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Dopamine Release in Response to a Psychological Stress in
Humans and Its Relationship to Early Life Maternal Care: A
Positron Emission Tomography Study Using [11C]Raclopride
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1McConnell Brain Imaging Center, Montreal Neurological Institute, McGill University, Montreal, Canada H3A 2B4, and 2Douglas Hospital Research Center,
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Mesolimbic dopamine is thought to play a role in the processing of rewards. However, animal studies also demonstrate dopamine release
in response to aversive stressful stimuli. Also, in animal studies, disruptions of the mother–infant relationship have been shown to have
long-lasting effects on the mesolimbic dopamine system and the hypothalamic-pituitary adrenal axis. We therefore investigated dopamine release in response to stress in human subjects, considering the relationship to early life parental care. We screened 120 healthy
young college students for parental care in early life using a combination of telephone interviews and questionnaires. Five students from
the top end and five students from the bottom end of the parental care distribution were then invited for a positron emission tomography
study using [ 11C]raclopride and a psychosocial stress task. The psychosocial stressor caused a significant release of dopamine in the
ventral striatum as indicated by a reduction in [ 11C]raclopride binding potential in the stress versus resting condition in subjects
reporting low parental care. Moreover, the magnitude of the salivary cortisol response to stress was significantly correlated with the
reduction in [ 11C]raclopride binding in the ventral striatum (r ⫽ 0.78), consistent with a facilitating effect of cortisol on dopamine neuron
firing. These data suggest that aversive stressful events can be associated with mesolimbic dopamine release in humans, and that the
method presented here may be useful to study the effects of early life events on neurobiological stress systems.
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Introduction
Numerous animal studies have implicated the dopamine system
in the processing of natural and artificial rewards. It has been
proposed that mesolimbic dopamine mediates the hedonic aspects of rewarding stimuli (Wise and Rompre, 1989), and that it
acts as a learning signal for behavioral reinforcement (Schultz,
1998). These theories account for the reinforcing effects of drugs
of abuse and electrical self-stimulation, both of which are known
to critically involve the dopamine system. However, the numerous reports of dopamine release in response to aversive stimuli in
animals are difficult to fit into theories of reward, which has led to
the suggestion that dopamine is more likely involved in motivation and attention underlying the behavioral response to important events, whether aversive or appetitive (Salamone et al., 1997;
Berridge and Robinson, 1998; Redgrave et al., 1999).
In animals, microdialysis studies show that dopamine is released in the striatum in response to stressors such as electric
shocks and tail pinch (Abercrombie et al., 1989; Rouge-Pont et
al., 1993). Stress-induced dopamine release is partly influenced
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by circulating cortisol levels (Piazza et al., 1996; Rouge-Pont et al.,
1998; Marinelli and Piazza, 2002), which also increase in response to
stress. However, it is not known whether aversive events, including
psychological stress, cause dopamine release in humans.
Positron emission tomography (PET), with the dopamine D2
receptor radiotracer [ 11C]raclopride, can be used to measure dopamine release in the human brain. There is considerable evidence that manipulations that lead to an increase in synaptic
dopamine in the striatum are associated with proportional reductions in binding of this tracer (Breier et al., 1997; Endres et al.,
1997; Hartvig et al., 1997; Laruelle et al., 1997; Laruelle, 2000).
This technique can be used to measure changes in dopamine
levels in response to behavioral tasks in humans (Koepp et al.,
1998). In the present study, we investigated dopamine release in
humans in response to a psychosocial stress task, to examine
whether an adverse stimulus also causes significant changes in
[ 11C]raclopride binding.
Finally, a number of animal studies demonstrates that manipulations of early life maternal care have an effect on individual
cortisol and dopamine responses to stress across the life span (Liu
et al., 1997; Hall et al., 1999). We therefore tried to take this factor
into account by choosing our population from a prescreened set
of college students with high and low self-reported early life maternal care. We hypothesized that low self-reported early life parental care would be associated with higher cortisol and dopamine levels in response to the psychosocial stress task.
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Materials and Methods
Subjects and psychological assessment. Subjects were recruited by posting
flyers at university buildings and through advertisements in local newspapers for healthy men or women 18 –30 years of age. When an individual responded to the advertisement, demographic information and medical history were assessed by telephone. Subjects with a history of head
trauma, neurological disorders, drug abuse, or any previous experiences
of claustrophobia were excluded from the study. If eligible, the subject
was then provided with consent forms and was asked to complete the
following psychological questionnaires: the Parental Bonding Index
(PBI) (Parker et al., 1979), the Spielberger State-Trait-anxiety inventory
(Spielberger et al., 1977), the questionnaire for competence and control
for the assessment of self-concept-related self-esteem (Krampen, 1991;
Pruessner et al., 1999b), and the Beck Depression Inventory (Beck et al.,
1961). One hundred and twenty subjects were screened using these questionnaires. Subjects with a history of depression (assessed during the
telephone interview) or who had a score of nine or higher on the Beck
inventory were excluded.
Additional analysis emphasized the PBI, which consists of four subscales (mother care, mother overprotection, father care, and father overprotection) comprised of 12 questions each. Because animal studies
found dopamine regulation to be affected by differences in maternal care,
we used this subscale for subject selection. A cluster analysis was calculated with the maternal care subscale of the questionnaire. The cluster
analysis was calculated using the k-means method (Wishart, 1999), forcing a three-group solution, which identified groups with high (⬎28; n ⫽
52), low (⬍22; n ⫽ 29), and intermediate (n ⫽ 39) scores on the maternal
care subscale. On the basis of availability, 10 subjects (1 woman and 9
men; 21–30 years of age) were selected as representative of individuals in
the top 25% (scores ⬎37) and bottom 10% (scores ⬍20) of the distribution on the PBI maternal care scale (population mean score, 31.65 ⫾ 7.6;
range, 12– 42) and invited to participate in the PET study. The Montreal
Neurological Institute (MNI) Research Ethics Committee approved the
study. Written informed consent was obtained from each subject before
entering the study.
Behavioral task. Psychological stress was induced using a mental arithmetic task on the basis of a previous psychosocial stress paradigm developed to investigate hormonal stress responses (Pruessner et al., 1999a).
Subjects performed mental arithmetic on a computer screen that also
displayed information about the total number of errors, expected average
number of errors, time spent on the current problem, and performance
feedback for each problem (correct, incorrect, timeout). In the modified
version used for this experiment, subjects completed a test session before
PET scanning and five 6 min arithmetic sessions while being scanned.
During the test session, each subject’s ability to perform mental arithmetic was assessed by recording the average time to solve problems at
different difficulty levels. In the PET session, the time constraint was
adjusted to be slightly above each individual’s abilities. Subjects were told
that the average college student reaches 80 –90% correct answers. Because of the manipulation of the difficulty level, the average performance
of the tested subjects was 20 –30% correct answers. In addition, subjects
were given negative verbal feedback by the investigator for ⬃2 min after
each 6 min session, telling them that they needed to improve their performance to reach minimum performance requirements. After the end
of the testing session, subjects were debriefed and told that the task was
specifically designed to be out of reach of their mental capacity, and that
it did not assess their ability to perform mental arithmetic. Although this
task is sufficient to elicit a significant hormonal stress response in humans, it must be considered a moderate stressor in comparison with the
more widely used public speaking task with regard to cortisol stress responses and self-reported levels of discomfort (Pruessner et al., 1999a).
This was implemented in the current study to allow investigation of the
stress response in humans in an imaging session. To maintain a constant
number of mouse movements across individuals, math problems were
presented at a fixed rate by varying the feedback time to compensate for
differences in the time allotted to solve the problems, which was varied as
a function of each individual’s math skills. Subjective perception of stress
was assessed using custom-designed visual analog scales (VASs) for feel-
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ings of helplessness, uncontrollability, threat, embarrassment, and anticipation of negative consequences after the end of the testing session
before debriefing.
Cortisol sampling and analysis. Cortisol (nmol/l) was analyzed from
saliva samples that were collected every 12 min throughout the experiment, beginning at the time of PET tracer injection. Cortisol was measured from saliva using a time-resolved fluorescence immunoassay
(Dressendorfer et al., 1992). Intra-assay and interassay variability have
been shown to be ⬍10 and ⬍12%, respectively. The area under the curve
(cortisol in nanomoles per liter by time in minutes) was calculated for
each subject and each scanning session using a recently described method
(Pruessner et al., 2003). The individual differences between the two
groups (high and low parental bonding) and the two conditions (rest and
stress session) were then analyzed using a two factor (group by condition) mixed design ANOVA.
Physiological measurements. In addition to cortisol samples, measures
of heart rate in beats per minute (bpm), temperature ( oF), and skin
conductance (⍀) were performed, starting 10 min before the injection
of the tracer and lasting 45 min, to assess physiological responses to the
stressor. This was achieved using a computerized system and electrodes
placed on the lower left arm, wrist, and chest (F1000 recording system;
Focused Technology, Ridgecrest, CA). These data were first grouped in
15 3-min block intervals, and the mean of each block was calculated.
These means were subsequently used to calculate the area under the
curve values (unit by minutes) for each physiological measure, using a
method described recently (Pruessner et al., 2003). These values were
then entered into a two-factor mixed-design (group by time) ANOVA.
PET acquisition and analysis. Each subject underwent two [ 11C]raclopride PET scans, one during the behavioral stress task and one while
resting. For the stress scanning session, subjects performed the mental
arithmetic task continuously from 10 min before until 28 min after the
[ 11C]raclopride injection, except for the 2 min feedback blocks between
each 6 min math task block. During the rest session, subjects were lying
with their eyes closed for the entire scan. No behavioral intervention was
performed with the subjects during the testing period in the rest session;
however, cortisol and VAS measures were obtained as in the stress
session.
The two PET scans were obtained on separate days at the same time of
day, with the order of the rest and stress scans counterbalanced across
subjects. PET images (63 slices, 26 time frames of 60 min total duration)
were obtained with a CTI–Siemens HR⫹ 63 slice tomograph (Siemens
AG, Erlangen, Germany) operated in three-dimensional acquisition
mode, yielding images with an approximate resolution of 4.6 mm full
width at half maximum. For each scan, 8 –10 mCi of [ 11C]raclopride was
injected into the left antecubital vein for ⬎1 min. A transmission scan
with a rotating rod source was performed for attenuation correction
before the injection of radio tracer.
PET frames were summed, coregistered with the individual magnetic
resonance imagings (MRIs), and transformed into standardized stereotaxic space (Talairach and Tournoux, 1988) by means of an automated
feature-matching algorithm to the MNI template (Collins et al., 1994).
Voxelwise [ 11C]raclopride binding potential (BP) was calculated using a
simplified reference tissue compartmental model (Lammertsma and
Hume, 1996; Gunn et al., 1997) to generate statistical parametric images
of change in binding (Aston et al., 2000). We have shown previously that
[ 11C]raclopride BP determined with this method is insensitive to
changes in regional cerebral blood flow (Aston et al., 2000). The reference
tissue used was the cerebellum, which was drawn on five adjacent slices in
each subject. BP values were extracted from each PET scan with regions
of interest drawn on the subject’s MRI over the caudate nucleus, putamen, and ventral striatum. These regions of interest were drawn on the
MRI transformed into stereotaxic space, on the basis of the method described by Martinez et al. (2003). In the dorsoventral direction, the regions
for the caudate were drawn from z ⫽ 4 –16 mm, for the putamen from z ⫽
4 –10 mm, and for the ventral striatum from z ⫽ ⫺6 to ⫺10 mm.
Statistical significance was assessed in two ways. For the statistical
map, which was the primary measure, the t threshold was determined
using random field theory (Worsley et al., 1996). This method corrects
for multiple comparisons on the basis of the search volume and spatial
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whether group differences were also apparent between state measures, we entered
the state anxiety and VAS scores as dependent variables in a two-factor mixeddesign (group by session) ANOVA. Between the groups, no differences emerged
in state anxiety (F ⫽ 1.3; NS) or VAS
scores (F ⫽ 1.64; NS); similarly, the group
by session interaction effect was not significant (F ⫽ 1.49; NS). However, subjects
reported higher state anxiety scores after
the stress session when compared with the
rest session (F ⫽ 3.4; p ⬍ 0.05). Likewise,
subjects reported higher scores on the VAS
after the stress condition, as indicated by
the ANOVA (mean difference, ⫺3.12 ⫾
1.3; F ⫽ 79.95; df ⫽ 8; p ⬍ 0.001) and
confirmed using post hoc comparisons.
Comparing the performance between the
two groups of subjects is difficult, because
the computer program adjusted the level
of difficulty individually for each subject
on the basis of performance. However, by
computing a “number of correct answers
per trial to time limit” ratio, we estimated a
performance measure. Comparing this
measure between the two groups did
not result in significant differences (F ⬍ 1;
p ⬎ 0.20).
Compared with the rest session, the
stress session resulted in significant inFigure 1. Statistical parametric map showing the t-statistic for a reduction in [ 11C]raclopride BP in the stress condition creases in salivary cortisol levels, as indicompared with the rest condition for all subjects. The t-values in color are overlaid on the average MRI for all subjects transformed cated by a two-factor (group by time)
into standard stereotaxic space. a–c, BP changes are shown in transverse ( a), coronal ( b), and sagittal ( c) views. L, Left; R, right. within-design ANOVA analysis (mean difference, 23.53 ⫾ 15.55; F ⫽ 43.9; df ⫽ 8;
p ⬍ 0.001). The same ANOVA also reresolution of the image. Because [ 11C]raclopride only binds specifically
vealed a significant group effect on the cortisol response (low
within the striatum, we defined the search volume in the striatum as all
maternal care group, 34.34 ⫾ 12.2; high maternal care group,
voxels with a mean BP ⬎1. This region was 60,688 mm 3 in volume. We
12.72 ⫾ 10.14; F ⫽ 11.8; df ⫽ 8; p ⫽ 0.008) and a significant
set the effective image resolution to 10 mm full width at half maximum.
group by session interaction effect (F ⫽ 9.29; df ⫽ 8; p ⬍ 0.02).
By estimating the degrees of freedom as described previously (Aston et
al., 2000), we calculated that a threshold of t ⫽ 4.01 was equivalent to p ⫽
Post hoc comparisons confirmed that the low PBI group showed
0.05 corrected for multiple comparisons. In addition, the region of interhigher overall cortisol responses and a higher increase of cortisol
est data were analyzed using a two-factor mixed-design (group by time)
during the stress session when compared with the control session.
ANOVA. Although the regions of interest were drawn bilaterally, we did
Significant differences between the two scanning sessions could
not include laterality as a factor in the analysis (given the small number of
also be found for heart rate (mean difference, 56.07 ⫾ 19.66; F ⫽
subjects and the subsequent low power to test for additional factors). The
132.2;
df ⫽ 8; p ⬍ 0.001), skin temperature (mean difference,
BP values from the regions of interest of the two hemispheres were aver⫺13.16 ⫾ 16.24; F ⫽ 5.74; df ⫽ 8; p ⫽ 0.05), and skin conducaged and entered into the database for statistical analysis.
tance (mean difference, 20.21 ⫾ 10.04; F ⫽ 31.8; df ⫽ 8; p ⬍
0.001). Post hoc comparisons revealed that during the stress sesResults
Psychological, physiological, and endocrine measurements
sion, heart rate was higher, skin temperature was lower, and skin
We studied two subpopulations selected on the basis of PBI
conductance was higher when compared with the rest session.
scores to examine whether parental bonding in early life might be
However, there was no group (F ⬍ 1; NS) or group by condition
associated with individual differences in neuroendocrine and
interaction effect on heart rate (F ⬍ 1; NS), no group (F ⬍ 1; NS)
brain dopamine responses to a stressful condition. We chose five
or group by condition interaction effect on skin temperature
subjects from the top 25% (maternal care scores ⬎37) and five
(F ⬍ 1; NS), and no group (F ⫽ 1.7; NS) or group by condition
subjects from the bottom 10% (maternal care scores ⬍10) of PBI
effect on skin conductance (F ⬍ 1; NS). All values are area under
scores from a group of previously screened college students as
the curve calculations (unit by minute) of the experimental and
recruits for the PET study. A one-factor (group) ANOVA rerest condition.
vealed significant differences in trait anxiety scores between these
two groups (high maternal care group, 28.0 ⫾ 10.42; low materPET measurements
nal care group, 55.0 ⫾ 3.16; F ⫽ 30.8; df ⫽ 8; p ⬍ 0.001) and in
During the stress condition, [ 11C]raclopride BP in bilateral ventral striatum was significantly reduced compared with the rest
self-esteem scores (high maternal care group, 36.8 ⫾ 5.3; low
condition, as shown by the statistical map (Fig. 1) and confirmed
maternal care group, 23.6 ⫾ 8.6; F ⫽ 8.5; df ⫽ 8; p ⫽ 0.02). To test
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by the region of interest analysis (F(1,8) ⫽
8.22; p ⫽ 0.02) (Table 1), suggesting a taskrelated increase of extracellular levels of
dopamine. The location of the peak signal
changes and t values are shown in Table 2.
We cannot comment on possible dopamine release occurring outside the striatum, because the specific [ 11C]raclopride
binding in these areas is too small to measure dopamine receptor availability.
We found a significant effect of the perceived maternal care on stress-induced
changes in [ 11C]raclopride BP in the ventral striatum. Post hoc analysis revealed a
significant decrease in [ 11C]raclopride BP
during the stress condition in the low, but
not high, maternal care group (F(1,8) ⫽
7.78; p ⫽ 0.02) (Fig. 2). Finally, we were
able to observe a highly significant correlation between the magnitude of the cortisol response to stress and the reduction in
[ 11C]raclopride BP in the ventral striatum
across all subjects (r ⫽ 0.78; p ⫽ 0.008)
(Fig. 3).

Table 1. Individual subject data
关11C兴Raclopride BP
Subject
High parental bonding
1
2
3
4
5
Mean
SD
Low parental bonding
1
2
3
4
5
Mean
SD

Ventral striatum

Putamen

TA

R

S

R

S

R

Caudate
S

CORT

27
31
30
23
29
28
3.2

2.12
2.48
2.15
2.20
1.81
2.15
0.24

1.98
2.51
2.19
2.14
1.90
2.14
0.24

2.18
2.95
2.68
2.56
2.18
2.51
0.33

2.21
2.97
2.52
2.60
2.08
2.48
0.35

1.98
2.46
2.28
2.24
1.89
2.17
0.23

1.95
2.55
2.16
2.27
1.96
2.18
0.25

1.12
4.35
20.20
25.01
12.89
12.71
10.1

68
51
53
41
62
55
10.4

2.11
1.64
2.47
2.22
3.14
2.32
0.55

1.82
1.43
1.99
2.05
2.19
1.90*
0.29

2.46
2.93
2.50
2.69
2.75
2.67
0.19

1.88
2.65
2.37
2.42
2.35
2.33*
0.28

2.07
2.47
2.04
2.39
2.33
2.26
0.20

1.54
2.32
2.12
2.00
2.34
2.06
0.32

41.32
20.45
38.83
22.70
48.44
34.35
12.2

TA, Trait anxiety score; R, resting scan; S, stress scan; CORT, area under the curve of the saliva cortisol response (stress minus rest). *p ⬍ 0.05 (stress compared
with rest).

Discussion
We have shown that an anxiety-inducing stress task is associated
with significant dopamine release in the ventral striatum in
healthy human subjects. Although animal studies have demonstrated stress-induced increases in dopamine before, this is, to the
best of our knowledge, the first study in humans showing the
release of dopamine in response to an aversive stressful task.
These findings appear to be at odds with theories of dopamine
functioning as a reward signal and more supportive of theories
that emphasize motivation, incentive, sensorimotor integration,
or attention to action (Bindra, 1978; Salamone et al., 1997; Berridge and Robinson, 1998; Ikemoto and Panksepp, 1999;
Redgrave et al., 1999). These theories would predict a role for
dopamine in responding to aversive as well as appetitive stimuli.
The reduction in [ 11C]raclopride BP in the ventral striatum
region of interest during stress compared with rest averaged
⫺10% (5 to ⫺30%), which is greater than the reported 7% test–
retest reliability of this method (Wang et al., 1999). The magnitude of the change observed in this experiment is of the same
order (10 –15%) as that observed using the same PET method to
detect dopamine release after administration of amphetamine
(Leyton et al., 2002) or alcohol (Boileau et al., 2003) or while
playing a video game (Koepp et al., 1998).
In the current study, the amount of dopamine released, as
indicated by the reduction of [ 11C]raclopride BP, was proportional to the cortisol response to the task. This was shown by the
group difference in salivary cortisol response to stress (higher in
the low PBI group) and by the correlation between dopamine and
cortisol release. The high correlation between the two values (r ⫽
0.78) suggests a close link between the cortisol and dopamine
stress responses. Whether this association is based on a common
psychological or pharmacological mechanism is unclear; however, there is evidence from the animal literature supporting a
link between the two systems. For example, adrenalectomy reduces both basal levels and stress or drug-induced augmentations
of dopamine in the ventral striatum, and this effect can be reversed by corticosterone administration (Piazza et al., 1996;
Rouge-Pont et al., 1998; Marinelli and Piazza, 2002). Corticos-

Table 2. Peak change in 关11C兴Raclopride binding potential
Region

MNI coordinates

Talairach coordinates

T statistic

Left ventral putamen
Left nucleus accumbens
Right ventral putamen
Right nucleus accumbens

⫺28, 8, ⫺8
⫺16, 18, ⫺6
24, 10, ⫺8
18, 18, ⫺8

⫺25, 4, ⫺7
⫺15, 14, ⫺5
20, 6, ⫺7
15, 14, ⫺7

6.8
6.3
6.3
5.5

Statistical peaks showing the regions where binding potential was greater during the control than during the stress
condition. A T value of 4.01 corresponds to a p value of 0.05 corrected. The x, y, and z coordinates (in millimeters) refer
to the stereotaxic space. The first column lists the true peak coordinates in our experiment, which are in so-called
MNI space, because they were obtained as a result of using the MNI template for transforming subject MRIs to
stereotaxic space. For comparison with the atlas of Talairach and Tournoux (1988), we computed Talairach coordinates using the following formula: x⬘ ⫽ 0.88x ⫺ 0.8; y⬘ ⫽ 0.97y ⫺ 3.32; z⬘ ⫽ 0.05y ⫹ 0.88z ⫺ 0.44. (See
http://www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml for details.)

terone, acting via glucocorticoid receptors on ventral tegmental
area dopamine neurons, increases dopamine neuron firing in
response to glutamatergic stimulation (Cho and Little, 1999).
Although [ 11C]raclopride PET has been used to measure
changes in extracellular dopamine levels after pharmacological
stimulation (Breier et al., 1997; Smith et al., 1997; Volkow et al.,
1997; Leyton et al., 2002; Boileau et al., 2003; Martinez et al.,
2003), there have been few studies using behavioral tasks. Koepp
et al. (1998) detected a reduction in striatal [ 11C]raclopride BP in
healthy volunteers playing a video game for a monetary reward.
The behavioral task in that study had similarities to the one used
here, in that subjects used a computer mouse to play a game
displayed on a monitor. However, there was no information on
stress levels of the subjects in the video game experiment. More
recently, it was shown that a metabolic stressor (acute glucose
deprivation after injection of 2-deoxyglucose), which led to selfreported feelings of anxiety, was associated with a significant reduction in striatal [ 11C]raclopride binding (Adler et al., 2000).
Glucose deprivation is one of the strongest stimulants for the
hypothalamic-pituitary-adrenal (HPA) axis, causing significant
amounts of ACTH and cortisol to be released into the bloodstream (Adler et al., 2000). Finally, another PET study also reported reductions in [ 11C]raclopride binding in the ventral striatum in association with a stressful monetary reward task
(Pappata et al., 2002). However, the change in binding was only
present when the task was associated with a financial reward. The
PET methodology of Pappata et al. (2002) was quite different
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Figure 2. Group differences. Binding potential values extracted from each PET scan with
regions of interest drawn on the subject’s MRI over the ventral striatum are shown. Values for
the two groups of subjects (low and high in maternal care) for the rest and stress scans are
displayed. Repeated measures ANOVA showed a significant difference between the two groups.

Figure 3. Plot of the correlation between [ 11C]raclopride BP change in the ventral striatum
and cortisol stress response differences between the two conditions. The cortisol response is the
difference in the total area under the curve of salivary cortisol (nmol/l ⫻ min) between stress
and resting conditions.

from the one used here, which limits comparison with the current
results.
Both the dopaminergic and corticosteroid responses to stress
in our experiment were related to self-reported early life maternal
care. Although these findings are correlational, the evidence from
animal studies indicates that variations in maternal care can directly alter the development of these systems. In rodents, maternal care of pups in early life has significant effects on fear responses in adulthood. Animals that experience lower levels of
licking and grooming as pups display increased fearfulness as well
as enhanced HPA and adrenergic responses to novelty (Liu et al.,
1997; Caldji et al., 1998). These changes are associated with altered expression of gene coding for brain corticotrophin-
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releasing factor and glucocorticoid receptor. The enhanced HPA
response is possibly mediated by reduced feedback sensitivity to
circulating corticosterone resulting from lower levels of glucocorticoid receptors in the hippocampus (Liu et al., 1997).
Studies using maternal separation paradigms also suggest that
alterations in the mother–infant relationship have an enduring
influence on dopamine release in response to drugs or stress
(Matthews et al., 1996; Liu et al., 1997; Hall, 1998; Hall et al.,
1999; Meaney et al., 2002). For example, adult rats that were
separated from their mother in early life have fewer dopamine
reuptake transporters, most prominently in the ventral striatum
(Meaney et al., 2002). This could lead to a greater and more
persistent increase in synaptic dopamine in response to many
stimuli, including stress. Together, the results of studies in rodents are consistent with the idea that maternal care can permanently alter the development of neural systems that regulate responses to stress. Few human studies have addressed the
relationship between early life experiences and neurobiological
response to stress in adulthood. Luecken (1998) found that adults
who described poor family relationships had greater cortisol response to a laboratory stress task than control subjects. Similarly,
Heim et al. (2000) reported greater increases in plasma ACTH
and cortisol levels during a psychosocial stress task in women
with a history of childhood abuse than in control subjects.
We cannot exclude the possibility that other personality and
neurobiological variables accounted for the observed differences
in dopamine release. For example, there were differences in selfesteem between the groups, which could be a consequence of
differences in parental bonding. The missing differences between
the two groups in perceived level of stress or VAS emotional
scores could well be a result of the small statistical power resulting
from the small number of subjects. Also, there are many more
behavioral variables to look at that might reveal additional group
differences. Future studies will have to perform a more thorough
behavioral screening to investigate behavioral correlates of parental bonding in larger groups. Finally, although we excluded
subjects who gave a history of clinical conditions such as anxiety
disorder or alcoholism, we could have missed such a diagnosis
because we did not screen for psychiatric illness (other than current depression) using formal detection methods.
Recent theories about dopamine firing being related to prediction errors also need to be taken into account (Schultz, 1998;
Suri, 2002). Animal data suggest that dopamine firing increases
after an unexpected reward and decreases below baseline after the
withholding of an expected reward. This could potentially explain the current results if low parental bonding subjects were
expecting to fail, whereas the high parental bonding subjects were
expecting to succeed in the math task. Successes would have led to
dopamine release in the low parental bonding group only,
whereas failures would have reduced dopamine neuron firing
only in the high parental bonding group. The difference in the
self-esteem measure between the two groups is somewhat supportive of this idea, although we did not measure failure or success expectations directly.
A potential criticism of our paradigm is that the baseline task
was a rest condition. It could be argued that hand movement
during the stress task could lead to dopamine release independently of stress. However, although it is not known whether hand
movements are associated with striatal dopamine release in humans, one would expect that if this occurred, it would affect the
motor striatum (i.e., main body of the putamen, contralateral to
the hand that is moving). Our finding of dopamine release in the
bilateral nucleus accumbens is more in keeping with a stress re-
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sponse, as is the correlation between the change in [ 11C]raclopride binding and cortisol release. Finally, the task design was
such that all subjects made the same number of movements during the stress scan, regardless of maternal care group or stress
level.
The effect of self-reported early life parental bonding on the
dopaminergic and stress response in adulthood described here,
although consistent with the animal literature, must be interpreted with caution given the relatively small number of subjects
studied and the retrospective nature of the parental bonding
questionnaire. This result will ideally need to be replicated with
different populations. Likewise, the nonsignificant differences
between the two groups of subjects in any of the state measures
(state anxiety and VAS) need to be considered with caution because of the small number of subjects and the resulting low statistical power.
Finally, the current findings suggest that this PET technique
could be used to identify environmental effects on brain development that may represent risk factors for the later occurrence of
disease. For example, it has been proposed that an exaggerated
dopamine response to drugs or stress may confer vulnerability to
drug addiction (Piazza et al., 1991; Rouge-Pont et al., 1993, 1998;
Marinelli and Piazza, 2002).
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