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Dopamine is released under stress and modulates processing

of aversive stimuli. We found that dopamine storage capacity

in human amygdala, measured with 6-[18F]fluoro-L-DOPA

positron emission tomography, was positively correlated with

functional magnetic resonance imaging blood oxygen level–

dependent signal changes in amygdala and dorsal anterior

cingulate cortex that were evoked by aversive stimuli.

Furthermore, functional connectivity between these two regions

was inversely related to trait anxiety. Our results suggest that

individual dopamine storage capacity in amygdala subserves

modulation of emotional processing in amygdala and dorsal

cingulate, thereby contributing to individual differences in

anxious temperament.

An emphasis is frequently placed on the importance of dopamine
in shaping complex behavior and in regulating neural responses to
rewarding stimuli1, often overshadowing its contribution to aversive
processing2–4. Animal studies demonstrate that dopamine release
in the amygdala augments excitatory sensory input and attenuates
inhibitory prefrontal input, resulting in augmented aversive
conditioning5. Consistent with these findings, human pharmacological
neuroimaging studies show that increased dopamine release
potentiates human amygdala function6,7. These convergent findings
suggest that variability in dopamine signaling may contribute
to individual variability in amygdala function and related emo-
tional behaviors.

Blood oxygen level–dependent (BOLD) functional magnetic reso-
nance imaging (fMRI) is an effective and reliable tool for measuring
stable individual differences in amygdala function8. Positron
emission tomography (PET) recordings with 6-[18F]fluoro-L-DOPA
(FDOPA) provide the basis for calculating the net influx of
FDOPA to the brain relative to the metabolite-corrected plasma

input (Kin
app; ml g–1 min–1) and steady-state distribution volume

in brain of FDOPA (Vd; ml g–1), defined below.
We used combined BOLD fMRI and FDOPA-PET to examine the

relationship between regional dopamine storage and functional reac-
tivity to affective visual cues in the amygdala and in the functionally
coupled anterior cingulate cortex (ACC) in 13 healthy adult men9–11.
All subjects provided informed written consent according to the
declaration of Helsinki and the study was approved by the local ethics
committee of the Mannheim Faculty of Medicine, University of
Heidelberg. Standardized clinical assessment with the Structured
Clinical Interview was performed to exclude axis I and II psychiatric
disorders according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition. Trait anxiety was measured with Spielberger’s
State-Trait Anxiety Questionnaire (Supplementary Methods online).

We used event-related BOLD fMRI to measure amygdala reactivity
during the passive viewing of standardized affectively negative and
neutral visual stimuli (Supplementary Methods). The general linear
model in SPM5 (Statistical Parametric Mapping, see Supplementary
Methods) was used to calculate single-subject activation for the
contrast of negative versus neutral stimuli. Consistent with prior
studies (for example, see ref. 12), the presentation of negative versus
neutral stimuli elicited significant activation in the left amygdala
(x ¼ –21, y ¼ –1, z ¼ –15; t ¼ 3.23, P ¼ 0.036, FWE (family-wise
error) corrected for volume of interest). We next examined functional
coupling between amygdala and ACC using a psycho-physiological
interaction analysis13. We found that the time course of activity in left
amygdala was functionally coupled with the left ACC in the context of
presentation of negative compared with neutral pictures (Brodmann
Area 24 (BA24); x ¼ –6, y ¼ 2, z ¼ 41; t ¼ 4.48, P o 0.001,
uncorrected), with the individual magnitude of functional connectivity
being negatively correlated with trait anxiety (BA24; x ¼ –3, y ¼ 19,
z ¼ 24; t ¼ 5.59, P o 0.001, uncorrected; R ¼ –0.86).

A standard outcome parameter for FDOPA PET imaging is the net
blood-brain FDOPA clearance (Kin

app, ml g–1 min–1), which is inher-
ently underestimated as a result of uncorrected loss of decarboxylated
metabolites from brain and is only imperfectly corrected from the
continuously changing proportions of FDOPA and its inert plasma
metabolites9. Consequently, we used a new approach to measure Vd

(ml g–1), the steady-state distribution volume of FDOPA, which is
defined as the sum of all of the volumes occupied by FDOPA in brain;
that is, the plasma volume, the free FDOPA volume, and the volume
occupied by [18F]fluorodopamine formed in dopamine (and to a lesser
degree in serotonin and norepinephrine) fibers and stored within
vesicles9. As such, Vd can be interpreted as an index of vesicular storage

Received 16 June; accepted 8 October; published online 2 November 2008; doi:10.1038/nn.2222
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of endogenous dopamine, reflecting the ‘state of readiness’ for local
impulse-dependent dopamine release. The magnitudes of Kin

app and Vd

were calculated in amygdala relative to the metabolite-corrected arterial
FDOPA input. The mean Vd among the 13 subjects was 1.18 ± 0.19 ml
g–1 in the left amygdala and 1.14 ± 0.28 ml g–1 in the right amygdala
(Supplementary Methods, Results, Discussion and Fig. 1 online).

We regressed single-subject amygdala estimates of FDOPAVd against
amygdala BOLD signal changes using SPM5 to characterize dopamine
modulation of amygdala activity (Supplementary Methods). The
magnitude of left amygdala Vd was significantly and positively corre-
lated with activation elicited by negative versus neutral stimuli in left
amygdala (x¼ –30, y¼ –6, z¼ –12; t¼ 3.34, P¼ 0.035, FWE corrected
for volume of interest; R ¼ 0.71; Fig. 1), located in close proximity to
the amygdala maximum in the fMRI contrast negative versus neutral
emotional stimuli reported above, and in left ACC (BA24; x¼ –12, y¼
–10, z ¼ 36; t ¼ 4.05, P ¼ 0.001, uncorrected; R ¼ 0.77), located close
to the ACC maximum of the connectivity analysis reported above
(Supplementary Results and Discussion). The parameter Kin

app

showed no substantial correlations with functional imaging para-
meters. To test for specificity of these patterns, we assessed the
correlation between Vd in both amygdalae and BOLD values in the
bilateral caudate, putamen and left medial frontal cortex, regions that
are heavily innervated by dopamine, but were not engaged by our task;
there was no significant correlation even at a liberal statistical threshold
(P ¼ 0.01, uncorrected). There was a weak association of Vd in the
right medial prefrontal cortex with the BOLD response in the left
amygdala. However, this correlation did not reach statistical signifi-
cance (P ¼ 0.065; see Supplementary Results).

Our multimodal neuroimaging data highlight the importance of
dopamine in regulating brain circuitry involved in processing negative
emotional stimuli and mediating variability in anxious temperament.
Consistent with the known potentiating effects of dopamine on
amygdala function and aversive conditioning in animals2,3,5, we
found that high storage of FDOPA-derived catecholamines in the left
amygdala predicts activation-induced BOLD signal change in left
amygdala, as well as enhanced functional coupling between left
amygdala and ACC during presentation of negatively valenced
visual stimuli. It should be noted that FDOPA is taken up by

serotonin neurons to some extent, which
also modulate amygdala responses elicited by
affective stimuli9,12,14.

The functional coupling that we observed
between the left amygdala and ACC was nega-
tively correlated with trait anxiety, a finding
that is consistent with studies reporting that
increased functional coupling between these
structures reflects a more effective integration
of emotional arousal in the service of complex,
adaptive behaviors and reduced negative
affect11. This pattern suggests that, although
increased local dopamine release is associated
with potentiated amygdala reactivity, its effect
on behavior is moderated by the concurrent
engagement of the ACC. Our FDOPA Vd

results suggest that the reserve of releasable
dopamine in the amygdala contributes to
individual differences in the responsiveness
of the amygdala and functionally related

prefrontal regions during processing of salient aversive stimuli.
These findings support the hypothesis that dopamine encodes stimulus
salience1,3, with the amygdala being involved in the processing of
aversive cues and the ventral striatum responding to errors in
reward prediction. Our observations may be relevant to age-related
changes in amygdala function15, given the age-dependent decrease
in FDOPA Vd in the amygdala14. It may also affect pathological
emotional behaviors associated with diseases characterized by
disrupted dopamine function (for example, schizophrenia and
Parkinson’s disease).

Note: Supplementary information is available on the Nature Neuroscience website.
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Figure 1 Correlation between FDOPA steady-state storage capacity (Vd) in the left amygdala and fMRI

BOLD response elicited by negative versus neutral stimuli in the left amygdala in 13 healthy subjects.

(a) SPM5 image. The white arrow indicates the location of the left amygdala (slices at Talairach

coordinates y ¼ –6 and z ¼ –12, P ¼ 0.005). (b) Correlation plot of BOLD response in the left amygdala

with FOPDA Vd in the left amygdala region of interest (x ¼ –30, y ¼ –6, z ¼ –12; t ¼ 3.34, P ¼ 0.035,

FWE corrected; R ¼ 0.71).
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