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Involvement of dopamine neurotransmission in human emotional processing is unclear but animal studies
have indicated that it is critical for processing of fear response. In this experiment we examined
dopaminergic involvement in the processing of human emotions. We used a novel dynamic molecular
imaging technique to detect and map dopamine released during presentation of emotional stimuli. The
technique exploited the competition between endogenously released dopamine and its ligand for receptor
occupancy and involved dynamic voxel-wise measurement of the rate at which a dopamine receptor ligand
("8F-Fallypride) was displaced from receptor sites during emotional processing. An increase in the rate
indicated dopamine release. We found that the rate of ligand displacement increased significantly in the left
amygdala, left medial temporal lobe (MTL) and left inferior frontal gyrus. The results provide the first direct
evidence of dopaminergic modulation of human emotional processing and suggest that the modulation
occurs at multiple levels of processing. This finding indicates that the neurocognitive models of human
emotion should take into account dopaminergic effects, and that, there is a need to investigate whether
manipulation of the dopaminergic system could be an alternate strategy for treatment of conditions in which

emotional processing is impaired.

© 2009 Elsevier Inc. All rights reserved.

Animal studies have suggested that dopamine neurotransmission
is critically involved in fear processing. In rodents intra-amygdalar
infusions of antagonists of both dopamine D1 (Lamont and
Kokkinidis, 1998) and D2 (Greba et al, 2001) receptors block
expression of fear conditioning and the agonists improve condition-
ing and expression of fear (White and Viaud, 1991). Dopamine is
involved in the processing not only in the amygdala but also in the
frontal cortex. Thus, frontal infusions of the D1 receptor antagonists
impair retention of learned fear conditioning (Runyan and Dash,
2004) and prevent expression of fear related behaviors (Shah et al.,
2004). Predictably, the agonists cause enhanced fear (Borowski and
Kokkinidis, 1998). The agents that modulate the D2 receptors have
opposite effects. Thus, the D2 antagonist metoclopramide induces
higher and inappropriate fear response (Blackburn and Phillips, 1990)
while the agonist quinpirole blocks the acquisition of fear condition-
ing and retrieval of emotional memories (Nader and LeDoux, 1999).
In addition to the amygdala and frontal cortex, the hippocampus is
also involved in fear processing and dopamine dependent amygdalo-
hippocampal connectivity plays a critical role in the processing
(Richardson et al., 2004).

It is unclear whether dopamine has a similar involvement in
human emotional processing. However, impairment of emotional
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expression in patients (e.g. Parkinson's disease) with dysregulated
dopamine neurotransmission (Lawrence et al., 2007) suggests that
dopamine may have a role in the processing. This is further
supported by the observation that dopamine receptor antagonist
disrupts encoding of emotional stimuli in human volunteers (Mehta
et al.,, 2005). While these observations are suggestive of dopaminer-
gic involvement, there is no direct evidence. In the present study we
examined dopaminergic activity in healthy volunteers during emo-
tional processing.

Materials and methods

The study was conducted on native English speaking healthy young
volunteers (n=8; mean age 24 years) of either sex (male =3). All
volunteers were right-handed and had no history of a psychiatric or
neurological disorder or that of drug dependence or addiction. After
informed consents were obtained, volunteers were positioned in a
positron emission tomography (PET) camera and given an intravenous
bolus injection of a high affinity dopamine receptor ligand 'SF-
fallypride (5-8 mCi) at high specific activity (mean activity 6199 mCi/
umol). Immediately after the injection, cognitive task and PET data
acquisition began. The data were acquired in 30 s frames during the
first 5 min and in 60 s frames thereafter using ECAT EXACT HR+ PET
camera operating in 3D mode.

The task consisted of a Control and a Test condition. In the Control,
a list of emotionally neutral words (e.g., PARK, PENCIL) was shown
and volunteers were asked to indicate the intensity of emotion elicited
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by each word in a scale of 1-3 (1 =no emotion; 3 = intense emotion)
by pressing a corresponding key. After 25 min (Test condition),
unbeknownst to volunteers, neutral words were replaced by words
having emotional connotation (e.g., FIRE, BLOOD). The Test condition
was administered for 20 min. In both conditions (Control and Test)
stimuli were presented for 4500 ms and each stimulus was followed
by a cross-mark (500 ms). A 15 s break was allowed at the end of each
3-min block. The words used in the Control and Test conditions were
carefully selected to ensure that they are commonly used in American
English (Kucera and Francis, 1967) and elicit either neutral (Control
condition) or negative (Test condition) emotion. Selection of stimuli
used in the Control and Test conditions involved two steps. In the first
step a list of neutral and emotional words was prepared by adapting
stimuli from various sources (e.g., Wilhelm et al., 1996; Lang et al.,
1999; Budson et al., 2006). In the second step we identified words that
most frequently elicited either neutral or negative emotions in a pilot
study. Further, we asked the volunteers to rate emotional arousal for
each word to ensure that the stimuli presented in the Test condition
elicited stronger emotions than those shown in the Control.

Molecular imaging

For mapping dopaminergic activity, we used a molecular imaging
technique, which exploits the competition between an injected ligand
and neurotransmitter for occupancy of the same receptor binding
sites. Because of this competition, dopamine released during task
performance, displaces its radiolabeled ligand from receptor sites. The
displacement is detected by dynamically measuring the ligand
concentration using a PET camera. We used this technique in earlier
experiments to detect and map striatal dopamine released during
performance of cognitive and behavioral tasks (Badgaiyan et al., 2003,
2007, 2008).

We had to modify the molecular imaging technique we used in
earlier studies because this experiment required detection of dopa-
minergic activity in the brain areas located outside the striatum. Since
dopamine receptor density is low in these areas, the ligand raclopride,
used in our previous studies (Badgaiyan et al., 2003, 2007, 2008),
cannot be employed because it does not bind or displace in detectable
amounts in low-density areas (Badgaiyan et al., 2003). Therefore, in
this experiment we used a high affinity dopamine receptor ligand
fallypride, which binds in detectable amounts and displaces from
receptor sites in extrastriatal areas in response to pharmacological
(Mukherjee et al., 2002) and cognitive (Christian et al., 2006)
challenges.

PET data analyses

The procedures used for analysis of PET data were essentially
similar to those used in our earlier studies (Badgaiyan et al., 2003,
2007, 2008) and involved the following steps: the images were
reconstructed as 128 x 128 x 63 element volumes using a standard
three-dimensional filtered back projection algorithm with corrections
for photon attenuation, random coincidences, scatter, and dead time.
To minimize residual effects of head movements, images were
registered to align each frame to a common orientation, using the
following procedure: first, all frames were smoothed with a 5 mm
FWHM Gaussian filter, then the variation in spatiotemporal distribu-
tion was corrected by registration of temporally adjacent frames, and
finally, using a transformation matrix, all frames were aligned to a
reference frame (the frame acquired at 25 min). Thereafter, a voxel-
wise analysis of data was carried out on each subject using the kinetic
model (discussed below) designed to detect transient changes in
ligand displacement. Using this model, quantitative maps of kinetic
parameters were generated for each volunteer. The data were then
pooled to acquire cohort means and variances. This involved elastic
registration of the sum of the image data of each subject, to a standard

template, using the statistical parametric mapping software (SPM99;
Wellcome Department of Imaging Neuroscience, London). The
transformation parameters were then applied to the parametric
images to pool data across volunteers. A voxel-wise t-map was then
computed to localize voxels where increased rate of ligand displace-
ment was observed after the task initiation (Test condition). Finally,
time-activity curves were drawn for the voxels showing maximum
ligand displacement. The cerebellum was used as a reference region
(because of paucity of dopamine receptors in this region), and a time-
activity curve for this region was drawn to estimate the clearance rate
of free and nonspecifically bound ligand.

The kinetic model

A detailed description of the kinetic model used to analyze the PET
data can be found in our earlier publication (Alpert et al., 2003). This
model is essentially a modified version of the simplified reference
region model (SRRM), which accounts for time dependent changes in
the ligand concentration (Friston et al., 1997). There was a need to
modify the SRRM because it assumes a steady physiological state
throughout the experiment. This assumption was not compatible with
the experimental design that involves a change of task condition from
Control to Test. The modified model therefore assumes that the steady
state was not maintained. To eliminate the assumption we allowed the
dissociation rate of ligand to change in response to an altered synaptic
level of neurotransmitter. This was done by introducing a term vy - exp
(—7(t—T))-v(t—T) in the dissociation parameter of SRRM. In the
modified model, 7y represents the amplitude of ligand displacement, T
accounts for initial burst release of dopamine, t denotes the
measurement time, T is the time of change in transmitter level, and

c
0
=
£
=
@
o
c
o
o
o
c
©
k-l
- Control Test
[ T T
0 15 30 45
Time in min

Fig. 1. Dopamine was released in the amygdala during emotional processing. The figure
shows t-maps of the rate of ligand ('®F-Fallypride) displacement before and after task
initiation. The maps were superimposed on the mean PET images and represent
changes across volunteers. The time-activity curve shows the concentration history
(circles) and least square fits (solid line) for the ligand in the activated region of a
volunteer. There was a significant increase in the rate of ligand displacement after task
was initiated (vertical line). The ligand concentration is expressed as kBq/cc.
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Fig. 2. The figure (t-map) shows the left medial temporal lobe (MTL) area where
dopamine was released during emotional processing. The time-activity curve depicts
the concentration history of the ligand in the activated MTL region, which included the
hippocampus and parahippocampus. The ligand concentration (expressed as kBq/cc)
reduced significantly in this area after task initiation (vertical line).

v is the unit step function. Using the least squares fitting procedure on
a voxel-by-voxel basis, receptor binding parameters and <y are
estimated. The null hypothesis assumes that the task did not elicit
dopamine release and there was no change in the rate of ligand
displacement (i.e., y=0). This hypothesis was tested in each subject
and the “y’ values were pooled across subjects to acquire a cohort
mean and variance. Additionally, we estimated the parameters that
describe ligand transport and binding, and the time dependent effects
elicited by the task. The solution of the differential equations

describing the model for the instantaneous concentration history of
the ligand has the following form:

t t
PET(t) = R - Co(t) + ky / Cow)du — kyy / PET(u)du
. J 0 . J 0
- y/ (u—T)e "™ DPET(u)du
J 0

where, Cy is the concentration of radioligand in a region devoid of
specific binding (reference), PET is the concentration of radioligand in
a voxel with specific binding, R is the ratio of transport rates for the
binding and reference regions, k, describes the clearance of non-
specifically bound tracer from the voxel, and k,, includes information
about dissociation from the receptor, vy represents the amplitude of
transient effects, t denotes the measurement time, T is the task
initiation time and v(u — T) is the unit step function.

Results

There was a significant difference (p<0.0001) in the intensity of
emotion elicited by words included in the Control and Test conditions.
Mean score (1 =no emotion; 3 = intense emotion) in the Control was
1.43 £ 0.08 while it was 2.24 4- 0.18 in the Test condition. There was no
significant difference in the mean response time. It was 1435+ 102
and 1346 + 136 ms in the Control and Test conditions respectively. In
the debriefing, volunteers indicated that many of the emotional
(mean 27 4+ 5%) and a relatively small number of neutral (mean 8 +
4%) words elicited past memories.

The PET data were analyzed using the kinetic model described
above. The model uses receptor kinetic parameters for voxel-wise
estimation of changes in the rate of ligand displacement during task
performance. Analysis of the PET data indicated that the rate increased
significantly in a number of brain regions during presentation of
emotional words (Test condition). We computed a voxel-wise t-map
of the difference in the rate measured in the Control and Test
conditions. These maps were then pooled across volunteers for
computation of group mean. The mean indicated a significant increase
in the rate of ligand displacement in the left amygdala (t=3.46), left
MTL (t=3.28), and left inferior frontal gyrus (t=3.52) in the Test
condition. Approximate stereotactic (Talairach) coordinates of the
points of maximum displacement were (x, y, z) —25, —6, —16 for
amygdala; —29, —16, —12 for MTL and —40, 20, 12 for inferior
frontal gyrus. We would however like to point out that the accuracy of
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Fig. 3. The areas of the inferior frontal gyrus where dopamine was released during emotional processing. The time-activity curve suggests significant decrease in the ligand

concentration (expressed as kBq/cc) after task initiation (vertical line).
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Fig. 4. There was no change in the rate of ligand displacement after task initiation in the
cerebellum, which was used as a reference region because of paucity of dopamine
receptors in this area. The curve indicates that nonspecific binding of the ligand was not
affected by the task. The ligand concentration is expressed as kBq/cc.

these locations is constrained by relatively poor spatial localization of
PET images. Further, we computed time-activity curves using the data
acquired in activated regions (Figs. 1-3). The curve was also drawn for
a reference region (cerebellum) where no significant task-induced
change was observed (Fig. 4).

Discussion

The findings of this experiment have significant theoretical and
clinical implications. The experiment provides for the first time, a direct
evidence of dopaminergic involvement in the processing of human
emotions. The observation of increased dopaminergic activity in the
amygdala, MTL and inferior frontal gyrus is consistent with the findings
of previous structural and functional studies that have implicated these
areas in human emotional processing (Gur et al., 2002).

The results suggest that dopamine modulates human emotional
processing at multiple levels in some of the same areas that process fear
response in laboratory animals (Greba et al., 2001). These areas include
the amygdala, MTL and frontal cortex. Further, the observation of
dopamine release in all three structures that communicate extensively
during emotional processing (LaBar and Cabeza, 2006), indicate that the
communication between these structures could be mediated by
dopamine neurotransmission. Since these communications are critical
for activation of motivational and mnemonic components of emotion
(LeDoux, 1993; Packard and Wingard, 2004; Phelps, 2004; Richardson et
al,, 2004; Peleg-Raibstein et al., 2005; LaBar and Cabeza, 2006 ), dopamine
appears to have an important role in human emotional processing.

The results are consistent with the neurocognitive models that have
implicated the amygdala, MTL and frontal cortex in emotional processing
(Yancey and Phelps, 2001; Phelps, 2004; LaBar and Cabeza, 2006). Based
on the data acquired in this experiment, these models can be further
extended to include the role of dopamine neurotransmission in the
processing. Further, our findings of dopaminergic modulation of human
emotion explain why the processing of emotional expressions is impaired
in Parkinson's (Lawrence et al, 2007) and schizophrenic (Laviolette,
2007) patients who have dysregulated dopamine neurotransmission. In
addition, this experiment provides empirical data to support the
hypothesis that dopaminergic agents (cocaine and amphetamine) induce
addictive behavior by activating the emotional memory system in the
amygdala, frontal and hippocampal areas (Nestler and Carlezon, 2006).

In animals, dopamine is known to influence consolidation and
retrieval of emotional memories (White and Viaud, 1991; Lamont and
Kokkinidis, 1998; Greba et al., 2001). It may have a similar role in the
human brain but in the present experiment it is difficult to identify the
mnemonic component that elicited dopamine release because
separation of the encoding and retrieval processes in human cognitive
experiments is difficult (Buckner et al., 2001).

The results indicate that human and animal emotional processing
involves the same brain areas and neurotransmission but differ in

lateralization. The dopaminergic effect in animals is not lateralized,
but it appears to be lateralized in the human brain. In this experiment
we observed dopamine release only in the left hemisphere. fMRI
experiments have also reported lateralized (mostly left) activation
and it has been observed that after damage to the left amygdala,
emotional encoding function is transferred to the left hippocampus,
and not to the right amygdala (Richardson et al., 2004 ). These studies
also support left lateralization of human emotional processing. Since,
there is little consensus on the suggestion that the lateralization is
based on the gender (left lateralization in female) or valence (left
lateralization for positive valence) (Hamann and Canli, 2004), the
reason for lateralized activity is unclear. It probably reflects hemi-
spheric functional specialization of the human brain.

Our results suggest that dopamine may have significant modulatory
effect on human emotional processing. It not only modulates activities of
the areas that process emotions but regulates the amygdala-hippo-
campal and amygdala-frontal connectivities, which are important
components of the processing (LeDoux, 1993; Packard and Wingard,
2004; Phelps, 2004; Richardson et al., 2004; Peleg-Raibstein et al., 2005;
LaBar and Cabeza, 2006). The data indicate that neurocognitive models
of human emotional processing should account for dopaminergic effects
and that there is a need to investigate the role of dopaminergic agents as
an alternate strategy for treatment of conditions (like posttraumatic
stress disorder) in which emotional processing is dysregulated.
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