan with a rotating external **Ge
rod source was performed before ['*F]JDOPA injection.
Dynamic emission recordings were then acquired in 3D
mode for both tracers. The emission sequences during a
total of 124 min consisted of a series of 30 frames of the
following dimension: 3x20 s, 3x1 min, 3X2 min, 3x
3 min, 15x5 min, and 3 x 10 min. The subjects rested in the
scanner with their eyes closed during the emission
recording. After scanner-specific dead time and scatter
correction, the data were reconstructed using filtered back
projection (Hamming filter; width, 4 mm). The resulting
images had a spatial axial resolution of 5.4 mm FWHM and
47 planes with a plane spacing of 3.375 mm and a pixel
size of 2 mm (zoom factor, 2.5) within a matrix of 128
128 pixels. Before further data analysis, all PET dynamics
were carefully checked for head movements and frame-
by-frame motion corrected if necessary [30, 31].

Dopamine D2 receptor-binding potential measured by PET
and ['*F]desmethoxyfallypride

We used PET and the benzamide radioligand ['®F]desme-
thoxyfallypride (['*FJDMFP), which binds with intermedi-
ate affinity and high selectivity to D2-like dopamine
receptors [30, 31]. PET data were acquired dynamically
after administration of a mean of 194 MBq of ['*F]DMFP
(SD=27). Specific activity at the time of injection was a
mean of 267 GBg/pumol (range, 134-834 GBg/umol),
resulting in injected tracer masses of <1 umol. We used a
voxelwise simplified reference tissue model with the
cerebellum serving as a reference region largely devoid of
D2-like receptors [31, 32]. The calculated binding potential
(BP_ND) is proportional to the ratio of B, (the total
concentration of specific binding sites) to Ky (the equilib-
rium dissociation constant), reduced to an unknown extent
by competition from endogenous dopamine [33].

Dopamine synthesis capacity measured by PET and ['®F]
DOPA

We used ['*F]JDOPA PET to map the capacity for dopamine
synthesis in the living brain by calculating the net blood—
brain clearance of the tracer [34, 35]. To block extracerebral
L-DOPA decarboxylase activity, all subjects were given
carbidopa (2.5 mg/kg body weight) orally 60 min before
scanning. The dynamic emission sequence was initiated
after intravenous injection of ['*FJDOPA (mean, 194+
27 MBq). A series of 40 arterial blood samples was
collected at intervals during the emission recording, and
the total radioactivity in plasma samples using a well-
counter cross-calibrated to the PET. The fraction of

untransformed ['*F]JDOPA and the main plasma metabolite
O-methyl-['*F[DOPA (OMFD) were measured in plasma
extracts by high-performance liquid chromatography
(HPLC) at 5, 10, 15, 20, 30, 45, 60, 90, and 120 min
post-injection by reversed phase HPLC using a Nucleosil
100 RP 18 column (2504 mm), and the metabolite-
corrected input calculated by bi-exponential fitting the
measured fractions [36]. Based on the multiple time
graphical analysis [37], the net blood—brain clearance of
['®F]IDOPA from the plasma to the brain (K?”, ml g
min ') was calculated voxelwise by linear graphical
analysis after subtracting the radioactivity measured in the
cerebellum and using frames recorded in the interval 20—
70 min p.i. for the linear analysis [21, 34, 35, 38]. This net
blood—brain clearance is a macroparameter defined in terms
of the unidirectional clearance of ['*F]DOPA from blood to
brain (KP; ml g " min "), the fractional rate constant for the
transfer of tracer back to blood (k%; min™"), and the local
activity of DOPA decarboxylase (k2; min™). As such, the
magnitude of K;” has the units of cerebral blood flow and
reflects the local capacity in the brain parenchyma to form
["®F]fluorodopamine from plasma ['*F]JDOPA and to retain
that product within vesicles, mainly located in nigrostriatal
nerve terminals. While widely accepted as a surrogate
marker for the activity of DOPA-decarboxylase and, thus,
interpreted as a reflection of dopamine synthesis capacity,
the calculation of K’ is based upon a number of
physiological assumptions, including those related to the
subtraction of reference-region radioactivity, which is
intended to correct for the presence in the brain of OMFD.
Furthermore, it is assumed that the ['*F]fluorodopamine
formed from ['®*FJFDOPA is entirely retained within the
brain during the recording interval of 70 min. A precise
description of the ['*FJFDOPA kinetic modelling used in
this study is discussed in literature [21, 36, 38].

Definition of regions of interest and ['*F]JDOPA to ['*F]
desmethoxyfallypride ratio

Regions of interest (ROIs) from individual subjects were
defined on high-resolution MRI (T1-weighted image data
sets acquired on a Siemens 1.5T Magnetom Vision MR
tomography (Erlangen, Germany) using an MPRAGE
sequence, 180 images in sagittal orientation with isotropic
voxels of 1x1x1 mm®).

The ventral striatum ROI was defined manually accord-
ing to Mawlawi et al. [39] on coronal images (three
adjacent planes). The ROIs for the dorsal striatum were
drawn manually on transaxial images in the caudate and
putamen (a total of six ROIs on three adjacent planes),
excluding the most dorsal part of the putamen to minimise
partial volume effects caused by the limited resolution of
the PET images. Summed early emission frames of both
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PET studies were co-registered to the individual T1-
weighted MR images. After carefully inspecting the PET-
to-common MR registrations, we resampled the individual
native space ['*FIDMFP BP_ND or ['*F]IDOPA K"’ maps
using the calculated transformation parameters. The ROIs
were superimposed on the co-registered ['*F]DMFP
BP_ND and ["*FIDOPA K’ maps. ROI statistics were

performed, and the mean BP_ND and mean K/ for each

R Coronal view L

ROI ventral striatum (MRI)

[18F]DOPA integral image

ey

[18F]DMEFP integral image

Fig. 1 Left up Coronal high resolution MRI with bilateral ventral
striatal ROI defined according to Mawlawi et al. [39] (T1-weighted
image, Siemens 1.5T Magnetom Vision MR tomograph, MP-RAGE
sequence, isotropic voxels of 1x1x1 mm ROIs). Lefi middle For
illustrative purposes, ROIs superimposed to an [I8F]DOPA summa-
tion image. Right middle Transaxial view of the [I8F]DOPA
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ROI derived from unsmoothed PET data were extracted
(Fig. 1). The magnitudes of BP_ND and K;” were
averaged for VOIs from both hemispheres, resulting in
one average value for the ventral striatum and one average
value for the dorsal striatum. Finally, we calculated ratios of
K"’ to BP_ND from the ventral and dorsal striatum to
normalise the amount of dopamine delivery to individual
D2 receptor availability.

R Transaxial view L

summation image illustrating the placement of the ROIs for caudate
and putamen (dorsal striatum). Left bottom ROIs superimposed to an
coronal [18F]DMFP summation image. Right bottom Transaxial view
of the [I8F]DMFP add image illustrating again the placement of the
ROIs for caudate and putamen (all summation images were calculated
for emission frames from 64 to 94 min post-injection)
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Functional magnetic resonance imaging

To evoke emotional experience during the fMRI session,
we used affectively negative, positive and neutral pictures
taken from the International Affective Picture System
(IAPS) [27]. These pictures have previously been shown
to elicit significant fMRI activation in the pre-frontal and
anterior cingulate cortices, as well as in the amygdala [24, 40,
41]. We first checked all pictures for arousal and valence
using the standardised rating procedure described by Bradley
and Lang [27]. Valence was rated on a scale from 1
(unhappy) to 9 (happy); positive pictures were rated 7.7+
0.9, neutral pictures 5.8+1.1 and negative pictures 2.6+2.4.
Arousal was rated on a scale from 1 (low) to 9 (high);
positive pictures were rated 5.1+1.0, neutral pictures 2.7+1.4
and negative pictures 5.4+2.9. Subjects viewed the images
passively [24, 40-42] in an event-related design for 750 ms;
the pictures were arranged randomly for each subject.

Reconstructing the BOLD event-related time course
requires sampling fMRI data at different peristimulus time
points. This was achieved by random jitter between the
inter-trial interval and the acquisition time, resulting in an
equal distribution of data points after each stimulus. The
inter-trial interval was randomised between three and six
acquisition times (i.e. 9.9—19.8 s). During the inter-trial
interval, a fixation condition was presented. FMRI scanning
was performed with a 1.5 T clinical whole-body tomograph
(Magnetom Vision; Siemens, Erlangen, Germany) equipped
with a standard quadrature head coil, using the automatic
Siemens MAP shim for shimming. For fMRI, 24 slices
were acquired every 3.3 s (4-mm thickness, 1-mm gap)
using a standard echo-planar imaging sequence (TR=
1.8 ms, TE=66 ms, a=90°) with an in-plane resolution of
64 %64 pixels (FOV 220 mm). FMRI slices were oriented
axially parallel to the AC—PC line according to Talairach
and Tournoux [43]. For anatomical reference, we acquired a
morphological 3D T1-weighted magnetization-prepared
rapid gradient echo (MPRAGE) image data set (1x1x
1 mm® voxel size, FOV 256 mm, 162 slices, TR=11.4 ms,
TE=4.4 ms, and a=12°) covering the whole head.

We used statistical parametric mapping (SPMS5) to
analyse fMRI data [44]. The structural 3D data set was
co-registered to the first T2* image and the structural image
spatially normalised to a standard template using a 12-
parameter affine transformation with additional non-linear
components. A non-linear transformation was subsequently
applied to the T2* data. The functional data were smoothed
using an isotropic Gaussian kernel for group analysis
(12 mm FWHM). In our statistical analysis, we used
SPMS5 to model the different conditions (positive, negative,
and neutral pictures; delta functions convolved with a
synthetic hemodynamic response function and its time
derivative) on a voxel-by-voxel basis as explanatory

variables within the context of the general linear model
(GLM). We analysed data for each subject individually
(threshold, p<0.001, uncorrected). To detect differences in
the BOLD response elicited by emotional stimuli, we
included the contrast images (signal change of positive
versus neutral and negative versus neutral pictures) of all
subjects in a second-level random effects analysis.

Statistical analysis of correlations between the central
processing of affective stimuli and ['*FJDOPA K7/['®F]
DMFP (BP_ND) ratio

To detect the association between voxelwise changes in
BOLD signal and both striatal ['*F]DMFP BP_ND and the
['*FIDOPA K”/['*FIDMFP (BP_ND) ratio, we included
the contrast images of all subjects in a second-level
regression analysis with SPMS5. In the confirmatory part
of the analysis, we tested the hypotheses that (1) the
magnitudes of D2 BP_ND and the K;”’/BP_ND binding
ratio in the ventral striatum correlate with the processing of
emotional stimuli in parts of the pre-frontal and limbic
cortex with direct projections to the ventral striatum and (2)
that the D2 BP_ND and the K;/’/BP_ND binding ratio in
the dorsal striatum correlate with the processing of
emotional stimuli in the dorsolateral pre-frontal cortex [4,
14, 15]. In the exploratory part of the analysis, we assessed
whether the DMFP BP_ND or the ['*F][DOPA K77/['® F]
DMFP (BP_ND) ratio is associated with functional activa-
tion in further brain areas that were significantly activated
by affective versus neutral stimuli but which have no
known direct anatomical connection with the ventral or
dorsal striatum [4, 14]. A significance level of p<0.001
uncorrected was chosen for all correlational analyses.

Results

Results for ['*F]DMFP-binding potential and ['*F]DOPA
uptake PET measures

The mean magnitude of the ['*F[DMFP BP_ND among the 12
subjects was 1.84+0.31 in the bilateral ventral striatum and
2.37+0.40 in the bilateral dorsal striatum. The magnitudes of
['®FIDMFP BP_ND in the ventral and dorsal striatum were
significantly correlated (Pearson’s R=0.96, p<0.001).

The mean magnitude of the ['*F]JDOPA K7 was 0.0090+
0.0022 ml g ' min' in the bilateral ventral striatum and
0.0118+0.0027 ml g ' min""' in the bilateral dorsal striatum.
The magnitudes of ['*FJDOPA K*” in the ventral and dorsal
striatum were significantly correlated (Pearson’s R=0.94,
p<0.001).

Striatal ['*F]JDOPA net blood brain influx K%” was not

m

significantly correlated with ['*FJDMFP BP ND: We ob-
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served neither a significant correlation in the ventral
(R=0.02, p=0.47) nor dorsal striatum (R=0.24, p=0.22).

The mean magnitude of the ratio K;’’/BP_ND was
0.005040.0015 in the ventral striatum and 0.0051+0.0015
in the dorsal striatum (Fig. 1). The K;”/BP_ND ratios in
the ventral and dorsal striatum were positively correlated
(Pearson’s R=0.92, p=0.001).

FMRI BOLD contrast and its correlation with [lgF]DOPA
K /['"SFIDMFP (BP_ND) ratio

Similar to previous studies [23, 40, 41], the presentation of
affective vs neutral pictures elicited significant BOLD
contrasts in the limbic [left parahippocampal gyrus (BA
34) and left anterior cingulate cortex (BA 24)], frontal
(right BA 6, BA 10 and BA 46), parietal (right BA 40),
temporal (left BA 37 and BA 39) and occipital cortex
(bilateral BA 19), as well as in the right mamillary body
and right hypothalamus (Table 1).

The ['"*F]DMFP BP_ND was not significantly correlated
with the fMRI BOLD response elicited by affective stimuli,
neither in brain areas directly connected with the ventral or
dorsal striatum nor in any other brain area that showed a
significant activation elicited by affective versus neutral
stimuli (data not shown).

Correlations between the K;'”/BP_ND ratio in the ventral
striatum and functional activation elicited by affective
stimuli

In accordance with our hypothesis, the magnitude of the
K”’/BP_ND ratio in the ventral striatum was positively

in

correlated with the BOLD response elicited by negative
versus neutral stimuli in the right medial frontal gyrus
(BA 10, x/y/z=21/50/9, T=4.73, R=0.83, cluster size=
15 voxel, p<0.001; Table 2, negative versus neutral
pictures; Fig. 2).

Exploratory analysis revealed that the ventral striatal
K;”/BP_ND ratio was also positively correlated with the
fMRI BOLD response elicited by negative versus neutral
stimuli in the right inferior parietal lobe (BA 5, x/y/z=
42/-44/58, T=6.37, R=0.90, cluster size=86 voxel, p<0.001;
Table 2, negative versus neutral pictures) and in the left
post-central gyrus (BA 2, x/y/z=—39/-38/63, 7=9.46, R=
0.95, cluster size=27 voxel, p<0.001; Table 2, negative
versus neutral pictures; Fig. 3a).

Exploratory analysis also revealed that the ventral striatal
K;"/BP_ND ratio was positively correlated with the fMRI
BOLD response elicited by positive versus neutral stimuli
in the left superior parietal lobule (BA 7, x/y/z=—24/—46/63,
7=5.45, R=0.87, p<0.001; Table 2, positive versus neutral
pictures; Fig. 3b).

Correlations between the K;/”/BP_ND ratio
in the bilateral dorsal striatum and functional activation
elicited by affective visual stimuli

There was no finding in accordance with our hypothesis.

Exploratory analysis revealed that the magnitude of the
K;"?/BP_ND ratio was positively correlated with the BOLD
response elicited by negative versus neutral stimuli in the
left post-central gyrus (BA 2, x/y/z=—33/-38/65, T=6.17,
R=0.89, cluster size=16, p<0.001; Table 3, negative versus
neutral pictures; Fig. 3c).

Table 1 FMRI BOLD response contrast elicited by positive and negative versus neutral affective visual stimuli in 12 healthy male volunteers at

»<0.001 uncorrected

Lobe Location BA Side Talairach T p Value Cluster size (voxel)
Coordinates
X y z
Positive correlation
Frontal Inferior frontal gyrus 46 Right 56 32 7 4.71 <0.000 21
Parietal Supramarginal gyrus 40 Right 56 —54 33 4.23 <0.001 2
Temporal Middle temporal gyrus 39 Left —48 =72 17 4.66 <0.000 21
Temporal Middle temporal gyrus 37 Left =56 —64 9 4.61 <0.000 21
Limbic Parahippocampus 34 Left -12 -10 -15 4.93 <0.000 11
Limbic Anterior cingulated 24 Left -1 32 -2 4.12 <0.001 4
Occipital Lingual gyrus 19 Right 12 —61 -2 4.12 <0.001 1
Occioital Cuneus 19 Left -3 —86 32 4.61 <0.000 14
Frontal Middle frontal gyrus 10 Right 33 47 12 4.58 <0.000 4
Frontal Superior frontal gyrus 6 Right 21 3 63 5.11 <0.000 10
Mamillary body Right 12 -17 1 4.11 <0.001 1
Hypothalamus Right 1 -6 -10 4.04 <0.001 2
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Table 2 Correlations between ['SFIDOPA K”/['®FIDMFP (BP_ND) in the ventral striatum and fMRI BOLD response elicited by affective

mn
visual stimuli in 12 healthy male volunteers at p<0.001

Lobe Location BA  Side Talairach T p Value  Cluster size (voxel)
Coordinates

X y z

Negative versus neutral pictures: Positive correlation

Frontal Medial frontal gyrus 10 Right 21 50 9 473  <0.001 15
Parietal Inferior parietal lobe 5 Right 42 —-44 58 6.37 <0.001 86
Parietal Post-central gyrus 2 Left -39 38 63 946 <0.001 27

No significant negative correlation
Positive versus neutral pictures: Positive correlation
Parietal Superior parietal lobule 7 Left 24 —-46 63 545 <0.001 16
No significant negative correlation

[18F]JDMFP [18F] desmethoxyfallypride, K;/” net influx of ['® FIDOPA from plasma to brain, BP_ND binding potential non-displacable, /MRI
functional magnetic resonance imaging, BOLD blood oxygen level dependent

Exploratory analysis also showed that the K;’”/BP_ND  stimuli in the left superior parietal lobule (BA 7, x/y/z=—24/
ratio in the bilateral dorsal striatum was positively correlated ~ —46/63, T=7.06, R=0.91, cluster size=15 voxel, p<0.001;
with the BOLD response elicited by positive versus neutral ~ Table 3, positive versus neutral pictures; Fig. 3d).

medial prefrontal cortex (BA 10) medial prefrontal cortex (BA 10)

2,004

yiz=21/50/09

_neg_vs_neu_at_x/
o N
° °
< <

ponse
N
o
?

BOLD_res
0
3

0,003 0,004 0,005 0,006 0,007 0,008 0,009 0,01

(Kinapp)/BP_ND_ratio_ventral_striatum
Fig. 2 Upper half Positive correlation between the magnitude of the p=0.002 uncorrected. Lower half Plot of the correlation between the
ratio ['*F]DOPA K%7/[18F]DMFP (BP_ND) ratio in the bilateral  magnitude of the ['*F]DOPA K¢”/[18F]DMFP (BP_ND) ratio in the
ventral striatum and the BOLD response elicited by affectively bilateral ventral striatum and the BOLD response elicited by negative
negative versus neutral stimuli in the right medial pre-frontal cortex versus neutral stimuli in the right medial pre-frontal cortex in the peak
(BA 10), a brain area with evidence for anatomical linkage with the voxel of the cluster (x/y/z=21/50/9, BA 10; R=0.83)
ventral striatum. For illustration purposes, image at significance level
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Fig. 3 Positive correlations be-
tween the magnitude of the ratio
["*F]IDOPA K$”?/[18F]DMFP
(BP_ND) ratio in the bilateral
ventral or dorsal striatum and
the BOLD response elicited by
affectively negative versus neu-
tral or positive versus neutral
stimuli. Images at significance
level p<0.001. a At
x/y/z=—39/-38/63. Arrows indi-
cate left BA7 as reported in
Table 2 (negative versus neutral
pictures); correlation, R=0.95
and p<0.001. b At x/y/z=
—24/-46/63. Arrows indicate left
BA7 as reported in Table 2
(positive versus neutral pic-
tures); correlation, R=0.87 and
p<0.001. ¢ At x/y/z=—33/-38/
65. Arrows indicate left BA2 as
reported in Table 3 (negative
versus neutral pictures); correla-
tion, R=0.89 and p<0.001. d At
x/ylz=—24/—-46/63. Arrows indi-
cate left BA7 as reported in
Table 3 (positive versus neutral
pictures); correlation, R=0.91
and p<0.001

Discussion

In this study, we assessed the interaction between functional
brain activation elicited by affective stimuli, and (1) striatal
dopamine D2 receptor availability and (2) the ratio of
dopamine synthesis capacity to local dopamine D2 receptor
availability K;"”/BP_ND. K;" is a parameter measured by
PET standing for the net blood-brain clearance, which is
interpreted as reflecting “dopamine synthesis capacity” [21,
38]. Very few PET studies report the assessment of pre- and
post-synaptic dopaminergic parameters in the same sub-
jects, and there is some evidence for the occurrence of a
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functional relation of dopamine D2 receptor availability and
dopamine release, at least in alcoholic subjects [45]. In this
study and in a previous study [24], the magnitudes of ['*F]
DOPA K and ['"*F]IDMFP BP_ND were not significantly
correlated; their ratio K;'’/BP_ND was used to assess
dopamine synthesis capacity relative to the local D2
receptor availability. Contrary to the hypothesis stated
above, the local magnitude of ['*F]DMFP BP_ND did not
significantly interact with central processing of emotional
pictures, indicating that this parameter alone may be
insufficient to characterise dopaminergic neurotransmission
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Table 3 Correlation between ['SFIDOPA KPP/ ["FIDMFP (BP_ND) measures in the dorsal striatum and fMRI bold response elicited by

affective visual stimuli in 12 healthy men at p<0.001

Lobe Location BA Side Talairach T p Value Cluster size (voxel)
Coordinates
X y z
Negative versus neutral pictures: Positive correlation
Parietal Postcentral gyrus 2 Left -33 -38 65 6.17 <0.001 16
No significant negative correlation
Positive versus neutral pictures: Positive correlation
Parietal Superior parietal lobule 7 Left —24 —46 63 7.06 <0.001 15

No significant negative correlation

[18F]DMFP [18F] desmethoxyfallypride, Ki”” net influx of ['® FJDOPA from plasma to brain, BP_ND binding potential non-displacable, /MRI
functional magnetic resonance imaging, BOLD blood oxygen level dependent

in the ventral or dorsal striatum. However, when the index
BP ND was used to “normalise” dopamine synthesis
capacity to local D2 receptor availability [25, 26], we
observed significant interactions between the magnitude of
the calculated K;””/BP_ND ratio and the processing of
emotionally aversive and positive stimuli in brain areas
with direct or a high likelihood for anatomical connections
to the ventral and dorsal striatum. Therefore, we propose
this ratio as an index of dopamine synthesis capacity
normalised to the local availability of dopamine D2-like
receptors. The magnitude of K;’”/BP_ND may reflect tonic
rather than phasic dopaminergic neurotransmission pro-
posed on the basis of the electrophysiology of dopamine
neurons [22], in that dopamine synthesis may be affected
by the prevailing occupancy of dopamine D2 (auto)
receptors in the basal ganglia. In the cerebral cortex, high
tonic dopamine neurotransmission may be associated with
increased cortical dopamine D1 receptor stimulation and a
sustained execution of pre-potent response sets [18].

We and others have previously shown that the presen-
tation of affective versus neutral stimuli activates a
distributed network of brain areas including the frontal
(e.g. BA 10), limbic (e.g. anterior cingulate), temporal,
parietal and occipital cortex [23, 40, 41, 46]. As previously
described by Phan et al. [46] and Wrase et al. [40], brain
areas activated by positive versus neutral stimuli differed
from those activated by negative versus neutral pictures,
which may indicate processing of different emotions in
separate networks. In accordance with our hypothesis, the
magnitude of K;”/BP ND in the ventral striatum was
significantly correlated with processing of emotionally
aversive cues in the medial pre-frontal cortex (BA 10).
Confirming the results of anatomical studies in animal
experiments, our results suggest the medial frontal cortex to
be not only anatomically [12-15, 47, 48] but also
functionally connected to the ventral striatum. The BA 10

is known to be involved in attentional processing and
memory retrieval [49-51].

In the exploratory analysis, we also observed that, in
the ventral and dorsal striatum, the magnitude of the K;/*/
BP _ND ratio was positively correlated with processing of
aversive stimuli in the left post-central gyrus (BA 2) and,
for the ventral striatum, also in the right inferior parietal
lobe (BA 5). Moreover, BOLD signal changes in the left
superior parietal lobule (BA 7) during the processing of
positive pictures were correlated with the ratio K;*/BP_ND
in both ventral and dorsal striatum. Previous anatomical
studies have revealed direct fiber projections from BA 2
and 5 (or analogous regions in the primate) to ventral and
dorsal striatum in primates [52—-55]. Functionally, the pre-
central cortex and the superior and inferior parietal lobe
(BA 2, BA 5 and BA 7) are known to be involved in
complex sensory-motor processing such as somatosensory
feedback and integration procedures, as well as in execution
and motor imagery learning, motor attention and in the
preparation and redirection of movements and movement
intentions [56, 57, 58].

Dopamine synthesis capacity K;'¥ was not significantly
correlated with ['®*FJDMFP BP_ND in the ventral or dorsal
striatum. In a comparable study by Volkow et al. [59], DAT
and D2 receptor availability were significantly correlated,
which may point to a functional coupling between
dopamine reuptake (which directly influences extracelluar
dopamine concentrations) and D2 receptor availability.
Dopamine synthesis capacity on the other hand will
influence intrasynaptic dopamine concentrations depending
on neuronal activity (action potential, dopamine release)
and may be leakage from pre-synaptic dopamine neurons
[60]. Technical limitations of both PET methods may also
contribute to this lack of correlation in our study. On the
other hand, PET measures in the ventral striatum for each
method were significantly correlated with the same measure
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in the dorsal striatum, most likely caused by potential cross-
talking (see limitations below).

Several limitations of the present study need to be
addressed. First, the sample size was limited, and only male
subjects were examined to avoid confounding of results by
gender differences in the processing of affective stimuli [40,
61]. With respect to this limited sample size and the
explorative nature of the study, we chose a rather liberal
statistical significance level (p<0.001 uncorrected at the
voxel level) without correction for multiple testing, e.g.
with regional masks. However, as our results complement
findings of anatomical studies [4, 14], we feel that the
observed correlations may reflect valid functional interac-
tions. Second, the present correlational analysis does not
indicate causality, and we do not know if dopamine
transmission in the extended striatum drives the frontal
cortex or vice versa. For example, the correlations between
striatal measures of dopaminergic neurotransmission and
functional brain activation observed in this study and in
comparable studies of Meyer-Lindenberg et al. [62, 63]
may indicate that individual differences in striatal and cortical
dopamine tone are in some way related. Furthermore, the
['"®*FIDOPA K" is only a surrogate marker for the unknown
rate of dopamine synthesis in the living brain [21], as it is
defined as a net influx of ['"®F]JDOPA from blood to brain.
As such, the magnitude of K corresponds to the capacity
of the brain to utilise ["*FJDOPA, which is indicative of the
local activity of DOPA decarboxylase. However, the inherent
rate of dopamine synthesis in the living human brain cannot
be measured by PET, as the levodopa concentration in the
brain is unknown. Finally, there was a rather high correlation
between the magnitudes of the K;*/BP_ND ratio (R=0.92)
in the dorsal and in the ventral striatum. Potential cross-talk
between the dorsal and ventral striatum because of partial
volume effects in D2 receptor PET scanning is well-known
as a factor contributing to this high correlation. Mawlawi and
coworkers suggested that even under rather optimal con-
ditions, there is a 12-18% signal from the dorsal striatum
present in the ventral and vice versa [39]. Indeed, correla-
tions in our study were rather high between the ventral and
dorsal striatum for both ['*F]JDOPA uptake (R=0.94) and D2
availability (R=0.96), indicating that differences between
ventral and dorsal striatum effects may be underestimated in
our study. Further studies with larger sample sizes or
employing a psychostimulant activation paradigm may help
to further elucidate functional connections between dopami-
nergic neurotransmission in the ventral versus dorsal
striatum and pre-frontal and limbic processing of salient
stimuli.

In summary, we have used the magnitude of the ratio of
["*F]DOPA net influx to dopamine D2 receptor availability
as an index of dopamine neurotransmission in striatum and
tested the correlation between this index and the processing

@ Springer

of emotionally laden images. Observing significant corre-
lations between this ratio and anatomically closely
connected brain areas supports the usefulness of this index
of DA neurotransmission. Furthermore, the present findings
strengthen the hypothesis that dopaminergic neurotransmis-
sion in the ventral versus dorsal striatum interacts with
central processing of affective stimuli in separate fronto-
striatal-thalamic circuits [4, 14].
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